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Excitation of optical tamm state 
for photonic spin hall enhancement
Amit Kumar Goyal , Divyanshu Divyanshu  & Yehia Massoud *

This work presents a dielectric material-based optical Tamm state (OTS) excitation technique 
with modified dispersion characteristics for photonic spin hall effect (PSHE) enhancement. The 
dispersion analysis of the structure is carried out to validate OTS’s localization and corresponding 
PSHE generation for a given polarization at 632.8 nm incident wavelength. The exceptional points 
are optimized by considering thickness-dependent angular dispersion analysis. PSHE-based 
transverse displacement (PSHE-TD) is dependent on the defect layer thickness. The optimized 
structure provides 10.73 ×� (or 6.78 µ m) PSHE-TD at an incidence angle of 41.86◦ . The PSHE-TD of 
the optimized structure is sufficiently high due to the much narrower resonance than the plasmonic-
based structures. Further, the structure’s potential to function as a PSHE-TD-based optical sensor is 
assessed. The optimized structure shows an analytical average sensitivity of about 43,789 µm/RIU 
showing its capability to detect the analytes with refractive index variations in the 10−4 range. The 
structure demonstrates a three-time sensitivity improvement compared to similar resonance designs. 
Considering only dielectric materials in the proposed structure and considerably enhanced PSHE-TD, 
the development of highly efficient PSHE-TD-assisted commercial structures is anticipated.

When incoming light travels through an inhomogeneous medium or an optical interface, the photonic spin-
hall effect (PSHE) occurs because of a transverse spin-assisted shift relative to the geometric optical trajectory 
of the  photons1–5. The PSHE considered as an optical analogue to the spin Hall effect in an conventional elec-
tronic system. Where the photons spin is considered and takes the role of the electrons spin, and the refractive 
index gradient takes the place of the applied electric field. A detailed theoretical technique for estimating the 
PSHE was presented by Bliokh et al.6. Further, the origin of PSHE was established with spin–orbit interaction 
(SOI) of light, orbital angular momentum, and the geometric phases, i.e., Pancharatnam–Berry (PB) phase and 
Rytov–Vlasimirskii (RV)  phase7. PSHE effect leads to the splitting of the reflected wave into its polarized states 
(LCP/RCP or V/H polarization). Generally, the PSHE effect based transverse displacement is very small that 
cannot be detected using direct optical measurement. Thus a specific weak measurement technique is utilized to 
measure the small PSHE shift. This effect was first experimentally demonstrated by Hosten et al.8 in 2008 using 
weak measurement  technique9, which utilized pre-selection and post selection method. This motivated research 
towards obtaining enhanced PSHE-based shift in different materials and optical  systems10–15.

Several nanophotonic techniques such as Brewster  angle16, optical  pumping17, lossy mode resonance (LMR)18, 
and surface plasmon resonance (SPR)19, etc. are also proposed to enhance and control the PSHE. Out of these 
techniques, SPR-based enhancement techniques have been widely investigated for enhancing the PSHE  effect19,20. 
Zhou et al.19 used the surface plasmon resonance (SPR) effect to enhance the PSHE transverse displacement 
(PSHE-TD) in the year 2016. Further, Brewster’s angle concept in SPR has also been utilized to enhance PSHE-
TD. At this angle the device shows a reduced Fresnel reflective coefficient and hence enhanced PSHE-TD21. How-
ever, the higher absorption losses limits its performance gain significantly, causing inferior resonance metrics. 
Moreover, the SPR effect is stimulated only at a constant working wavelength, specifically for longitudinal modes 
(TM modes)22. Thus, it is not possible to generate and enhance PSHE for both the polarization.

Recently, optical Tamm state (OTS) or Bloch surface mode (BSW) has been explored as an alternative to the 
SPR mode, which can be excited by considering a dielectric material-based one-dimensional photonic crystal 
(1D-PhC)  structure23–25. This OTS/BSW mode possesses similar characteristics to the SPR mode, which can 
then be excited for both the polarization’s26,27. Additionally, owing to the ultra-sharp optical and better resonance 
metrics in BSW compared to  SPR28,29, a larger value of the Fresnel reflection ratio is possible. Therefore, this 
work investigates the dielectric 1D-PhC-based OTS excitation optimization toward PSHE-TD enhancement. 
The dispersion characteristics of the proposed 1D-PhC structure is tailored by considering a top defect layer 
of low index material. The OTS in optimized dielectric1D-PhC exhibits better resonance performance than its 
corresponding metallic SPR counterparts. The proposed structure demonstrates robust OTS localization for 
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an optimized 155 nm top layer thickness. Furthermore, the impact of defect layer thicknesses on PSHE-TD 
generation by OTS propagation is investigated. This gives a considerably higher reflection ratio for p-polarized 
and s-polarized light, which is crucial for attaining a higher PSHE-TD value. The theoretical results exhibit a 
10.73 ×� (or 6.78 µ m) improved PSHE-TD at an incidence angle of 41.86◦ . Owing to improved PSHE-TD, the 
structure’s sensing capability using the PSHE-based interrogation method is also demonstrated. The PSHE-TD 
interrogation method exhibits a 43,789 µm/RIU sensitivity, which shows a ≈ 224% improvement than the cor-
responding Lossy mode resonance  structure18. Moreover, the structural sensitivity performance is much better 
than the recent reported  sensors30–34. Finally, a comparative performance matrix is provided with the similar 
reported works. This shows that the proposed device gives better performance having a simpler structure, easier 
fabrication, and low cost possibilities.

The work is categorized in the following sections as follows: proposed 1D-PhC structure for OTS excitation 
and its analytical model for PSHE generation is given in “Device structure and analytical model”. Impact of top 
defect layer optical thickness and corresponding PSHE-TD enhancement is presented in “Results and discussion”, 
and the work is concluded in “Conclusion”.

Device structure and analytical model
The schematics of the proposed 1D-PhC device and corresponding induced PSHE-TD at the top dielectric-air 
interface of the proposed structure is represented in Fig. 1. The devices consists of [Substrate (Glass) | (ASiO2

, BSi3N4)N | defect (D) | Air] configuration. The structure is a periodically alternating layers of materials ‘A’,‘B’, 
with low RI ( nL ) and higher RI ( nH ), respectively. The structural symmetry is deliberately broken by considering 
a defective low-index material top layer (D). The proposed device is uniform in x-direction and periodic in the 
normal z-direction, with periodicity ( � ) of ( ASiO2, BSi3N4 ) repeated ‘N’ times.

Hence, the refractive index profile in the normal z-direction n(z +�) = n(z) can be calculated by Eq. (1) as:

Here, At and Bt are the ‘A’ and ‘B’ layer’s physical thicknesses. The Helmholtz equation is utilized further to 
calculate the electric field confinement within the  structure35. To establish the dispersion relation for the OTS 
and to solve the eigenvalue problem, the Floquet theorem is  employed36:

Here, Mn represents the eigenvalue matrix elements, whereas the Bloch wave vector is represented by ‘K’. 
The real values of Bloch wave vector attributes to the propagating OTS, and imaginary values give information 
on evanescent OTS. Furthermore, the transfer matrix is formulated to calculate the reflected and transmitted 
wave amplitude.

When a monochromatic Gaussian beam of wavelength � having beam waist of w0 is incident at the proposed 
device, the angular spectrum is represented by Eq. (3). The PSHE effect divides this incident Gaussian beam into 
two corresponding circularly polarized components.
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Figure 1.  The schematics of induced PSHE-TD because of OTS localization at the top layer of the 1D-PhC 
structure [Substrate (Glass) | (ASiO2

, BSi3N4
)N | D | Air].
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here, kiy and kix are the wave-vector components in the yi and xi direction, and +/− represents the correspond-
ing left and right circular polarization components. The spin-basis set of incident Gaussian beam is represented 
in Eq. (4),

where V and H represents the vertical and horizontal polarization states. Further, the mathematical relations in 
incident and reflected angular spectra is given by Eq. (5)16,

where

MR =
[

rp
kry cot θi(rs+rp)

k

− kry cot θi(rs+rp)
k rs

]

Here, ‘ MR ’ is the rotational matrix.
Utilizing Eqs. (4)–(5), the reflected angular spectrum is calculated and the Fresnel reflection coefficient is 

calculated by utilizing Taylor series expansion in transfer matrix method (TMM)37,

The Eq. (6) is used to determine the PSHE-TD shift with regard to geometrical optic  prediction19,

Further, considering first-order Taylor-series expansion approximation to expand the Fresnel coefficients of 
Eq. (6) and using Eqs. (4)–(7), δV± is obtained and is represented in (8)20:

The PSHE based transverse displacement δ+ possesses the similar magnitude of δ− . Therefore, only δV− is 
considered here for further calculation and the same results can be obtained for δV+ .

Results and discussion
The 1D-PhC [Substrate(Glass)| (ASiO2, BSi3N4)N | D | Air] comprises At = 128 nm , Bt = 85 nm , nL = 1.46, nH = 2.2, 
kA = 0, and kB = -0.0002. Initially, the impact of top layer thickness on OTS excitation for TE polarization and 
corresponding PSHE generation is investigated. Thus, the defect layer thickness-dependent, angular dispersion 
analysis of the 1D-PhC is represented in Fig. 2. The device demonstrates a cutoff defect layer thickness of about 
150 nm beneath that, no OTS is excited. This is because the dispersion curve for OTS with 150 nm defect layer 
thickness approaches the air light line for operating wavelength (632.8 nm ). However, a strong OTS is excited 
beyond this point, as shown in Fig. 2. The OTS excitation characteristics at the top dielectric-air interface is 
investigated at three defect layer thicknesses, shown as ‘X’, ‘Y’, and ‘Z’ in Fig. 2. With an incident wavelength of 
632.8 nm , point ‘X’ has Dt = 155 nm , and θi ≈ 41.86◦ , point ‘Y’ is Dt = 169.8 nm , and θi ≈ 42.55◦ and point ‘Z’ 
is Dt = 184.5 nm , and θi ≈ 43.68◦ , respectively. The structural reflectance response at considered three points is 
shown in Fig. 3. Thus, for Dt ∈ (150 nm , 200 nm ), θi ≥ θb (Critical angle ≈ 41◦ ) OTS propagation is sustained.

From Eqs. (7)–(8), it can be shown that the PSHE-TD shift is a function of |rTE ||rTM | (or |rTM |
|rTE |  ) depending on the 

considered TE (or TM) polarization. The reflectance response at the three considered points ‘X’, ‘Y’, and ‘Z’ is 
illustrated in Fig. 3a. The 1D-PhC structure shows a significantly higher reflection for TM polarization and very 
low value for TE-polarization. This gives a very high |rTM |

|rTE |  or |rp||rs | for the selected points. Furthermore, the OTS 
confinement and electric field distribution analysis for these ‘X’, ‘Y’, and ‘Z’ points is presented in Fig. 3b. This is 
calculated using the finite element method (FEM) of COMSOL Multiphysics. The device exhibits a strong OTS 
localization for higher defect layer thickness (having normalized electric field intensity of around 5.5× 105 V/m). 
Decreasing defect layer thickness exhibits higher evanescent mode coupling in the air region (having normal-
ized electric field intensity of around 1.52 × 105 V/m). Thus, by choosing proper incident wavelength and top 
layer thickness, the proposed device can also be used for both sensing (low thickness) and wave-guiding (high 
thickness) applications. The structure can generate enhanced PSHE-TD at all the defect layer thicknesses beyond 
the cut-off value (at different θi).

It is noteworthy to mention that the proposed structure is optimized to excite the OTS at a 632.8 nm incident 
wavelength. However, the structure can also be optimized to excite the OTS at other wavelengths. Figure 4 rep-
resents the wavelength dispersion analysis of the 1D-PhC for a given defect layer thickness. This demonstrates 
the structure’s capability to excite an OTS at any user-defined wavelength by just changing the defect layer thick-
ness. After OTS excitation, the structure capability to enhance PSHE-TD is evaluated. Thus, with � = 632.8 nm 
and Dt = 155 nm , θi ≈ 41.86◦ , PSHE-TD analysis is further analyzed. The structure is showing a extremely small 
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Ẽ∗Ẽdkrxdkry
.

(8)δV± = ∓
kw2

0Re
(

1+ rp/rs
)

cot θi

k2w2
0 +

∣

∣

∣

∂ lnrs
∂θi

∣

∣

∣

2
+

∣

∣

(

1+ rp/rs
)

cot θi
∣

∣

2
,



4

Vol:.(1234567890)

Scientific Reports |          (2024) 14:175  | https://doi.org/10.1038/s41598-023-50067-7

www.nature.com/scientificreports/

full-width-half-maximum (FWHM) at |rTE ||rTM | ≈ 0.5 of around 0.003◦ . This shows a very narrow region for produc-
ing higher |rTM |

|rTE |  based on θi . The higher reflection sensitivity towards narrower angle dependency exhibits its 
potential applications in both sensing and precision metrology. Figure 3a, shows that for small ∂ θi at 41.86◦ , the 

term 
∣

∣

∣

∂ lnrs
∂θi

∣

∣

∣

2
 ≈ 0.

Thus, the zeroth-order Taylor series expansion of Eq. (6) can be used to obtain δV± . This leads to a simplified 
expression for PSHE calculation with sufficient  accuracy11,38,39:

(9)δV± = ∓
(

1+ Re
[

rp
]

/Re[rs]
)

cot θi/k

Figure 2.  Angular dispersion analysis for optical Tamm state (OTS) localization at the top layer of proposed 
1D-PhC [Substrate (Glass)|(ASiO2

, BSi3N4
)N | D| Air].

Figure 3.  (a) Reflectance response of proposed 1D-PhC deice, and (b) corresponding OTS localization and 
electric field distribution for considered ‘X’, ‘Y’, and ‘Z’ points.
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Further, for an incidence angle of 41.86◦ and � = 632.8 nm , the structure exhibits a very high reflectance 
( | rTM | ) for p-polarized and almost negligible reflection ( | rTE | ) for s- polarized light, which is shown in Fig. 3. 
Thus, a significantly higher value of |rTM |

|rTE |  of around 4340 is obtained around the resonance angle ( θr ). This is 
represented in Fig. 5a. Since δV± also depends on both Fresnel coefficient phases ( φs,φp ) and cos(φs-φp ), therefore 
θi dependent ( φs,φp ) and cos(φs-φp ) values are calculated and are illustrated in Fig. 5b. An sharp change in the 
cos(φs-φp)  is obtained at resonance angle, which is generally the observed case for enhanced PSHE-TD genera-
tion approach.

Finally, PSHE-TD is calculated for the proposed optimized structure. The calculated PSHE-TD for V polarized 
light normalized to wavelength is shown in Fig. 6a. The optimized parameters exhibit a maximum PSHE-TD of 
10.73×� at θr = 41.86◦ . This leads to a total PSHE-TD of around 6.78 µm for the proposed structure. The obtained 
�δV− also demonstrates a narrower FWHM of around 0.003◦.

Figure 4.  The defect layer thickness-dependent angular dispersion for TE polarisation at � = 632.8  nm.

Figure 5.  (a) Incident angle-dependent Fresnel reflectance coefficients ratio variations, and (b) cosine of phase 
difference with variation in the incident angle for 632.8 nm wavelength.
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Further, PSHE-based wavelength interrogation is utilized to demonstrate the PSHE-assisted sensing capabil-
ity of the proposed structure. For sensing, an analyte with different dielectric constants is infiltrated at the top 
interface, which changes the top interface’s effective RI. Thus, change in both PSHE-TD and operating wavelength 
at a given incidence angle is observed, which is used to calculate the devices’ sensitivity.

The PSHE-TD based sensitivity ( STD ) values for constant wavelength ( � ) and incidence angle is analytically 
obtained using the PSHE-TD ( �δV− ) shift and is given by the relation:

Here �nd represents the difference in the infiltrated analyte’s RI. The proposed 1D-PhC is highly sensitive, 
and can detect a very small perturbation at the top interface. Therefore, the structure’s sensitivity is measured by 
considering a 0.0001 variation in the RI (1.000–1.0001) at the top interface. This exhibits PSHE-TD shift ( �δV− ) 
of around 6.92� (6.565� at 1.000 and − 0.356� at 1.0001) for respective RI variation ( � nd ) of 10−4 . This provides 
an average SVTD of about 43,789 µm/RIU, illustrated in Fig. 6b. The obtained sensitivity is much higher than the 
previously reported 1D-PhCR and SPR-based PSHE  sensors39–42. Finally, the PSHE-based sensitivity of the 
1D-PhC optimized structure is compared with the recently reported similar SPR and LMR-based structure and 
is reported in Table 1. In comparison to previously reported PSHE-TD sensors, the optimized 1D-PhC exhibits 
significantly improved PSHE-TD value, resulting in substantially better sensitivity. Additionally, the structure 
demonstrates its capability to detect a minute 10−4 fluctuation in the higher RI range (1.0–1.5). Furthermore, 
the design can be fabricated by considering deposition or dip/spin coating  techniques43. The proposed structure 
has several advantages due to its simple dielectric materials-based structure, easier fabrication and characteriza-
tion with low optical losses compared with various 2D and 3D devices based on metasurfaces,and meta lenses.

(10)SVTD
∣

∣

�=constant
=

�δV−
�nd

Figure 6.  (a) The PSHE-TD at 41.86◦ incident angle for the optimized structure at 632.8 nm wavelength, and 
(b) the PSHE-TD-based sensitivity performance analysis.

Table 1.  PSHE-TD and sensing performance comparison of proposed structure with recently reported 
literature.

Device Materials Wavelength PSHE-TD Sensitivity
(µm/RIU)

RI sensing range Year

LMR ITO and water 1151.9 n m 13.28 µm 13,500 1.3330–1.3340 202218

SPR Sodium, PMMA, and graphene 1200 n m 0.325 µm 1844.9 1.3195–1.3460 202141

SPR Silver and gold 632.8 n m 5.34 µm 6602 1.4580–1.4590 201811

SPR Gold and graphene 633 n m ≈ 0.09 µm 10
5 (amplified) 1.3300–1.3350 201839

OTS
Substrate | (A, B)N | Defect | Air

A, Defect = SiO2, B = Si3N4

At : 128nm,Dt : 155nm,Bt : 85nm
632.8 n m 6.78 µm 43,789 1.000–1.0001 This

Work
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Conclusion
The work presents an optical Tamm state (OTS)-assisted PSHE generation and corresponding PSHE-TD 
enhancement. The work focused on optimizing top layer’s optical thickness parameters to generate and localize 
OTS and corresponding PSHE generation. The impact of working wavelength, incidence angle and optical thick-
ness of top interface layer is thoroughly investigated to enhance the PSHE-TD. The analytical results demonstrate 
the confinement of the OTS for 632.8 nm wavelength providing a maximum PSHE-TD of around 6.78 µm (10.73 
×� ). Finally, the structure’s capability to detect a minute change in the surrounding analyte refractive index is 
demonstrated. The analytical results exhibit a 43,789 µm/RIU average sensitivity with a 0.0001 change in the 
analyte refractive index unit. This demonstrate its potential to detect the analyte having refractive index variations 
in the 10−4 range. This envisages the development of high-resolution, greater PSHE-TD and low-cost dielectric 
material-based PSHE devices for commercial applications.

Data availability
The data may be obtained from the corresponding author (Y.M.) upon reasonable request.
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