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Photonic spin Hall effect (PSHE), as a novel physical effect in light–matter interaction, provides an effective metro-
logical method for characterizing the tiny variation in refractive index (RI). In this work, we propose a multi-functional
PSHE sensor based on VO2, a material that can reveal the phase transition behavior. By applying thermal control, the mu-
tual transformation into different phase states of VO2 can be realized, which contributes to the flexible switching between
multiple RI sensing tasks. When VO2 is insulating, the ultrasensitive detection of glucose concentrations in human blood
is achieved. When VO2 is in a mixed phase, the structure can be designed to distinguish between the normal cells and
cancer cells through no-label and real-time monitoring. When VO2 is metallic, the proposed PSHE sensor can act as an RI
indicator for gas analytes. Compared with other multi-functional sensing devices with the complex structures, our design
consists of only one analyte and two VO2 layers, which is very simple and elegant. Therefore, the proposed VO2-based
PSHE sensor has outstanding advantages such as small size, high sensitivity, no-label, and real-time detection, providing a
new approach for investigating tunable multi-functional sensors.

Keywords: photonic spin Hall effect, multi-functional sensors, phase transition, sensing performance
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1. Introduction
As a fundamental optical property of a material, the ac-

curate measurement of refractive index (RI) is of great im-
portance for many chemical applications and researches.[1–3]

Nowadays, due to the advantages of fast response and pre-
cise real-time detection, a variety of optical RI sensors have
been developed, which are widely used to monitor the tiny
change of the chemical constituents (e.g., 10−9 RIU, which
corresponds to approximately 1 fmol/L of salt in water).[4–6]

For example, Jian et al. demonstrated the highly sensitive
cell concentration detection by exploiting the resonant op-
tical tunneling effect (ROTE), with a desirable sensitivity
of 19 µm/RIU.[7] It is reported that the nano-dot enhanced
plasmonic biosensor can detect the fractional changes of the
electrolyte concentration and glucose concentration in human
blood.[8] However, most of the optical RI sensors can have a
single function. Therefore, how to integrate multiple functions
into one device and dynamically switch the functions accord-
ing to different needs is an exciting but highly challenging is-
sue.

The photonic spin Hall effect (PSHE) is a novel opti-
cal phenomenon that left- and right-handed circular polar-
ization components of linearly polarized light split perpen-

dicular to the incidence plane when the beam is reflected or
transmitted at an interface.[9,10] The PSHE can be regarded
as an optical analogy of the spin Hall effect (SHE) in elec-
tronic systems, in which spin electrons and an electric poten-
tial gradient are replaced by the spin photons and RI gradi-
ent, respectively.[11,12] The intrinsic mechanism of PSHE is re-
lated to the interaction between the photon-spin (polarization)
and the trajectory (extrinsic orbital angular momentum).[12]

Recently, the PSHE in photonic crystals and compound grat-
ing waveguide structures were great enhanced.[13–15] The spin
shifts generated by the PSHE are very sensitive to the RI
changes, therefore, it will provide a new platform for preci-
sion metrology and highly sensitive RI sensing.[16–21] Very re-
cently, multi-functional sensing devices based on the PSHE
have been vigorously developed, which can make full use of
material properties and realize the multiple sensing detections.
Sui et al. proposed a highly sensitive Janus sensor to achieve
the multi-tasking of thickness and RI detections on two differ-
ent scales.[22] The number of graphene layers is exactly iden-
tified on the forward scale; while on the backward scale of RI
detection, different kinds of waterborne bacteria can be dis-
criminated with high precision. Then the detection of multi-
ple physical quantities (RI, thickness, and incidence angle) is
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also reported in another Janus sensor based on the PSHE.[23]

As a consequence, the PSHE offers an effective way to re-
alize multi-functional detections, and has broad prospects in
the field of multi-scenario applications. Note that the above-
mentioned Janus feature is derived from the complex multi-
layer structure with the asymmetric arrangement of different
dielectrics, which may be inconvenient to manufacture de-
vices. Therefore, the design of multi-functional PSHE sensor
with both the simple structure and excellent sensing perfor-
mance is highly desirable.

In this work, we present a novel method to construct the
multi-functional PSHE sensor by taking advantage of vana-
dium dioxide (VO2), a material that can reveal the phase tran-
sition behavior. This sensor that we design is composed of
only two VO2 layers and one analyte layer, which is very sim-
ple and elegant. VO2 is a temperature-dependent material, and
it undergoes a phase transition from an insulating monoclinic
phase to a metallic tetragonal phase at around 68◦, which leads
its dielectric permittivity and RI to significantly change.[24–26]

By using this property, we can switch multi-functional sens-
ing detections at different temperatures through thermal con-
trol. The PSHE sensor can achieve three different functions
depending on the phase state of VO2: when it is in the insu-
lating state (at low temperature), it can detect the glucose con-
centration in the human blood; when it is in a mixed phase of
insulating state and metallic state (at moderate temperature), it
can achieve precise distinction between normal cells and can-
cer cells; when it is in the metallic state (at high temperature),
it can be used as a gas sensor with the superior sensing perfor-
mance.

2. Theory and model
The proposed PSHE sensor is shown in Fig. 1(a), which

consists of two VO2 layers and one analyte layer. Here, the
VO2 layers are regarded as having a semi-infinite width. The
two VO2 layers are controlled by the thermal control, and the
sensing medium with the RI of n can be injected into the cav-
ity (with the thickness of 1834 nm) between two VO2 layers.
The optical properties of VO2 can be described by the com-
plex permittivity, and the phenomenological model based on
two lossy Lorentz oscillators is used to obtain the dielectric
permittivity of both insulating and metallic phases:[27]

εins,met {E}= ε∞ +∑
n

An

(E2
n−E2)− iEBn

, (1)

where εins,met is the complex permittivity in insulating (metal-
lic) state as a function of photon energy E, ε∞ is the high-
frequency dielectric permittivity, An is the n-th oscillator am-
plitude, En is the n-th oscillator energy, and Bn is the n-th os-
cillator damping. The above-mentioned parameters for both
insulating state and metallic state are given in Ref. [27]. The

phase transition of VO2 occurs gradually, and therefore, the di-
electric permittivity εmix for a mixed phase of insulating state
and metallic state can be expressed as[27]

εmix (T ) = f (T )εins +[1− f (T )]εmet, (2)

f (T ) =
1

exp
(

T−Tt
WTt

)
+1

, (3)

where f (T ) is a temperature-dependent function governing the
distribution of insulating state and metallic state. Tt = 333 K
is the transition temperature, and W = 0.01.
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Fig. 1. (a) Schematic diagram of proposed sensor and corresponding PSHE.
(b) Multiple RI sensing tasks by tuning temperature of VO2 layers.

The PSHE is usually described by a general propagation
model using the angle spectrum theory. We consider an in-
cident Gaussian beam whose angle spectrum can be written
as[28]

Ẽi =
w0√
2π

exp
[
−

(k2
x + k2

y)w
2
0

4

]
, (4)

where w0 is the beam waist: w0 = 30λ (λ = 1197 nm). The
relation between the angle spectrum of the reflected beam and
the angle spectrum of the incident beam can be described as[28]

[
ẼH

r

ẼV
r

]
=

 rp
krycotθi(rp+rs)

k0

− krycotθi(rp+rs)
k0

rs

[ ẼH
i

ẼV
i

]
, (5)
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in which ẼH,V
r and ẼH,V

i are the horizontal component (H) and
vertical component (V) of the angle spectrum for the reflected
beam and incident beam, respectively, k0 is the wave number
in free space, rs and rp are the Fresnel reflection coefficients
of s and p waves, and can be calculated by the transfer matrix
method[29]

M = T01P1T12P2 · · ·Pm−2Tm−2,m−1Pm−1Tm−1,m, (6)

where

Tm−1,m =
1

tm−1,m

[
1 rm−1,m

rm−1,m 1

]
(7)

is the transformation matrix from layer (m− 1) to layer m, and

Pm =

[
exp(−ikmzdm) 0

0 exp(ikmzdm)

]
(8)

is the transmission matrix for layer m. Here, dm is the thick-
ness of layer m. rm−1,m and tm−1,m are reflection coefficient
and transmission coefficient from layer (m−1) to layer m, re-
spectively. The Fresnel reflection coefficients can be given by
the elements of transfer matrix

rp,s =
M21

M11
. (9)

Then the spin shift of the reflected light can be defined as[30]

δ
H
± =∓

k0w2
0Re(1+ rs/rp)cotθi

k2
0w2

0 +
∣∣∣ ∂ lnrp

∂θi

∣∣∣2 + |(1+ rs/rp)cotθi|2
, (10)

δ
V
± =∓

k0w2
0Re(1+ rp/rs)cotθi

k2
0w2

0 +
∣∣∣ ∂ lnrs

∂θi

∣∣∣2 + |(1+ rp/rs)cotθi|2
. (11)

Obviously, the dielectric permittivity of VO2 can be flexi-
bly tuned by external thermal control, therefore, so Fresnel
reflection coefficients and then the spin shifts of PSHE will
change accordingly. In the different temperature ranges, the
spin shifts will differ significantly. As clearly indicated in
Fig. 1(b), this property makes it possible to achieve the multi-
functional sensing by switching the phase states (i.e., the insu-
lating, metallic, or mixed state) of VO2.

For the PSHE-based RI sensors, the sensing performance
can be evaluated by the intensity sensitivity and angle sensi-
tivity. According to the intensity-based shift sensing mech-
anism, the intensity sensitivity of PSHE sensor can be de-
fined as Sδ = ∆δ/∆n,[31] where ∆δ is the difference in the
peak/valley of spin shift caused by an RI change of analyte
sample, ∆n. Similarly, Sθ = ∆θ/∆n[32] is used to describe the
angle sensitivity, in which ∆θ is the variation of incident an-
gle, corresponding to the peak/valley of spin shift. In the next
section, we will focus on the detailed multi-functional sens-
ing by this VO2-based PSHE sensor, and the related sensing
performance is systematically discussed.

3. Simulation results and analyses
The essential material of this novel PSHE sensor is VO2,

and the temperature can be a tunable parameter to control the
permittivity of VO2 (as indicated in Eqs. (1)–(3)). The rela-
tionship between the complex RI and temperature of VO2 is
shown in Fig. 2(a), which clearly displays the phase transition
process of VO2 from an insulating state (under 313 K) to a
metallic state (above 363 K). More precisely, the real part of
RI for VO2 decreases from 2.49 to 2.05 with the increase of
temperature, while its imaginary part increases from 0.36 to
0.87. Within the temperature region of 313 K–363 K, it is the
so-called mixed phase of VO2 (i.e., a superposition of the in-
sulating and metallic states). This obvious change of RI can
effectively control the PSHE of VO2-based sensor, as shown in
Fig. 2(b). Thereinto, the RI of the analyte layer is set to be 1.3,
and we plot the spin shift δ H

+ of PSHE sensor under different
temperatures. Under the conditions of 313 K and 323 K, the
spin shift exhibits an obvious peak around the incident angle
of 21◦. By increasing the temperature, the magnitude of peak
gradually decreases, and then a deep valley is clearly seen at
a lower incident angle of about 14◦ under the conditions of
343 K and 353 K. These tunable optical properties and the
high sensitivity to temperature of VO2 make it desirable to
achieve the multi-functional sensing.
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Fig. 2. (a) Relationship between the complex refractive index of VO2
and temperature, and (b) plots of spin shift δ H

+ versus incident angle of
VO2-based PSHE sensor under different temperatures.

In order to switch flexibly between different functions and
further improve the sensing performance, it is necessary to ex-
plore the RI-sensitive values of this PSHE sensor under dif-
ferent temperatures, which correspond to the three different
states of VO2. As shown in Fig. 3, when VO2 is in the insulat-
ing state at low temperature (under 313 K), the absolute value
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of spin shift |δ H
+ | for reflected beam can reach 7.31λ–7.61λ

by fixing the incident angle of 24.10◦, and corresponding sen-
sitive RI value of the analyte layer is around 1.617. For the
case of 335 K (the mixed state of VO2), the related absolute
value of spin shift undergoes a significant variation (6.99λ–
9.3λ ) at 17.91◦ by a tiny RI change of 1.399–1.400. When the
temperature is above 363 K, VO2 becomes a metallic state. At
a fixed angle of 11.57◦, the absolute value of spin shift varies
from 8.35λ to 9.03λ with the RI of analyte layer increase from
1.000 to 1.002. Based on the above discussion, this VO2-based
PSHE sensor is expected to realize the multi-functional sens-
ing by taking advantage of the obvious differences in sensitive
RI values under different temperatures.

Firstly, we discuss the detection of glucose concentrations
in the human blood by using this multi-functional PSHE sen-
sor, when VO2 is in the insulating state (at low temperature
below 313 K). As displayed in Fig. 4(a), the spin shift δ H

+ of
PSHE is very sensitive to the RI change of analyte layer, and
its sign transforms from negative to positive around the inci-

dent angle of 24.4◦, as the RI increases from 1.60 to 1.64. For-
tunately, the RI of glucose solution in human blood is within
this RI-sensitive region, and therefore, the PSHE sensor pro-
vides the opportunity for detecting the glucose concentrations
when VO2 is in an insulating state.
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Fig. 3. Illustration of the RI sensitive value for this VO2-based multi-
functional PSHE sensor under different temperatures for various values
of n and θi.
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Fig. 4. Detection of glucose concentrations in human blood when VO2 is in insulating state. (a) Spin shift δ H
+ as a function of incident angle and

RI of analyte layer. (b) Dependence of spin shift on glucose concentration. (c)–(d) Description of the intensity sensitivity and angle sensitivity
for detecting the glucose concentrations.

Table 1. Values of RI of glucose solution in human blood,[33] and the intensity/angle sensitivity for detecting glucose concentrations.

Sample
Concentration RI value

δ H
+ (λ ) θ (◦)

Sδ Sθ

(mg/dL) (RIU) (µm/RIU) (◦/RIU)

Glucose (k = 10)

230 1.6058 –4.22 23.69

709.9 39.5
233 1.6093 –5.14 23.83
236 1.6129 –6.58 23.97
239 1.6164 –8.89 24.11
242 1.6200 –12.87 24.25
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For the glucose solution in human blood, there is a lin-
ear relationship between the RI and glucose concentration,[33]

which can be expresses as

nGlucose = 0.0001189Ck+1.33230545, (12)

where C is the glucose concentration in units mg/dL, and
k represents the glucose concentration factor. Here, we
adopt the glucose concentration ranging from 230 mg/dL to
242 mg/dL, and the values of RI for these different concen-
trations are summarized in Table 1. When the glucose concen-
tration increases, the values of RI in a range from 1.6058 to
1.6200, and this RI region of glucose solution is also labeled
in Fig. 4(a). Figure 4(b) exhibits the spin shift versus incident
angle under these different glucose concentrations, and we find
that the spectrum of spin shift presents a relative displacement
towards a larger angle as the glucose concentration increases,
accompanied by an obviously deeper valley. When the glucose
concentration in human blood equals 230 mg/dL, the maximal
spin shift of−4.22λ is obtained at an incident angle of 23.69◦;
while for the condition of 242 mg/dL, they are −12.87λ and
24.25◦, respectively. Therefore, the maximal spin shift under-
goes the difference ∆δ H

+ of 8.65λ , with the ∆θ of 0.56◦. The
detailed data of maximal spin shift and corresponding incident
angle for these different glucose concentrations are given in
Figs. 4(c) and 4(d), which basically display a linear relation.
By calculating the slope of linear-fitting curve, the intensity
sensitivity and angle sensitivity can reach 709.9 µm/RIU and
39.5◦, respectively. Note that this intensity sensitivity is much
larger than the intensity sensitivities of some other classical
glucose sensors (seen in Table 2).[33–38] Therefore, our pro-
posed VO2-based PSHE sensor presents the superior sensing
performance for detecting the glucose concentration in human
blood, when VO2 is in the insulating state.

Table 2. Comparisons of our PSHE sensor with other classical glucose
sensors.

Working principle/materials
Sensitivity

Reference
(µm/RIU)

SPR 1.6 [34]
Resonance cavities 10 [35]

Multimode interference 1.5 [36]
Tricore photonic crystal fibre 23.3 [37]

Infrared metamaterial 2.7 [38]
Slot waveguide-based SOI ring resonator 0.4 [33]

PSHE 709.9 this work

Secondly, when VO2 is in a mixed state (at a temperature
of 335 K), the VO2-based PSHE can be introduced for rapidly
detecting different types of cancer cell, such as adrenal glands
cancer (PC-12) and two types of breast cancers (MCF-7 and
MDA-MB-231). Compared with the normal cells, cancer cells
generally exhibit the larger RI because their larger nuclei con-
tain more chromatin, as clearly observed in Table 3. The RI

values of normal cells are in a range of 1.38–1.39, and those
of the corresponding cancer cells are in a range of about 1.39–
1.40. For instance, the MCF-7 breast normal cell has an RI
value of 1.387, while the corresponding cancer cell possesses
an RI value of 1.401. As shown in Fig. 5(a), the region framed
with black dashed line is the RI region of normal cells, and
the region of cancer cells is boxed with the red line. Note that
these subtle differences in RI will result in the great variations
of PSHE. The values of spin shift δ H

+ for different types of
normal cells and cancer cells are presented in Fig. 5(b).
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in a mixed state. (a) Spin shift δ H

+ versus incident angle and RI of an-
alyte layer. (b) Variations of spin shift with incident angle for different
normal cells and cancer cells.

The signs of spin shifts for all cells are negative in an an-
gle range of 16.0◦–18.1◦ with a deepest valley appearing at
the characteristic incident angle. The valley of spin shift for
cancer cells is even deeper than that for normal cells, mean-
while, the incident angle corresponding to valley shifts toward
a higher angle. Here, the magnitude of spin shift valley can
provide a simple and rapid method for distinguishing the nor-
mal cells and cancer cells. More specifically, when the ab-
solute value of valley is larger than 2λ , the analyte cells can
be identified as cancer ones. Taking the MCF-7 normal cells
and cancer cells for example, we evaluate the sensing perfor-
mance of this VO2-based PSHE sensor. For MCF-7 normal
cells, the deepest valley (−1.69λ ) of spin shift appears at an
incident angle of 17.31◦, while for cancer cells the deepest
valley (−12.04λ ) occurs at an incident angle of 18.01◦. There
exists a difference ∆δ

H
+ of 10.35λ in spin shift with the an-

gle change ∆θ of 0.70◦. Combined with the RI difference ∆n
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of 0.014 RIU, the intensity (angle) sensitivity for distinguish-
ing the MCF-7 normal cells and cancer cells can be calculated
to be 884.9 µm/RIU (50 ◦/RIU). Similarly, the intensity and
angle sensitivity values of PC-12 and MDA-MB-231 cells are
also listed in Table 3. It is straightforward to observe that the
angle sensitivities for these three cell types show no difference,
while the intensity sensitivity reaches up to 884.9 µm/RIU for
distinguishing the MCF-7 normal cells and cancer cells. Ac-
cording to previous report, the wavelength sensitivity of an op-
timized bowl-shaped mono-core SPR sensor is 180.7 µm/RIU
for the similar detection of MCF-7 breast cancer.[39] Conse-
quently, when VO2 is in a mixed state, the proposed multi-
functional PSHE sensor exhibits the prominent sensing per-
formance for cancer detection with no-lable, and the intensity
sensitivity is about 50 times greater than that of SPR sensor.

Finally, the VO2-based PSHE sensor can be used to an-
alyze the gas analytes with different values of RI, when VO2

is in a metallic state (at a temperature above 363 K). The spin
shift δ H

+ as a function of incident angle and RI of analyte layer

is shown in Fig. 6(a). Obviously, by increasing the RI of ana-
lyte layer from 1 to 1.004, the sign of spin shifts changes from
negative to positive at an incident angle of 11.7◦. Here, we
adopt the gas analytes with the values of RI in a range of 1–
1.0012, and this RI region is also marked with the red lines
(see Fig. 6(a)). As clearly shown in Fig. 6(b), the spin shift
is very sensitive to the RI change of gas analytes. With the
increase of RI of gas, an evident shift toward higher incident
angle is observed in the spectrum of spin shift, accompanied
by the deeper valley. For instance, when the RI of gas equals
1, there is a valley of −8.30λ in spin shift at an incident an-
gle of 11.57◦. While the spin shift is significantly enhanced
to −14.21λ , as the gas RI increases to 1.0012. To quanti-
tatively estimate the sensing performance of this VO2-based
PSHE sensor for the gas analysis, the valley value of spin shift
and the corresponding incident angle as a function of gas RI
are displayed in Figs. 6(c) and 6(d). Then, the intensity sensi-
tivity of 601.6 µm/RIU and angle sensitivity of 48.7◦/RIU are
readily obtained by the linear fitting method.

Table 3. Values of RI for MCF-7, PC-12, MDA-MB-231 cancer/normal cells,[39] and intensity/angle sensitivity of VO2-based PSHE sensor
for cancer detection.

Cell Name Cell types RI value (RIU) δ H
+ (λ ) θ (◦) Sδ (µm/RIU) Sθ (◦/RIU)

MCF-7
normal cell 1.387 –1.69 17.31

884.9 50
breast cancer 1.401 –12.04 18.01

PC-12
normal cell 1.381 –1.22 17.01

189.9 50
Adrenal glands cancer 1.395 –3.43 17.71

MDA-MB-231
normal cell 1.385 –1.50 17.21

452.3 50
breast cancer 1.399 –6.79 17.91

Sδ=601.6 mm/RIU
Sθ=48.7 O/RIU 
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Fig. 6. Gas sensor when VO2 is in a metallic state. (a) Spin shift δ H
+ as a function of incident angle and RI of gas analytes. (b) Variation of spin

shift with the value of RI of gas. Variation of (c) intensity sensitivity and (d) incident angle with refractive index.
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The above research indicates that only by manipulating
the temperature of VO2, the proposed PSHE sensor in this
work exhibits the multiple RI sensitive ranges, which supports
the flexible transformations in different sensing tasks, includ-
ing the sensitive detection of glucose concentration in human
blood, the distinction between cancer cells and normal cells
with no-label, and the real-time monitoring of gas analytes.

4. Conclusions
In this work, we proposed a multi-functional PSHE sen-

sor based on VO2, a phase transition material that can switch
between the insulating, mixed, and metallic states under dif-
ferent temperatures. Compared with the results reported pre-
viously, the VO2-based sensor in this work is simple and ele-
gant, which consists of only three layers: two VO2 layers and
an analyte layer. The proposed PSHE sensor can achieve three
different functions depending on the phase state of VO2: when
it is in the insulating state, the sensor can detect the glucose
concentration in human blood; when it is in a mixed state, dif-
ferent types of normal cells and cancer cells can be sensitively
distinguished with no label; when it is in the metallic state,
this PSHE sensor can act as a gas RI analyzer. The proposed
multi-functional PSHE sensor has the advantages of high sen-
sitivity, no-label, and real-time monitoring, which can be used
in various application scenarios, and can flexibly switch the
multiple sensing tasks by tuning the temperatures.

This work is only a theoretical study, and the experimen-
tal design is also anticipated. The structure of this sensor is
simple and easy to achieve, and the temperature range (313 K–
363 K) is not the extreme condition. Therefore, our proposed
sensor will be feasible in the experiment. Taking the detec-
tions of glucose concentrations, cancer cells, and gas analytes
for example, we confirm the multi-functional sensing of this
sensor. In fact, our proposed sensor can also detect other ana-
lytes. When we detect different analytes, the operating wave-
length of incident light can be accordingly changed (e.g., the
terahertz band) to enhance the sensitivity and obtain the supe-
rior sensing performance.
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