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Terahertz (THz) switches are essential components of THz communication systems. THz switches based on conven-
tional waveguides and photonic crystal structures are sensitive to manufacturing defects and sharp bending, resulting in high
scattering losses. In addition, THz switches with tunable working bandwidths have not yet been demonstrated. Here, we
design THz switches based on a topological valley photonic crystal (VPC) structure using magnetic materials, which can
achieve high forward transmittance based on the unique spin—valley locking effect. The broad working bandwidth allows
selective turning on and off at a designed wavelength region by controlling the applied magnetic field. The designed THz
switch can achieve an extinction ratio of up to 31.66 dB with an insertion loss of less than 0.13 dB. The 3-dB bandwidth
is up to 49 GHz. This tunable THz switch can be experimentally fabricated by current fabrication techniques and thus can

find broad applications in THz communication systems.
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1. Introduction

Terahertz (THz) waves are generally referred to as
electromagnetic waves with operating wavelengths between
30 pm and 3 mm (with a frequency range of 0.1-10 THz),
which are located at the intersection of the microwave and in-
frared bands in the electromagnetic spectrum. This special lo-
cation gives it many different characteristics from other elec-
tromagnetic waves. In recent years, THz technology has had
a wide range of application prospects in communications, =
imaging, % spectroscopy,!’! security, ! military defense,”!
etc. Among them, THz communication has great potential and
can provide a higher rate and larger bandwidth than 5G, which
is the key to developing a 6G mobile communication network.
THz technology can be used to solve long-standing intercon-
nection problems, ! thus realizing the “Internet of things”. In
order to realize next-generation communication systems for
6G and beyond, high-capacity communication needs to be
realized by integrating compact, low-power devices such as
waveguides, switches and modulators. In particular, on-chip
THz switches can be easily integrated into terahertz intercon-
nect communication systems, allowing active control of the
data transmission channels,!!’! which have attracted great at-
tention.

A variety of on-chip integrated THz switches have
been demonstrated, including switches based on metal-
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lic waveguide structures,!''?1  photonic crystal (PC)
waveguides, %3171 ring resonator structures,'¥29 plas-
monic structures, [21:22] layered photonic structures, 23! etc.

Compared to other on-chip integrated THz switches, THz

switches based on PC waveguide structures!?+-3!]

using mag-
netic materials feature high design flexibility, miniaturization
and low power consumption.''3-15:17] However, conventional
magnetic PC structures have low transmission efficiency due
to high scattering losses caused by defects and sharp bends. In
comparison, topological valley photonic crystal (VPC) struc-
tures based on the spin—valley locking effect can realize robust
unidirectional optical transmission and achieve high forward

2,10.32-38] THyz switches based on

transmittance close to unity.|
the VPC structure of silicon materials have been demonstrated
to work by pumping high-intensity external light. This work-
ing principle is sensitive to the linearity, position, angle and
intensity of the externally pumped light source,!'%! making it a
challenge to control in real applications. In comparison, THz

[13-15,17]

switches based on the magnetic PC structures can

be easily controlled by applying an external magnetic field
and have a fast response time for broad applications.!'%15]
High-performance functional devices based on VPC struc-
tures of different materials have been demonstrated at dif-
ferent operating wavelengths.3*~*] However, there has been
no demonstration of VPC structures based on magnetic ma-

terials working in the THz region, particularly for switching
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applications.

In this paper, we demonstrate the design of THz switches
based on VPC structures using LuBilG single-crystal ferrite
material, which can achieve high forward transmittance based
In addition, the
switching bandwidth can be tuned by the strength of the ex-

on the unique spin—valley locking effect.

ternal magnetic field for the first time. The designed THz
switches can achieve an extinction ratio of up to 31.66 dB
with an insertion loss of less than 0.13 dB. The 3-dB operating
bandwidth is up to 49 GHz. The turn-on time is 36 ps. In addi-
tion, the design meets experimental fabrication requirements.
Thus, it will find broad applications in THz communications
and the design principle can be generally applied to design
other integrated THz devices.

2. Design of magnetic valley photonic crystal
structures

The conceptual demonstration of the THz switch based on
a VPC structure made of LuBilG single-crystal ferrite material
is shown in Fig. 1(a). The structure is a topological waveguide
consisting of two mirror-symmetric VPC structures, namely,
VPC1 and VPC2. The THz wave propagates through the
waveguide along the x-direction. Meanwhile, the magnetic
field is applied along the y-direction, perpendicular to the
propagation direction of THz waves. When there is no external
magnetic field, the THz waves within the working bandwidth
can pass through the waveguide with a high transmittance,
which is considered the “on” state [Fig. 1(b)]. In compari-
son, a certain range (f1) within the bandwidth can be turned
off when an external magnetic field is applied [Figs. 1(c) and
1(d)]. By further increasing the strength of the magnetic field,
the turn-off wavelength range can be shifted to a high fre-
quency (f>) [Figs. 1(e) and 1(f)]. In this way, the turn-off
wavelength range can be flexibly controlled by the strength of
the external magnetic field. The finite-difference time-domain
(FDTD) simulation information of the terahertz switch based
on magnetic VPC is shown in supplement 1 Section 1.

LuBilG single-crystal ferrite material with thickness d =
190 pm is chosen in this study (simulated in three dimensions
(3D) for FDTD simulations as shown in supplement 1 Sec-
tion 2), which is suitable for designing a high transmission
waveguide in the terahertz region according to its refractive
index. % Thus, combined with the ease of production of fer-
rite materials at a low cost, ferrite is a promising material in
the terahertz region. LuBilG is a gyromagnetic ferrite mate-
rial (detailed information about the experimental schemes can
be found in the supplement 1 Section 3) whose permeability

tensor is given by the literature*”]
u 0 —jx
wW=10m 0| (1)
jk 0 u

The matrix elements of the permeability tensor are given by
the following equation:

Wex W
= 1+ —— 2
0D
K=Ho s (2b)

where Wex = YBex, Om = WoYMs, 7 is the gyromagnetic ratio
of 1.758 x 10! rad-T~'-s™!, yy is the permeability in vac-
uum, @ is the circular frequency of the incident wave, Bey i
the magnetic induction of the external magnetic field, M is the
saturation magnetization of ferrite materials. Considering fer-
romagnetic loss, @ex should be replaced by @ex + jUoYAH /2.
LuBilG has a dielectric constant of 4.85, a saturation magne-
tization of 1560 G and the ferromagnetic resonance linewidth
2AH of LuBilG is 5.1 Oe. Here, the magnetic field is ap-
plied along the y-direction perpendicular to the direction of
the waveguide as transverse electric (TE) modes are used. [48]
Therefore, for TE modes,*3!]

WK (@t 0n) 07
IJ (Dex ((X)e)('|‘(’~)rn)_(1)27
when no external magnetic field is applied, the dispersion

curves of LuBilG in the THz band are shown in Figs. S6(a)
and S6(b), respectively.

3
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Off |
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Fig. 1. Conceptual demonstration of a magnetically tunable THz switch
based on VPC structures. (a) Three-dimensional schematic of the THz
switch. (b) Schematic plot of forward transmittance spectrum at the on-
state. (c) Conceptual demonstration of turning off an optical switch by
applying a weak magnetic field. (d) The corresponding forward transmit-
tance spectrum with a region being turned off. (e) Conceptual demon-
stration of turning off a different wavelength range by applying a stronger
magnetic field. (f) The corresponding forward transmittance spectrum
with a different region being turned off.

The design process starts with designing a honeycomb
lattice PC structure (the lattice constant @ = 242.5 um) with
a Dirac cone in its photonic band structure [pink curve in
Fig. 2(b)], which has triangular air holes r4 = rp =48 pm (r
is defined as the distance between the triangular vertices and
the geometric center [Fig. 2(a)]). Therefore, the structure has
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Cg, rotational symmetry. Here, we use commercial 3D FDTD
software (Lumerical FDTD Solutions) to calculate the band
structure.

The minimum band model of bulk dispersions resorting
to the photonic effective Hamiltonian through the & - p approx-
imation can be expressed as

H = vp (8:£.8k, + 6,0k)) + A 6., 4)

where vp is the group velocity. 6; and Z; are the Pauli matrices
acting on sublattice and valley spaces, respectively. 0k mea-
sures from the valley center K or K’ point. In the perturbation
term lg 6;, 7L£ is zero considering space and time inversion
symmetry, which also corresponds to zero perturbation in the
initial structure. Due to the change of the size of air holes,
the spatial inversion symmetry is broken and a bandgap with a
width of 2|Af | is opened. Note that AL is proportional to the
difference between the integration of & on the two triangles
A and B [Fig. 2(a)], as |Af| o< | [ &ds — [, &ds|, where & is
the relative permittivity. Take the VPC with r4 = 115 pm and
rg =0 pm in Fig. 2(a) as an example, [p&ds < [, & ds leads
to lg < 0 and thus a complete band gap (blue shaded area)
clearly exists in Fig. 2(b), which can be achieved by changing
the size of a set of the triangular air holes r4 or rp, which de-
generates the K and K’ points. The maximum bandgap can be

(a)

(c) 0.65

0.60

0.55

0.50

0.45

Frequency (THz)

0.40

M
A

0.35
0 0.2 0.4 0.6 0.8 1.0

K, (2n/a)

obtained (see supplement 1 Section 4) when r4 or rp is taken to
be 0 when the other is maximized.** As a result, r4 =0 pm,
rg = 115 um for VPCI, and VPC2 is the mirror-symmetric
structure of VPC1, which has r4 = 115 pm, rg = 0 pm. In this
case, the Cg, symmetry is reduced to the C3 symmetry. The
frequency range of the band gap is 0.476-0.536 THz. Fur-
thermore, the topological properties of VPC1 and VPC2 can
be described in terms of the valley topological indices: 2%
Cr, = T;5gn ().g ) /2. The topological indices of the K and K’
valley are Cx = 1/2 and Cgr = —1/2, respectively. There-
fore, even if the total Chern number is 0, we can define this
new nonzero topological invariant, namely, the valley Chern
numberP?! Cy = Cx — Cxs, which is non-zero. For VPCI
and VPC2, the valley Chern numbers are 1 and —1, respec-
tively. According to the body boundary correspondence,3*! a
topological phase transition will occur when the topological
number at the interface changes. The number of edge states
in each valley is determined by the difference between the
valley topological index across the interface, which is given
by ACk/k = |Cyit —Chr| = 1.
edge states with a spin—valley locking effect can be obtained
by constructing boundaries using VPCs (VPC1 and VPC2)
with different Chern numbers. Here, VPC1 and VPC2 can

Therefore, topological
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Fig. 2. (a) Schematic diagram of the VPC structure based on LuBiIG material. (b) Photonic band diagrams of the initial honeycomb lattice PC
(pink dotted solid line) and the VPC structure (blue dotted solid line). The gray-shaded region is the light cone, and the blue-shaded region is the
photonic bandgap. The band diagrams of the edge state for the (c) zigzag and (d) beard-type boundaries.
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be combined to form two different types of edge state waveg-
uide structures, zigzag and beard types, whose edge state
band diagrams are shown in Figs. 2(c) and 2(d), respec-
tively. Compared with the beard-type structure, the zigzag-
type structure has a high transmittance close to unity and
a wide bandwidth®*! across the entire topological bandgap
[Fig. S5(c)] due to the strong spin—valley locking effect lead-
ing to different polarizations being locked to K or K’ valleys
(see supplement 1 Section 6). Therefore, a zigzag-type bound-
ary structure is chosen in this study.

We combine VPC1 and VPC2 to form a straight waveg-
uide [Fig. 3(a)], a Z-shape waveguide [Fig. 3(b)] and an Q-
shape waveguide [Fig. 3(c)], respectively, and the top layer
of each figure shows the corresponding electric field intensity
distributions at the frequency of 0.5 THz. The full width at half
maximum, also called the 3-dB bandwidth, defines the work-

Max

(b)

~ A\
o
-

et
> !

x

ing bandwidth. The forward transmittance spectra of the three
waveguides without a magnetic field are shown in Figs. 3(d)-
3(f), which have 3-dB bandwidth ranges of 567-626 um, 570-
617.8 um and 582-613.2 um, respectively. The highest trans-
mittance of those three waveguides is 0.97, 0.86 and 0.83, con-
firming the high transmittance even with shape corners due to
the spin—valley locking effect, which refers to the fact that,
in VPCs, light sources with different spins (corresponding to
left-handed and right-handed circularly polarized light) can be
unidirectionally transported in the direction of their respec-

3255561 In addition, the edge states en-

tive locked valleys. !
counter loss at the shape bends in the Z and Q waveguides,
which reduces the working bandwidth (high transmission fre-
quency range). In summary, the high transmittance makes
those waveguides ideal candidates for high-performance ter-

ahertz switches.

(d) 1.0
0.8
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Fig. 3. Structural diagrams of (a) straight waveguide, (b) Z-waveguide, (c) Q-waveguide, and the electric field intensity distributions at 0.5 THz
frequency in the three waveguide structures in the absence of applied magnetic field. (d)—(f) Forward transmission spectra of the three waveguide
structures without a magnetic field, respectively. The blue shadows mark the working bandwidths.
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3. Realization of the “‘off”’ state using a magnetic

field

The “oft” state of the THz switch is controlled by ap-
plying an external magnetic field. By using Eq. (3), we can
calculate the relationship between the magnetic permeability
of the ferrite material in the frequency range of 0.42—-0.58 THz.

(a) 6

N |

—Re(p)
.......... Im(u)

P —

0

I —29
— 4
_6
_8

—10

0.42 045 0.48 0.51
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Frequency (THz)

0.65

—~
Q
~

0.60
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o
o
h

0
0

200 300 400 500

Time (ps)
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One example of applying a magnetic field of 18 T is shown
in Fig. 4(a), in which one can see sharp peaks in both real
and imaginary parts of the permeability. Therefore, it intro-
duces a large refractive index in both the real and imaginary
parts of the refractive index, which introduces a passband
[marked by the yellow shadow in Fig. 4(b)] within the original
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Frequency (THz)
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Fig. 4. (a) Magnetic permeability plot of the ferrite material with an external magnetic field of 18 T. The solid and dashed lines indicate the
real and imaginary parts of the magnetic permeability, respectively. (b) Photonic bandgap diagram with an external magnetic field of 18 T. The
yellow and the blue shadows mark the formed passband and the original photonic bandgap. (c) The edge state band diagram has an external
magnetic field of 18 T, and the yellow shadow shows the formed gap in which no edge state exists. (d) Forward transmittance spectra of a
straight waveguide structure without (“on” state, green curve) and with (“off” state, pink curve) a magnetic field of 18 T. Electric field intensity
distribution at 0.5 THz in a straight waveguide structure without (e) and with (f) a magnetic field of 18 T. Time domain steady state power plots
of “on” (g) and “off” (h) states.
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photonic bandgap. Such a passband breaks the confinement
of the optical waves in the waveguide, which dramatically re-
duces the transmission efficiency, resulting in a low transmit-
tance as the “off” state. Meanwhile, the magnetic field in-
troduces a bandgap in the edge states [marked by the yellow
shadow in Fig. 4(c)], which also results in low transmittance.
The combination of the two factors results in a low transmit-
tance region (less than 0.1 in the frequency range of 0.496—
0.517 THz) in the spectrum [Fig. 4(d)]. For comparison, the
field intensity distributions without and with external magnetic
fields at the frequency of 0.5 THz are shown in [Figs. 4(e) and
4(f)]. One can see that the THz waves can propagate through
the waveguide with high efficiency when there is no exter-
nal magnetic field, which can be fully turned off by using a
magnetic field in the designed wavelength region. The time-
domain steady-state intensity responses of the THz switch are
shown in [Figs. 4(g) and 4(h)], which reach a steady state at
36 ps. The response time of the material is neglected due to
the ultrafast response of the ferrite material in the THz band.

Straight-type

(a) 18.9
18.6

4. Tunability of the THz switch

The unique magnetic response of the ferrite material al-
lows tuning the permeability by controlling the strength of
the magnetic field [Figs. S7(a) and S7(b) in supplement 1
Section 7], resulting in different dispersion curves of re-
fractive indices LuBiIG at terahertz bands under different
magnetic fields [Figs. S8(a)-S8(d) in supplement 1 Sec-
tion 8]. The resonance peak of the ferrite material gradu-
ally blueshifts with the increased strength of the magnetic
field, corresponding to the position of the passband within
the photonic bandgap. The calculated band diagrams at dif-
ferent magnetic fields (from 16.6 T to 189 T at a step of
0.1 T) are shown in Figs. S9(a)-S9(x) and S11(a)-S11(x) in
the supplementary materials. The shifts of center frequen-
cies of the passbands and formed stopband under external
magnetic fields are plotted in Figs. S10(a) and S12(a), re-
spectively. The trend of the blue curve is consistent with
the shift of the working bandwidth shown in Figs. 5(d)—
5(f). The range is defined by the potential range for shifting

Q-type
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Fig. 5. Contour plots of forward transmittance spectra of the straight waveguide (a), Z-shape waveguide (b), and Q-shape waveguide (c) under different
magnetic fields. Plots of the center wavelengths of the “off” band of the straight waveguide (d), Z-waveguide (e) and Q-waveguide (f) under different
magnetic fields. Extinction ratios of the straight waveguide (g), Z-waveguide (h) and Q-waveguide (i) under different magnetic fields.
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the passband within the photonic bandgap. Meanwhile, for a
zigzag-type boundary, the gap is also shifted between the bulk
bands when the applied magnetic field ranges from 16.6 T
to 18.9 T. In this way, the wavelength region of the “off”
state within the transmittance spectrum. The resulting con-
tour plots of the forward transmittance under different applied
magnetic fields for the three waveguide structures are shown
in Figs. 5(a)-5(c), respectively. As can be seen from the fig-
ures, the center wavelength of the “off” region is gradually
blue-shifted with the increase of the applied magnetic field.
The trends of the shifted wavelength regions are plotted in
Figs. 5(d)-5(e). Due to the narrower working bandwidths of
the Z- and Q-shape waveguides compared to straight waveg-
uides, the tuning ranges are 17 T-18.8 T and 17.6 T-18.3 T,
respectively.

Extinction ratio (ER) and insertion loss (IL) are two im-
portant parameters for measuring the performance of a switch.
The extinction ratio of a switch is defined as the ratio of the
power in the on state to the power in the off state, expressed in
logarithmic form

ER = 10lg (g) (dB). 5)

0

The insertion loss of a switch is defined as the ratio of the
input optical power to the output optical power, expressed in
logarithmic form

out

IL = 10lg < Pn ) (dB). (6)

As a result, we can calculate the extinction ratio curves of the
three waveguides corresponding to different magnetic fields
as shown in Figs. 5(g)-5(i), respectively. Among them, a
high extinction ratio of 31.66 dB and a low insertion loss of
0.13dB at 0.49 THz at 17.2 T of the straight waveguide struc-
ture have been achieved, showing the high performance of our
THz switches. The performance comparison of similar tera-
hertz switches with other modulations is shown in Table S1,
which can be found in supplement 1 Section 11. As one can
see in the table, our THz switch has a relatively high extinction
ratio and low insertion loss, with a fast response time.

5. Conclusion

In conclusion, we show a magnetically tunable THz
switch based on a VPC structure. By applying an external
magnetic field, the magnetic permeability of the ferrite mate-
rial can be tuned to achieve switches with tunable wavelength
regions being turned off. The “off” regions can be accurately
controlled by the strength of the magnetic field. Meanwhile,
high forward transmittance is achieved due to the unique spin—
valley locking effect of VPC structures, resulting in high ex-
tinction ratios. In addition, compared with THz switches based

on traditional PC waveguide structures, the performance of
our topological switches is unaffected by defects, manufac-
turing errors and sharp corners. Therefore, it will find broad
applications in THz communication. Furthermore, the design
principle can be generally applied to design various functional
devices in the THz region.
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