
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11468-021-01569-5

Graphene‑Based Plasmonic Sensor at THz Frequency with Photonic 
Spin Hall Effect Assisted by Magneto‑optic Phenomenon

Parmod Kumar1 · Anuj K. Sharma1   · Yogendra Kumar Prajapati2

Received: 24 May 2021 / Accepted: 8 November 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Graphene monolayer of sub-nanometer thickness shows strong metallic and plasmonic behavior in terahertz (THz) frequency 
range. This plasmonic effect varies considerably when graphene layer is placed under a magnetic field of appropriate strength. 
The strong adsorption characteristic of graphene layer is another advantage. In this work, a photonic spin Hall effect (PSHE)-
based plasmonic sensor consisting of germanium prism, organic dielectric layer, and graphene monolayer is simulated and 
analyzed in THz aiming at highly sensitive and reliable sensing under variable magnetic field. Modified Otto configuration 
and magneto-optic effect in graphene are considered. The sensor’s performance is examined in terms of sensitivity, limit 
of detection (LOD), and figure of merit (FOM). The analysis indicates that LOD of the order of 10−5 RIU for gas sensing 
is achievable, which is finer than recently reported gas sensors based on different techniques. Further, the FOM improves 
when a larger magnitude of magnetic field is applied. The FOM is even greater for rarer gaseous media, which can make 
the sensor extremely useful in early detection of airborne viruses such as SARS-Cov-2 (while using appropriate specificity 
method) and to measure the concentration of a particular gas in a given gaseous mixture. The results further indicate that 
the same sensor design can be used for magnetic field detection while the FOM of magnetic field detection is significantly 
greater for rarer gaseous medium (e.g., air), which may enable the probe to be used in early detection of radiation leakage 
in nuclear reactors. For larger magnitudes of magnetic field, the corresponding LOD becomes finer.
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Introduction

Spin Hall effect (SHE) refers to the splitting of spin up and 
spin down electrons inducing spin current perpendicular to 
the direction of applied electric field [1, 2]. Photonic spin 
Hall effect (PSHE) has been attracting a lot of attention in 
magneto-optical effects [3, 4]. PSHE is the optical analogy 
of SHE where spin photon plays the role of spin electron and 
the electric field is replaced by refractive index (RI) gradient 
[5, 6]. The reason for the PSHE is credited to a spin-orbital 
interaction between spin polarization and trajectory of light 
is the origin of PSHE [4, 7, 8]. PSHE is referred to as the 

displacement normal to the plane of incidence correspond-
ing to the splitting of left or right circularly polarized com-
ponent when the beam is reflected or transmitted through a 
plane interface [9, 10].

PSHE has become a potential candidate for finding appli-
cations in different research areas including plasmonics [11, 
12]. PSHE has been utilized to calculate the optical thick-
ness of nanostructures [13], and to identify graphene layers 
[14]. It has also been implemented to investigate more com-
plicated configurations and materials such as left-handed 
materials and photonic tunneling [15].

Spin-dependent splitting (SDS) corresponding to PSHE 
is small in magnitude so a few methods have been proposed 
to enhance the SDS [16]. PSHE enabled surface plasmon 
resonance (SPR)-based sensors are strong candidates for 
enhanced SDS [17, 18]. PHSE enhancement was reported 
by considering SPR effect in a three-layer structure com-
posed of glass, metal, and air [18]. It was found that a hori-
zontal polarization beam can be used to excite SPR, leading 
to a significant transverse SDS far greater than the previous 
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reported results observed at the air–glass interface. Another 
study reported an enhancement of PSHE by using long-
range SPR (LRSPR) [19].

From the above studies, one can establish that SDS can be 
improved by utilizing the SPR effect. It is known that SPR 
sensors possess high sensitivity and reliability that lead them 
to find a large number of applications in bio- and chemical 
sensors including biomolecular interaction. The SPR sen-
sors generally operate in visible and infrared (IR) range with 
noble metals such as gold and silver [20]. Research of SPR 
sensors in the terahertz (THz) range is relatively moderate. 
Further, the use of 2D materials such as graphene also has 
tremendous potential in SPR sensors in THz range [21]. 
However, there is still need to enhance the PSHE because it 
provides very weak responses (SDS) at the subwavelength 
scale [18]. In summary, PSHE-based plasmonic sensor in 
THz with controllable performance (e.g., through variable 
fields/media) and 2D materials should be studied in more 
details.

In this work, we have reported an enhanced PSHE-based 
plasmonic gas sensor with graphene monolayer in THz 
under the variation of magnetic field. Graphene could be 
capable to support surface plasmon wave (SPW) at very low 
Fermi energy level as it offers a negative imaginary part of 
conductivity over THz range [22]. Modified Otto configura-
tion has been used. Germanium (Ge) is used as light cou-
pling prism, which assists in momentum matching between 
SPW and incident p-polarized THz radiation. Further, the 
influence of magnetic field on graphene RI in THz range is 
exploited to improve the gas sensor’s performance. The same 
probe is also explored and evaluated for implementation as 
a magnetic field sensor.

Graphene’s Optical Properties in THz 
and PSHE‑Based Sensor Design

Graphene’s Optical Properties in THz Under 
the Variation of Magnetic Field

In the THz frequency range, the RI of graphene monolayer 
significantly depends on the magnetic field (B), which is 
applied perpendicular to the graphene surface. A mathemati-
cal dependence of graphene RI (ng) with B can be repre-
sented by the following corrected relation [23]:

In Eq. (1), εg is the relative permittivity (dielectric con-
stant) of graphene, σg is the conductivity of graphene, ω 
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the carrier mobility, vF = 9.5 × 105 m/s is the Fermi velocity, 
and �c = eBv2

F
∕EF is the cyclotron frequency of electrons in 

graphene. The final part of Eq. (1) can be written in another 
corrected form [21]:

Based on above formulation, Fig. 1 shows the simulated 
variation of real and imaginary parts of graphene’s RI with 
magnetic field at ν = 5 THz.

It is observed that real part of graphene’s RI is very small 
as compared to the corresponding imaginary part, and, con-
sequently, the graphene monolayer supports highly confined 
plasmonic modes at this frequency.

Graphene‑Based Sensor Design with PHSE in THz

Schematic of the 4-layer PSHE-based plasmonic sensor 
probe is shown in Fig. 2. Modified Otto configuration is used 
where Ge prism (RI = n1) and graphene monolayer (RI = n3 
and thickness d3 = tg = 0.34 nm) are separated by a dielectric 
organic layer (RI = n2 and thickness d2 = 12 μm) [24, 25]. 
Previously reported data corresponding to magnetic field 
(B)-dependent RI of graphene at 5 THz is considered [25]. 
Further, n1 = 4 and n2 = 1.5 at 5 THz [21]. To calculate the 
transverse SDS, a general beam propagation model using 
angular spectrum theory is employed with an incident beam 
of Gaussian form:
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Fig. 1   Simulated variation of real (blue) and imaginary (brown) parts 
of graphene’s RI with magnetic field at � = 5 THz
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In Eq. (3), �0 is the beam waist, and kix and kiy are the 
wave vector component in xi and yi directions, respectively.

In the spin basis set, the incident beam can be written as:

Here, H and V stand for horizontal and vertical polariza-
tion states, respectively. Further,Ẽi+ and Ẽi− denote the left- 
and right-handed circularly polarized components, respec-
tively. Transverse displacement of the decomposed H and V 
polarization incidence [15], respectively, can be written as:

If the reflection coefficients rp (p-polarization) and rs 
(s-polarization) are insensitive to � , the above expressions 
can be simplified by considering the zero-order Taylor series 
[17]:
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It should be noted that rp and rs for the proposed 4-layer 
sensor model can be calculated using transfer matrix method 
[26]. MATLAB is used for the simulation of PSHE-based 
sensor’s performance. From Eqs. (8 and 9), it is clear that 
δH components will be significantly greater than δV ones. 
Hence, the proposed sensor will be evaluated by consider-
ing δH only.

Results and Discussion

PSHE‑Based Plasmonic Probe for Gas Sensing in THz

Figure 3a, b depict the angular variation of �−
H

 (i.e., amplified 
SDS magnitude) for different na values at B = 0  T and 
B = 1 T, respectively. Clearly, �−

H
 is controllable through 

both na and B, and this controllability feature adds to the 
flexibility of the sensor design. At any B value, the SDS 
peak, which represents the corresponding plasmonic 
excitation, shifts to greater θ value with an increase in na. 
Further, when B is varied from 0 to 1 T, it affects both SDS 
and θSPR. For any given na, the corresponding θSPR shifts to a 
smaller value and SDS peak magnitude increases when B is 
increased from 0 to 1 T. This dual effect is due to significant 
change in graphene RI (both real and imaginary components) 
upon the variation in B at 5 THz [21]. However, it should 
be appreciated that the above B-dependent deviation in SDS 
and θSPR will, respectively, affect the detection accuracy (that 
depends on SDS curve width) and sensitivity and limit of 
detection (LOD). At this point, it is worth-mentioning that 
the sensor’s overall performance is evaluated in terms of 
figure of merit (FOM):

In Eq. (10), δθSPR is the angular shift of PSHE peak cor-
responding to δna variation in gaseous medium RI, and 
FWHM is the angular width of PSHE spectrum. FOM con-
sists of two individual performance aspects, i.e., sensitivity 
(Sa = �θSPR

�na
 in deg./RIU) and accuracy (A = 1/FWHM in 

deg.−1). The unit of FOM is RIU−1 from Eq. (10). Further, 
the LOD is the ratio of finest angular resolution available 
(0.001 deg. [20]) to Sa.

In this context, Fig. 4a, b show, respectively, the variation 
of sensitivity Sa and LOD with na for three values of B (0, 
0.6, and 1 T). At any given B value, Sa and LOD vary with 
na in an almost linear fashion. However, more important is 
to note that for whole range of na values, Sa is reasonably 
greater (and correspondingly LOD is reasonably finer) as we 
lower the magnitude of B. This is due to the reason that for 
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Fig. 2   Schematic diagram of 4-layer PSHE-based plasmonic sensor. 
Graphene monolayer is considered to be under the variable magnetic 
field while the other layers are considered insulated from it
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a given variation in na, the shift in θSPR is greater for smaller 
B, which is apparent from Fig. 2 also. Further, for any value 
of B, Sa magnitude increases and LOD gets finer for larger 
na. However, the LOD remains strictly of the order of 10−5 
RIU, while the overall LOD magnitude is considerably finer 
than the recently reported photonic gas sensors, viz., 8 × 10−5 
RIU using optical nanofiber microcoupler in near-IR [27] 
and 10−4 RIU using photonic crystal nanocavities in mid-IR 
[28]. At this point, it is appreciable that in addition to large 
Sa and fine LOD, the accuracy of detecting the gas RI is 
equally important.

As mentioned earlier, the accuracy is governed by how 
narrow the plasmonic spectrum is. In the present case, the 
FWHM of plasmonic PSHE spectra (depicted in Fig. 3) is 
slated to be affected by variation in B (as discussed above); 
therefore, accuracy (and, hence, FOM) will also vary under 
the influence of B. In this sequence, Fig. 5 depicts the varia-
tion of FOM with na for three values of B. Unlike sensitivity 

(and LOD), FOM gets considerably better for larger value 
of B.

This is due to the reason that FWHM is smaller for larger 
B, which happens because the imaginary part (absorption) 
of graphene monolayer increases with B. It causes the PSHE 
spectrum to be deeper leading to smaller FWHM. In view 
of variation of Sa depicted in Fig. 4a, the above FOM varia-
tion principally resembles the variation of A (i.e., 1/FWHM) 
with B. Although FOM decreases for larger values of na, it 
is still large enough for highly sensitive and accurate meas-
urement of na. More importantly, larger magnitude of B is 
able to ascertain considerably higher FOM (with a moderate 
decrease in sensitivity and LOD). For that matter, higher 
magnitude of FOM is more evident particularly at smaller 
na values, which is a crucial result because in case of mix-
ture of gases, low na corresponds to smaller concentrations 
(e.g., CO2 in CH4) [29] and comparatively larger FOM 
will certainly lead to more accurate determination of low 

Fig. 3   Simulated angular 
variation of �−

H
 (i.e., PSHE 

spectrum) for different na values 
corresponding to a B = 0 T and 
b B = 1 T at 5 THz. The cor-
responding values of peak SDS 
and θSPR are also mentioned in 
both the figures. For calcula-
tions of �−

H
 , an equivalent stand-

ard spectral resolution of 0.1 nm 
is considered
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concentrations in gaseous mixtures. As another perceived 
application of this result may be in view of the reports that 
the fatal virus such as SARS-Cov-2 has an airborne trans-
mission [30], probabilistically leading to extremely minute 
local variations in the air RI. The proposed device, with 

an appropriate specificity material, can be a striking tool to 
provide an early (owing to high sensitivity and fine LOD) 
and accurate (due to large FOM at small RI) detection of the 
SARS-Cov-2 infusion at the locations of anticipated high 
risk.

PSHE‑Based Magnetic Field Sensing in THz

Due to incorporation between na and B, the same structure 
can be envisaged for application in magnetic field sensing. 
In this sequence, Fig. 6a, b depict the PSHE spectra for dif-
ferent B values at na = 1 and na = 1.1, respectively.

For any given na, the corresponding θSPR shifts to a 
smaller value while SDS peak magnitude increases when 
B is steadily increased from 0 to 1 T. Even though the θSPR 
values comfortably lie in a reasonable range for both na val-
ues, the SDS peak magnitude corresponding to any B is sig-
nificantly greater for na = 1 compared to that for na = 1.1. It 
actually leads to greater FWHM of PSHE spectra for greater 

Fig. 4   Magnetic field dependent variation of a sensitivity and b LOD 
with na at 5 THz. Here, na = 1 has been taken as reference for above 
calculations of sensitivity and LOD

Fig. 5   Magnetic field dependent variation of FOM with na at 5 THz. 
Here, na = 1 has been taken as reference for FOM calculations

Fig. 6   Simulated variation of �−
H

 for different B values corresponding 
to a na = 1 and b na = 1.1 at 5 THz. The corresponding values of peak 
SDS and θSPR are also mentioned in both the figures
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na. Like discussed in previous section, the above twin effect 
(i.e., variation in both θSPR and SDS peak magnitude with B) 
is bound to considerably affect the FOM of magnetic field 
detection defined as:

Figure 7 depicts the FOM variation with B at three na 
values. Consistent with Fig. 5, the FOM for magnetic field 
detection is significantly greater for smaller na value (close 
to 1, i.e., air/vacuum). This result is of particular signifi-
cance in case of nuclear reactors (working under vacuum-
like conditions) where any kind of radiation leakage can be 
detected by measuring the magnetic field with high accuracy 
and sufficient sensitivity. The calculations further reveal that 
the LOD for magnetic field detection can reach as fine as 
0.006 T with the proposed scheme. The LOD improves for 
higher magnitudes of B.

Conclusion

PSHE-based plasmonic sensor with Ge prism, thick organic 
layer, and graphene is simulated and analyzed in THz region 
for gaseous and magnetic field sensing. The results suggest 
that larger FOM for gaseous sensing can be achieved with 
larger magnetic field (at rarer gaseous media, in particular) 
while negligibly compromising with the sensitivity and LOD. 
The above feature can be potentially applicable in early detec-
tion of airborne viruses (e.g., SARS-COV-2) and detection 
of small concentrations in gaseous mixtures. Proposed sen-
sor design provides significantly finer LOD than recent gas 
sensors based on different techniques. As a flexible measure, 
depending on the required levels of gas sensing performance 
(in terms of sensitivity, LOD, and FOM), one may appro-
priately choose the magnetic field anywhere between 0 and 
1 T. Further, the same 4-layer sensor probe can be used for 
magnetic field detection with the feature that larger FOM is 

(11)FOM (T−1) =
��SPR

�B × FWHM

achievable when the detection is performed with rarer gase-
ous media (e.g., air). Magnetic field sensor can be helpful in 
nuclear reactors for monitoring the radiation leakage.
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