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Abstract: In this paper, we investigate theoretically the tunable low threshold optical bistability (OB)
in the terahertz range based on photonic crystals’ Fabry–Perot (FP) cavity with a three-dimensional
Dirac semimetal (3D DSM). On the one hand, a 3D DSM with a high nonlinear refractive index
coefficient creates conditions for the generation of OB. Additionally, the finite film thickness of 3D
DSMs leads to significantly a enhanced interaction volume compared to graphene, which allows
easier preparation and has stable properties. On the other hand, the resonance of the FP cavity plays
a positive role in promoting the tunable low-threshold OB. It was found that the OB threshold and
hysteresis curve can be continuously adjusted by manipulating the Fermi energy and relaxation times
of a 3D DSM. Additionally, the bistable curve of the composite structure is also closely related to the
angle of incident light. Through parameter optimization, OB with a threshold approaching 105 V/m
can be obtained. The photonic crystal’s FP cavity with a 3D DSM structure provides a feasible way to
achieve low-threshold OB and a building block for future integrated all-optical devices.

Keywords: optical bistability; three-dimensional dirac semimetal; photonic crystal; Fabry–Perot cavity

1. Introduction

The development of optical nonlinear devices controlled by light is a long-standing
goal in the field of all-optical communication research. Optical bistability (OB), as a typical
optical nonlinear phenomenon, has caused widespread concern because of its potential
applications in optical devices such as all-optical switches [1], optical transistors [2], optical
modulators [3], optical storage [4], optical logic gates [5], and so on. However, conven-
tional optical-bistablility devices have large dimensions and require stronger incident light
conditions to achieve significant OB phenomena, thus creating an obstacle to the practi-
cal implementation of OB devices. In recent years, with the development of micro-nano
technology, researchers have started to pay attention to OB phenomena in micro-nano
structures, such as photonic crystals [6], dielectric gratings [7], metamaterials [8], optical
cavity ring resonators [9], etc. High-frequency electromagnetic fields can be continuously
oscillated within the resonant cavity, and the interaction between the optical field and the
material can be enhanced. These further enhance the optical nonlinear effects in the cavity
at low input intensities. Therefore, the preparation of micro-resonant cavities is of great
importance for optical integrated devices. Photonic crystals (PhCs) have a unique ability
to manipulate light in terms of reflection, localization, and modulation, making them one
of the important materials for micro and nano optoelectronic integration [10]. Compared
with silver mirrors, photonic crystals have the characteristics of ultra-compact size, ex-
cellent resonance performance, flexible structure design and so on [11]. Thus, PhCs with
unique bandgap structures can be used to design and fabricate small and easily tunable
resonant cavities [12]. The idea of using photonic crystal structures instead of mirrors in
a Fabry–Perot (FP) cavity to fabricate optical devices with resonant modes and tunable
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characteristics is seeing acceptance. Optical devices based on the PhC FP cavity such as
optical absorption devices [13], optical filters [14], slow-light and nonlinear devices [15],
multiplexers [16], and optical 1-bit comparator [17,18] have also been reported.

It is well-known that OB can be achieved by filling the FP cavity with a nonlinear
medium [19]. The reduction in the threshold value of OB is limited since the nonlinear coef-
ficients of most materials are relatively low. In recent years, low-threshold tunable OB based
on graphene has been widely studied due to the excellent nonlinear properties of the two-
dimensional material graphene. Although the two-dimensional Dirac material graphene
also exhibits extremely high nonlinearity in theory [20–22] and experiments [23–25], its
atomically thin feature leads to relatively small interaction volumes and it has low stability,
thus limiting the research of graphene in nonlinear fields such as all-optical switching [26].
A new topological material with linear energy dispersion, the three-dimensional Dirac
semimetal (3D DSM) has started to receive attention [27–31]. 3D DSMs are often regarded as
‘3D graphene’ in which exotic quantum phenomena such as chiral magnetic effects [32,33],
high bulk carrier mobility [34] and large nonsaturating magnetoresistance [35] are com-
monly observed. At present, many materials have been confirmed to be three-dimensional
Dirac semimetals, such as Cd3As2 [36], PtTe2 [37], Na3Bi [38], ZrTe5 [39], etc. The finite film
thickness of 3D DSM leads to a significantly enhanced interaction volume compared to
graphene, and 3D DSM possesses higher carrier mobility [40], a higher Fermi velocity [41],
the ability for easier preparation and stable properties [42]. In particular, the Dirac band
structure of 3D DSMs has a high nonlinear refractive index coefficient, which is very similar
to that of graphene. At the same time, 3D DSMs can modulate the dielectric constant v
changing the Fermi energy level [43]. The high nonlinear refractive index of 3D Dirac
semimetals is expected to play an important role in providing strong optical nonlinearity
for achieving low-threshold OB.

In this paper, graphene is replaced by the more advantageous 3D DSM, and a simple
structure of 3D DSM embedded in the PhC FP cavity is proposed. It is shown that local
electric field enhancement is generated in the PhC FP cavity. In addition, the introduction
of 3D DSM into the overall structure can provide good conditions for a reduction in the OB
threshold. Meanwhile, the threshold of OB can be dynamically adjusted by changing the
Fermi energy level and relaxation time of the Dirac material. This low-threshold OB scheme
has the characteristics of a simple structure and easy preparation, and we believe that it is
expected to provide new ideas for the development of all-optical communication devices.

2. Theoretical Model and Method

We consider a FP cavity with two symmetric photonic crystals and place the 3D
DSM in the middle of the cavity, as shown in Figure 1. Additionally, we set the direction
perpendicular to the photonic crystal to be the z-direction. The photonic crystal consists of
alternating dielectrics, A and B, with a period of 4. The thicknesses of media A and B are set
to da = Λc/(4na), db = Λc/(4nb), where Λc is the central wavelength, and Λc= 300 µm is
set here. The thickness of the Dirac semi-metallic layer is set to dDirac = 20 nm. We take
polymethylpentene (TPX) with a refractive index of na = 1.46 for medium A and SiO2 with
a refractive index of nb = 1.9 for medium B. The cavity length of the FP cavity is denoted as
L, and middle of the cavity is filled with empty air. We place the 3D DSM in the middle of
the cavity and set L = 2Ll = 2Lr = 300 µm. Based on the current mature technology for
the preparation of micro/nano multilayer dielectric structures, it is possible to construct
the layered structure defined by the above structural parameters. Meanwhile, 3D DSM
can be characterized by third-order nonlinear susceptibility and linear refractive index as a
typical Kerr nonlinear medium. To obtain large nonlinear coefficients, we consider only the
incident waves in the terahertz band.
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Figure 1. Schematic structure based on 3D DSM/PhC FP cavity’s heterostructure.

Based on the classical Boltzmann transport equation under the relaxation time approx-
imation, the 3D DSM linear in-band optical conductivity can be resolved as follows [44]:
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where σ0 ≡ e2

4} , ω is the angular frequency, kB is the Boltzmann constant, } is the Planck
constant, T is the temperature, vF is the Fermi velocity of the electron, and τ and EF
represent the relaxation time and Fermi energy level of the 3D DSM, respectively. Lis(z)
is the multilogarithmic function. Considering an external field, the third-order nonlinear
optical conductivity of the 3D DSM can be expressed as follows [44]:

σ3 = σ0
8e2vF

5π2}2
τ3

(1 + ω2τ2)(1− 2iωτ)

1

1 + exp
(
− EF

kBT

) . (2)

Thus, we can obtain the third-order nonlinear susceptibility, χ(3), and linear refractive
index, nD, of the 3D DSM: {

χ(3) = iσ3/ε0ω
nD = n + ik =

√
1 + iσ1/ε0ω

, (3)

where ε0 is the dielectric constant in vacuum. From Equation (3), it can be seen that the
third-order nonlinear polarizability, χ(3), and linear refractive index, nD, of the 3D DSM
are strongly affected by its Fermi energy and relaxation time, which provides us with an
effective method with which to modulate OB devices based on Dirac semimetals.

In accordance with the nonlinear transport matrix method, we have obtained the
transport matrix corresponding to each layer of the medium. Hence, the transmission
matrix of the overall structure is

M = (MB ×MA)
4 ×Mair ×MD ×Mair × (MA ×MB)

4. (4)

Therefore, the transmission and reflection coefficients can be expressed as follows:
t =

2p f

[M11+M12 p f ]p f +[M21+M22 p f ]

r = [M11+M12 p f ]p f−[M21+M22 p f ]
[M11+M12 p f ]p f +[M21+M22 p f ]

. (5)
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where p f =
(

k2
0 − k2

y

) 1
2 /k0. Finally, we can obtain the relationship between the incident

electric field, Ein, and the transmitted electric field, Eout, as well as the reflected electric
field, Ere: {

|Eout| = |Ein| × |t|2

|Ere| = |Ein| × |r|2
, (6)

where the OB phenomenon can be observed by adjusting the relevant parameters.

3. Results and Discussions

First, the electric field distribution of the heterogeneous structure of a photonic crystal’s FP
cavity is calculated, as shown in Figure 2. It can be seen that distinct electric field localization
appears at the 3D DSM, which provides the conditions for achieving a low-threshold OB. It
is well-known that the third-order nonlinear conductivity of Dirac materials is related to the
frequency of the incident light, and the higher the frequency of the incident light, the lower
its third-order nonlinear conductivity. In this paper, we have investigated the effect of 3D
DSM parameters on OB based on the 1 THz frequency range, when the third-order nonlinear
conductivity of Dirac material is strong. Meanwhile, the 3D DSM, as a typical Kerr medium, has
a complex refractive index including both linear and nonlinear components, and its relationship

with the electric field can be expressed as n = nD +∆n = nD + n2|E|2, where n2 = χ(3)

2nD
is the

nonlinear refraction coefficient. Moreover, the local electric field enhancement caused by
the FP cavity structure has a positive effect on the nonlinear part of the 3D DSM refractive
index. In summary, we can embed a 3D DSM in a 1D PhC FP cavity structure to achieve
low-threshold tunable OB phenomena.
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Figure 2. (a) The normalized electric field for PhC heterostructures. (b) The color map of electric field
for PhC heterostructures.

Next, we discuss the role of the relevant parameters of the 3D DSM in the modulation
of OB. To facilitate the analysis of the generation mechanism of OB, we assume the thickness
of the 3D DSM to be the same as that of a layer of 2D thin film material, similarly to graphene.
Then, the bulk conductivity of 3D DSM can be equated to the surface conductivity, that
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is σ = dDSM

(
σ1 + σ3|E|2

)
. According to reference [45], the expression of the transport

matrix of the equivalent 3D DSM is given by

Md =

[
1 + Λ Λ
−Λ 1−Λ

]
. (7)

Meanwhile, we can consider the two PhCs two Bragg mirrors, and their transport
matrix can be expressed as follows:

Mi ≈
1
ti

[
−1 −|ri|
|ri| 1

]
, (8)

where i = {1, 2} , and ti and ri are the transmittance and reflectance of the photonic crystal,
respectively. The transmission matrix of the air layer can be expressed as follows:

Mair(L) =
[

e−ikL 0
0 eikL

]
. (9)

Then, the expression of the transmission matrix of the overall structure is M =
Mphc1Mair(Ll)MDSM Mair(Lr)Mphc2. Based on the definition of the transmission coefficient,
we write the relationship between the transmitted electric field, Et, and the incident electric
field, Ei, as follows:

Et

Ei
=

1
M11

=
t1t2

Λ[1 + |r1||r2|] + 1− |r1||r2|
, (10)

where Λ = dDSMµ0c
(

σ1 + σ3|Et|2
)

/2. Assume that the transmitted electric field is purely

real, such that Y = |Ei|2, X = |Et|2, k = [1 + |r1||r2|], and Z = dDSMµ0c/2, p = 1− |r1||r2|;
after calculation and simplification, the above equation can be written as follows:

Y =
[Zk(σ1 + σ3X) + p]2

(t1t2)
2 X =

(Zkσ3)
2X2 + 2σ1σ3(Zk)2X + 2σ3ZkpX + (Zkσ1)

2 + p2 + 2Zkσ1 p

(t1t2)
2 X. (11)

From the above equation, it can be seen that Y is a cubic function of X; i.e., the incident
electric field is a multivalued function of the transmitted electric field. In order to have
three output fields corresponding to one input field, the discriminant, ∆, of the derivative of
Equation (15) must be greater than 0. Taking the derivative of Equation (15), the derivative
function, Y′, can be expressed as follows:

Y′ =
3(Zkσ3)

2X2 + 4σ1σ3(Zk)2X + 4σ3ZkpX + (Zkσ1)
2 + p2 + 2Zkσ1 p

(t1t2)
2 . (12)

The discriminant, ∆, of the derivative function, Y′, can be simplified as folows:

∆ =

[
2σ3Zkp+2σ1σ3(Zk)2

]2

(t1t2)
4 > 0. (13)

From the above equation we can clearly see that ∆ always satisfies the condition of
being greater than 0, which means that the condition of generating OB is satisfied. Further
we can find the extreme and minimal value points of the function Y, i.e., the two zeros of
the derivative function: {

xext,1 ≈ −σ1
3σ3

xext,2 ≈ −σ1
σ3

. (14)
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The upper and lower thresholds of OB can be found by bringing the maximum and
minimum value points into Equation (15), respectively. Further, the width of the hysteresis
curve of OB can be expressed as follows:

∆Y = |Y1 −Y2| =
4σ3

1 Z2k2

27σ3t2
1t2

2
. (15)

∆Y = Ψ

(
1 + w2τ2)(1− 2iwτ)

(1− iwτ)3

[(
EF

kBT

)2
+

π2

3

]3(
1 + exp(− EF

kBT

))
. (16)

where Ψ = 160(σ0Zk)2(kBT)6

729(π}vF)
4(et1t2)

2 . From the above equation, when the Fermi energy level

increases, the hysteresis curve width, ∆Y, will also increase, which is consistent with the
law shown in Figure 3. Meanwhile, from the multivalued function relationship between
the transmittance and the incident electric field shown in Figure 3a, it can be seen that
the maximum transmittance of the incident wave gradually decreases when the Fermi
energy level of the 3D DSM increases from 0.18 eV to 0.24 eV. This indicates that the large
Fermi energy of the 3D DSM is lost to some degree upon the transmission of the incident
wave. Therefore, the relevant parameters need to be adjusted reasonably when designing
low-threshold optically bistable devices to reduce the losses caused by the material. The
above results show that the incorporation of the PhC FP cavity with the 3D DSM provide
the necessary conditions to realize the OB phenomenon with a low threshold, and the
threshold of OB can be controlled by adjusting the Fermi energy level only.
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Via the derivation and explanation provided above, the OB phenomenon is closely
related to the relaxation time, τ, of the 3D DSM according to Equation (18). As shown
in Figure 4, the transmission field and transmittance as a function of the incident field at
EF = 0.20 eV is shown. The width and upper/lower thresholds of the OB hysteresis curve
vary with the relaxation time, and the variation pattern is consistent with our derived
results. As the relaxation time, τ, increases from 0.8 ps to 1.0 ps, the hysteresis curve width
of OB increases while the threshold value decreases. Specifically, when the relaxation time is
τ = 0.8 ps, the hysteresis curve width is ∆Y ≈ 0.019× 106 V/m, with an upper threshold
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of |Ei|up ≈ 1.096× 106 V/m, and a lower threshold of |Ei|down ≈ 1.077× 106 V/m;
when the relaxation time τ = 1.0 ps, the hysteresis curve width ∆Y ≈ 0.074× 106 V/m,
upper threshold |Ei|up ≈ 0.996× 106 V/m lower threshold |Ei|down ≈ 0.922× 106 V/m.
Overall, the hysteresis width of OB increases by nearly 0.055× 106 V/m and the threshold
decreases by nearly 0.127× 106 V/m. It is obvious that the hysteresis width of OB based
on 3D DSM changes significantly with the relaxation time, τ.
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As shown in Figure 5, the width, upper and lower thresholds of the nonlinear OB
hysteresis curve vary with different incident angles. It is obvious that the width of the
hysteresis curve of the OB increases as the angle of incidence increases. Specifically, where
θ = 0◦, the hysteresis curve width is ∆Y ≈ 0.048× 106 V/m, with an upper threshold of
|Ei|up ≈ 1.039× 106 V/m, and a lower threshold of |Ei|down ≈ 0.991× 106 V/m; where
θ = 3◦, the hysteresis curve width is ∆Y ≈ 0.075× 106 V/m, with an upper threshold of
|Ei|up ≈ 1.091× 106 V/m, and a lower threshold of |Ei|down ≈ 1.016× 106 V/m. Overall,
the hysteresis curve width increases by nearly 1.037× 106 V/m. The above results show
that the threshold of OB can be effectively reduced by reasonably adjusting the incidence
angle, while achieving the control of the hysteresis curve width, providing another feasible
method for the fabrication and design of optically bistable devices.

In addition, as illustrated in Figure 6, the transmittance and transmitted electric field
will decrease obviously with the increase in the period of the photonic crystal, which is due
to the fact that the increased thickness of the structure will reduce the transmitted light
and increase the reflected light. The transmittance is about 0.55 when T = 3, but with the
increase in the layer number, the transmittance will decrease to about 0.15 when T = 6.
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Finally, we also calculate the hysteresis curve relationship for the reflective OB as
shown in Figure 7, where the relevant parameters involved remain the same as when
calculating the transmitted OB. Figure 7a,b shows the reflectance and reflected electric
field versus the incident electric field for the hysteresis curve at τ = 0.9 ps. When the
Fermi energy level increases from 0.18 eV to 0.24 eV, the width of the hysteresis curve of
OB increases and both the upper and lower thresholds increase, which is the same as the
variation pattern of the transmitted OB shown in Figure 3.
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4. Conclusions

In summary, we propose a multilayer hybrid structure consisting of two one-dimensional
PhCs and a 3D DSM with which low-threshold tunable OB phenomena in the 1THz fre-
quency range can be achieved. The results show that the local electric field enhancement
caused by the PhC FP cavity has a positive effect on achieving a low threshold of OB. At the
same time, the large nonlinear refractive index coefficient of the 3D DSM provides nonlinear
conditions for the achievement of OB, and the threshold value of OB and the hysteresis
curve width can be regulated by changing its relevant parameters. Through parameter
optimization, optical bistability with a threshold approaching 105 V/m can be obtained,
which reaches or is close to the range of the weak field. In addition, we calculated the
multivalued functional relationships between the transmitted and reflected electric fields
and the incident electric field using the transfer matrix method, knowing that the threshold
of OB and the hysteresis curve width are regulated by the Fermi energy level and relaxation
time of the 3D DSM. Our proposed low-threshold OB scheme has the characteristics of
simple structure and easy preparation, and we believe that this low-threshold OB scheme
is expected to find potential applications in related nonlinear optical devices.
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