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Conventional photonic devices are functionally frozen after fabrication, lacking dynamic 

reconfigurability. Hence, developing reconfigurable multi-functional devices on a single platform 

has become an urgent issue. The photonic spin Hall effect (PSHE), arising from spin-orbit 

interaction, offers a promising platform due to its sensitivity to external stimuli. In this work, we 

propose a PSHE-based multi-functional device with a GST/HMM composite structure, which 

enables dynamic switching between two-bit optical encoding and refractive index sensing by 

controlling the phase state of GST layer via external stimuli. In the amorphous GST state, the 

device enables two-bit encoding and wide-range refractive index sensing (1.0–1.5 RIU) with a 

sensitivity of 4.08×10⁻⁶ m/RIU.  Switching GST to the crystalline state enhances the sensitivity to 

5.32×10⁻⁵ m/RIU, more suitable for high-precision detection within a narrow-range of 1.00–1.10 RIU. 

These findings validate that the GST phase transition enables effective mode switching of the device, 

which paves the way for compact, multi-functional, and reconfigurable photonics. 

Keywords：Photonic spin Hall effect, optical encoding, refractive index sensing, phase-change 

material, hyperbolic metamaterials. 
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1. Introduction 

Driven by rapid progress in optical communications, integrated optics, and quantum 

information processing, modern optical systems are evolving toward higher integration density, 
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lower power consumption, and greater intelligence [1]. However, conventional photonic devices, 

once fabricated, are functionally frozen due to their fixed structures and material properties [2]. To 

overcome this limitation, photonic devices require a fundamental transformation from 

"single-function, static response" to "multi-functional integration, dynamic reconfigurability." 

Therefore, developing multi-functional photonic devices capable of dynamically switching 

between multiple functions on a single platform has become an urgent and imperative issue. 

To realize such multi-functionality, one promising physical platform is the photonic spin Hall 

effect (PSHE) [3-5]. When linearly polarized light is reflected or refracted at an optical interface, 

the transverse splitting of spin components (left- and right-handed circularly polarized light) 

perpendicular to the incident plane occurs. This phenomenon, known as PSHE, results from the 

spin-orbit interaction between the photon spin (polarization) and the beam trajectory (orbital 

angular momentum) [6]. The PSHE has shown potential applications in precision metrology [7,8], 

image edge detection [9,10], optical encoding [11,12] and refractive index sensing [13,14]. More notably, 

due to the intrinsic sensitivity to external stimuli and the flexibility in spin-dependent 

manipulation, PSHE has recently inspired a new generation of multi-functional devices [15-19]. For 

instance, Cheng et al. developed a pressure-tunable PSHE sensor that can switch between different 

sensing tasks, such as cancer cell identification and oxyhemoglobin detection [15]. Meanwhile, two 

types of PSHE-based Janus sensors have been proposed for multi-tasking detection: one operating 

in the terahertz regime for thickness identification of graphene layer and waterborne bacterium 

sensing, and another operating in the short-wave infrared regime for wide-range pressure detection 

and cancer cell discrimination [16,18]. Additionally, by co-encoding resonant and geometric phases, 

spin-multiplexed dielectric metasurfaces with high PSHE efficiency of 92% and bifunctional 

wavefront control (anomalous refraction and focusing) were demonstrated [19].  

Despite the progress in PSHE-based multi-functional devices, the integration of optical 

encoding and refractive index sensing into a single platform remains underexplored. Here, we 

address this challenge by combining a phase-change material (PCM) with a hyperbolic 

metamaterial (HMM) structure. Chalcogenide PCMs, particularly Ge2Sb2Te5 (GST), are ideal for 

this application, owing to their pronounced and reversible optical contrast between the amorphous 

(aGST) and crystalline (cGST) phases [20,21]. Compared with other PCMs such as VO₂, GST offers 

several distinct advantages: it is non-volatile and maintains its state at room temperature for years 



with zero static power [22,23]
, whereas VO₂ exhibits a volatile insulator–metal transition that reverts 

upon removal of the stimulus; it exhibits moderate optical loss in both phases, while VO₂ suffers 

from excessive absorption in its metallic state; and it supports more than 10⁵ reversible 

phase-change cycles, providing superior long-term reliability compared with the limited cycling 

endurance of VO₂ 
[24]. These advantages collectively provide a compelling platform for achieving 

high-performance tunable and reconfigurable devices. In addition, hyperbolic metamaterials 

(HMM), composed of subwavelength-thick alternating planar metal and dielectric layers, exhibit 

extreme anisotropy with hyperbolic dispersions in the wavevector space [25], and have 

demonstrated a significant improvement in optical sensing [26,27]. Motivated by these advantages, 

we propose a PSHE-based device with a GST/HMM composite structure that actively switches 

between optical encoding and refractive index sensing by controlling the phase states of GST. The 

amorphous state enables two-bit encoding via the polarization state of incident light and the 

magnitude of PSHE displacements, while the crystalline state supports high-sensitivity refractive 

index sensing. This work paves the way toward compact, reconfigurable, and multi-functional 

photonic devices for future integrated optics. 

2. Theory and model 

  To clarify the working principle of the proposed device, we first describe its geometric 

configuration and the physical mechanism of the PSHE. As schematically illustrated in Fig. 1, the 

device is based on a Kretschmann–Raether configuration consisting of a BK7 prism, a GST layer, 

a HMM composed of three alternating Au/ITO periods, and a bottom sensing region. Fig. 1(a) 

shows the layered structure of the GST/HMM composite, while Fig. 1(b) depicts the 

spin-dependent transverse splitting of the reflected beam, in which the left- and right-handed 

circularly polarized components separate along the y-axis. Fig. 1(c) illustrates the two distinct 

phases of GST, namely the aGST and cGST states, which can be reversibly switched by external 

stimuli. 



 

Fig.1 Schematic diagram for the proposed multi-functional device and corresponding PSHE. (a) 
The GST/HMM composite structure. (b) The description of spin-dependent transverse splitting for 
PSHE in reflected beams. (c) The representation of GST in its two distinct phases: aGST and 
cGST. 

  In this structure, the refractive index of BK7 prism is expressed by the Sellmeier equation [28] 

             𝑛𝐵𝐾7
2 = 1 +

1.03961212𝜆2

𝜆2 − 0.00600069867
+

0.231792344𝜆2

𝜆2 − 0.0200179144
+

1.01046945𝜆2

𝜆2 − 103.560653
           (1) 

The GST layer can be deposited onto the base of BK7 prism through the physical vapor 

deposition technique, forming the second layer. The complex refractive index of GST (𝑛   =

𝑛 +   ) in both its amorphous and crystalline phases can be obtained via spectroscopic 

ellipsometry technique [20], as displayed in Fig. 2. Obviously, both the real and imaginary parts of 

the refractive index exhibit significant dispersion over the entire visible-near infrared spectral 

ranges. The substantial refractive index contrast between aGST and cGST is attributed to the 

chemical bonding transformation from covalent (amorphous) to resonant (crystalline) [29]. The 

ability of GST to reversibly trigger this structural phase transition via thermal, electrical, or optical 

stimuli [20], renders it an exceptional platform for achieving dynamic tunability and functional 

integration. 



 
Fig. 2 The complex refractive index of GST for both the amorphous and crystalline phases. 

  In our model, three periods of metal (Au)/dielectric (ITO) bilayer constitute the HMM, and the 

bilayer thickness is only 20 nm, far smaller than the operating wavelength. In practical 

experiments, the thickness of each layer can be precisely controlled by adjusting the sputtering 

power and deposition time during magnetron sputtering. The long-wave limit permits the 

extraction of both parallel and vertical components of the HMM permittivity via the effective 

medium theory (EMT) [27] 

                                                              𝜀𝑥 = 𝑝𝜀𝐴𝑢 + (1 − 𝑝)𝜀𝐼 𝑂                                                             (2) 

                                                              𝜀𝑧
−1 = 𝑝𝜀𝐴𝑢

−1 + (1 − 𝑝)𝜀𝐼 𝑂
−1                                                           (3) 

                                                                         𝑝 =
𝑑𝐴𝑢

𝑑𝐴𝑢+𝑑𝐼𝑇𝑂
                                                                         (4)       

where 𝜀𝑥  and 𝜀𝑧  denote the parallel and vertical components of the HMM permittivity, 

respectively; 𝜀𝐴𝑢 and 𝜀𝐼 𝑂 represent the permittivity of Au and ITO, which are obtained from 

Ref [30] and [31], respectively; 𝑑𝐴𝑢  and 𝑑𝐼 𝑂  represent their corresponding thickness, 

respectively; 𝑝 denotes the metal filling fraction, which is defined as the ratio of the metal layer 

thickness to a pair of metal/dielectric HMM thickness. From Fig. 3(a) and (b), the real part of 

HMM permittivity along x and z axes show opposite signs: 𝜀𝑟𝑥 < 0  and 𝜀𝑟𝑧 > 0  when 

600 nm ≤ λ ≤ 1600 nm, indicating the HMM holds a hyperbolic dispersion with 𝑝 varying 

from 0.3 to 0.7. Fig. 3(c) illustrates the dispersion curves of  𝑥 and  𝑧 at a wavelength of 1550 

nm, which exhibit hyperbolic behavior as described by  𝑥2/𝜀𝑧 +  𝑧2/𝜀𝑥 =  0
2. 



 
Fig. 3 (a) and (b) Wavelength dependence of the real parts of 𝜀𝑥 and 𝜀𝑧 for Au/ITO HMM when 
𝑝 varies from 0.3 to 0.7. (c) The real part relation curves between  𝑥/ 0 and  𝑧/ 0 with the 
wavelength of 1550 nm.  

The monochromatic Gaussian beam is incident on the GST/HMM structure with an incident 

angle of 𝜃𝑖, as shown in Fig. 1(a), and the PSHE of reflected light appears leading to the splitting 

of left- and right-handed circularly polarized components in the y axis direction (in Fig. 1(b)). 

Based on the angular spectrum theory, we describe the incident Gaussian beam as [32] 

                                                             𝑬̃𝑖( 𝑖𝑥,  𝑖𝑦) =
𝑤0

√2𝜋
exp [−

(𝑘𝑖𝑥
2 +𝑘𝑖𝑦

2 )𝑤0
2

4
]                                         (5)   

where 𝑤0 is the beam waist.  𝑖𝑥 and  𝑖𝑦 are the wave-vector components of the incident light 

in the 𝑥 and 𝑦 directions, respectively. The relationship between the reflected and incident 

angular spectra can be derived as [32] 

                       [𝑬̃𝑟
𝐻

𝑬̃𝑟
𝑉
] = [

𝑟𝑝
𝑘𝑟𝑦 cot𝜃𝑖(𝑟𝑝+𝑟𝑠)

𝑘0

−
𝑘𝑟𝑦 cot𝜃𝑖(𝑟𝑝+𝑟𝑠)

𝑘0
𝑟𝑠

] [
𝑬̃𝑖
𝐻

𝑬̃𝑖
𝑉]                         (6)  

Here, 𝑬̃𝑟
𝐻,𝑉 and 𝑬̃𝑖

𝐻,𝑉 denote the horizontal (H) and vertical (V) components of the angular 

spectra for the reflected and incident light beams, respectively. k0 is the wave number in free space. 

The coefficients 𝑟𝑝,𝑠=|𝑟𝑝,𝑠| 𝑥𝑝 ( 𝜙𝑝,𝑠) are the Fresnel reflection coefficients for p- and s-polarized 

waves, respectively, which can be calculated by the transfer matrix method [32].  

The transverse shift of reflected light are given by [33] 

                                                           𝛿±
𝐻,𝑉 =

∬𝑦𝑟|𝑬𝑟±
𝐻,𝑉|

2
𝑑𝑥𝑟𝑑𝑦𝑟

∬ |𝑬𝑟±
𝐻,𝑉|

2
𝑑𝑥𝑟𝑑𝑦𝑟

                                                       (7) 



From Equations (5) to (7), the spin-dependent shift of the reflected light due to the photonic 

SHE can be expressed as [33] 

                                               𝛿±
𝐻 = ∓

 0𝑤0
2R (1 +

𝑟𝑠
𝑟𝑝
) cot 𝜃𝑖

 0
2𝑤0

2 + |
∂ln𝑟𝑝
∂𝜃𝑖

|
2

+ |(1 +
𝑟𝑠
𝑟𝑝
) cot 𝜃𝑖|

2
                               (8) 

                                              𝛿±
𝑉 = ∓

 0𝑤0
2R (1 +

𝑟𝑝
𝑟𝑠
) cot 𝜃𝑖

 0
2𝑤0

2 + |
∂ln𝑟𝑠
∂𝜃𝑖

|
2

+ |(1 +
𝑟𝑝
𝑟𝑠
) cot 𝜃𝑖|

2
                                 (9) 

where ± denotes the left- and right-handed circular polarization components, respectively. 

3. Results and discussion 

For the GST/HMM system, the PSHE can be effectively modulated by actively switching the 

phase states of GST. Leveraging this tunable PSHE response, the device holds promise for 

realizing multi-functional applications on a single integrated platform. In the following calculation, 

the parameters are chosen as follows: the incident wavelength is 1550 nm; the beam waist is 30 λ; 

and the metal filling fraction 𝑝 of HMM is 0.4.  

 

Fig. 4 (a) The transverse shift of PSHE 𝛿+
𝐻,𝑉 as a function of GST thickness 𝑑   . The GST is in 

its amorphous phase, and the refractive index of sensing layer 𝑛𝑠 sets as 1.3. (b) and (c) The 
reflection phase 𝜙𝑝,𝑠 and transverse shift 𝛿+

𝐻,𝑉 versus the incident angle. 



When GST is in the amorphous state, the proposed device can be employed for two-bit 

encoding and wide-range refractive index sensing. To ensure considerable shifts for both H and V 

polarizations, the relationship between the transverse shifts 𝛿+
𝐻,𝑉 and the GST layer thickness 

𝑑    is shown in Fig. 4(a), at a sensing refractive index 𝑛𝑠 of 1.3. Over most of the thickness 

range (200–1500 nm), both 𝛿+𝐻 and 𝛿+𝑉 remain near zero, with pronounced peaks or valleys only 

at specific values, demonstrate that PSHE is highly sensitive to the thickness of GST layer. The 

most significant response for both polarizations occurs near 𝑑   = 802 𝑛𝑚, therefore, we adopt 

this GST thickness for further investigation. To understand the origin of this pronounced PSHE 

valley, we present Fig. 4(b) and (c), which plot the reflection phase 𝜙𝑝,𝑠 and transverse shift 

𝛿+
𝐻,𝑉 versus the incident angle. A distinct phase jump of 𝜙𝑝,𝑠 near 8° is observed for both H and V 

polarizations. This enhanced phase jump results from the interlayer coupling modes of surface 

plasmon polaritons in our Au/ITO multilayer HMM, which is distinct from the single-metal-layer 

design of the conventional Kretschmann–Raether configuration, ultimately giving rise to a 

prominent PSHE valley. 

 
Fig. 5 Schematic illustration of the two-bit encoding. 

Developing new optical coding technology is important and highly desired due to its potential 

applications in information protection and communication [34]. In particular, multi-bit optical 

encoding, which exploits physical dimensions such as polarization, wavelength, and angle, is 

indispensable for optical communications, optical logic gates, and reconfigurable photonic devices 

[11,35]. Here, with the GST layer in its amorphous state, we investigate the behavior of PSHE shift 



by jointly tuning the refractive index of sensing layer and the input polarization state, thereby 

realizing a two-bit optical encoding scheme. The schematic diagram illustrating the principle of 

the two-bit encoding is presented in Fig. 5. First, we define the polarization states of incident 

light, where H-polarized light is assigned as logic 0 and V polarization as logic 1. Then the 

behavior of the transverse shift 𝛿+
𝐻,𝑉 as a function of the incident angle is examined for both H 

and V polarizations. The PSHE curves for the four combined states, namely (H, 𝑛𝑠 = 1.1), (V, 𝑛𝑠 

= 1.1), (H, 𝑛𝑠= 1.5), and (V, 𝑛𝑠 = 1.5), all exhibit a valley-type response, but with different 

valley depths of -1.2 λ, -2.7 λ, -2.3 λ, and -1.7 λ, respectively. This indicates that the PSHE shift 

can be modulated by both the input polarization state and the refractive index of sensing 

layer.  Subsequently, a decision line at 𝛿+ = -2 λ is introduced to discretize the four states. For 

𝑛𝑠 = 1.1, the PSHE valley of H-polarized light resides above -2 λ, while that of V-polarized light 

falls below -2 λ. For 𝑛𝑠 = 1.5, the opposite occurs: the H-polarized valley is below -2 λ and the 

V-polarized valley above -2 λ. Following this scheme, the four combined states can be 

respectively mapped to four distinct binary outputs:H (𝑛𝑠 = 1.1) → Logic 00, V (𝑛𝑠 = 1.1) →

Logic 11, H (𝑛𝑠 = 1.5) → Logic 01, V (𝑛𝑠 = 1.5) → Logic 10.  In contrast to conventional 

encoding schemes that depend on a single optical intensity or a single input state, this approach 

not only doubles the information capacity but also exhibits superior performance in 

anti-interference and information fusion. 

 
Fig. 6 The sensing performance for aGST and 𝑛𝑠=1.0-1.5 RIU. (a) Relationship between the 𝛿+𝐻 
and the incident angle at different 𝑛𝑠 values. (b) Linear fitting of the PSHE valley and 𝑛𝑠. 

  In addition to the two-bit encoding, the proposed device also shows potential for wide-range 

refractive index sensing when the GST layer is its amorphous state. Here, taking H-polarized light 

as an example, we present the significant response of PSHE shift over a wide refractive index 



range of 1.0-1.5 RIU. As shown in Fig. 6(a), the 𝛿+
𝐻 curves all exhibit a distinct valley near a 

specific incident angle, and the 𝛿+𝐻 is highly sensitive to the refractive index change of sensing 

layer. When 𝑛𝑠 increases from 1.0 to 1.5, the valley depth increases monotonically from -1.15 λ 

to -2.46 λ. Consequently, by extracting the valley depth of 𝛿+𝐻, the refractive index of sensing 

layer can be directly retrieved, thereby enabling wide-range refractive index sensing. To 

quantitatively evaluate the sensing performance of this PSHE-based sensor, the sensitivity can be 

defined as 𝑆𝛿 =
Δ𝛿

Δ 𝑠
, where  𝑛𝑠 is the refractive index variation of sensing layer, and  δ is the 

corresponding change in the extremum (peak or valley) of PSHE shift. The 𝛿+𝐻 valley versus 𝑛𝑠 

is plotted in Fig. 6(b), which exhibits a nearly linear relationship. To provide a clearer description 

of sensing performance, a linear fitting is applied, yielding a sensitivity of 4.08×10-6 m/RIU. 

Furthermore, the coefficient of determination 𝑅2 is 0.9691, demonstrating the high reliability of 

the proposed GST/HMM sensor for wide-range refractive index detection.  

 
Fig. 7 The sensing performance for cGST and 𝑛𝑠=1.00-1.10 RIU. (a) Relationship between the 
𝛿+
𝐻 and the incident angle at different 𝑛𝑠 values. (b) Linear fitting of the PSHE peak and 𝑛𝑠.  

Although the GST/HMM device is capable of refractive index detection in the GST amorphous 

state, the sensitivity remains modest. To overcome this, we actively trigger a phase transition, 

switching the GST layer to its crystalline state. As depicted in Fig. 7, under the crystalline GST 

condition, the PSHE shift for H-polarized light varies significantly with the refractive index of 

sensing layer. As 𝑛𝑠  increases from 1.00 to 1.10, both the peak and valley of 𝛿+𝐻  curves 

gradually decrease. This implies that the 𝛿+𝐻  is capable of providing a continuous and 

distinguishable response to changes in the refractive index. Fig. 7(b) shows a good linear 

relationship between 𝛿+𝐻 peak and the refractive index 𝑛𝑠, with the fitting expression given by 

𝛿+
𝐻= -34.34𝑛𝑠  + 39.72 and a coefficient of determination 𝑅2 = 0.9945. The corresponding 



sensitivity is determined to be 5.32×10-5 m/RIU. Evidently, the crystalline GST configuration of 

our proposed device yields a substantially higher sensitivity than the amorphous case 

(approximately 13 times), accompanied by an improved linear fitting quality. These results 

demonstrate that, in the crystalline GST phase, the PSHE device realizes both sensitive and 

reliable refractive index sensing. 

It is worth noting that the amorphous and crystalline GST configurations of this GST/HMM 

device are suited for different sensing tasks: the amorphous state enables wide-range detection 

(1.0–1.5 RIU) with moderate sensitivity, whereas the crystalline state offers high-precision 

detection within a narrow range (1.00–1.10 RIU). It is worth noting that the HMM in this work 

consists of three periods of Au/ITO, with the metal filling ratio fixed at 0.4. Subsequent 

adjustment of the above parameters and replacement of the BK7 prism with other 

high-refractive-index prisms are expected to modify and further enhance the sensitivity. This 

complementarity in refractive index sensing, together with the two-bit encoding capability in the 

amorphous state, demonstrates that the phase transition of GST not only manipulates the operating 

mode of the device but also offers tunable performance advantages for diverse application 

scenarios. 

4. Conclusion 

The PSHE-based multi-functional device with a GST/HMM composite structure is proposed, 

which enables the integration of two-bit optical encoding and high-sensitivity refractive index 

sensing via GST phase transition. In the amorphous state, by jointly tuning the input polarization 

state and the refractive index of the sensing layer, the device achieves two-bit encoding by setting 

a decision line for PSHE shifts. Meanwhile, it offers wide-range refractive index detection (1.0–

1.5 RIU) with a sensitivity of 4.08×10-6 m/RIU. In the crystalline state, the sensitivity for the 

refractive index range of 1.00–1.10 RIU is substantially enhanced to 5.32×10-5 m/RIU 

(approximately 13 times that of the amorphous condition), making it more suitable for 

high-precision detection within a narrow range. These results confirm that the phase transition of 

GST effectively manipulates the operating mode of the device and offers tunable performance 

advantages for diverse applications, providing a promising route toward compact, multi-functional, 

and reconfigurable photonic devices. 
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