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Abstract: To realize nonreciprocal transmission, it is
necessary to break the time-reversal symmetry of the
transmission system, but it is very challenging to keep
the linear polarized (LP) input and output unchanged in
the free space transmission system. Magnetized semi-
conductor InSb can realize terahertz (THz) nonreciprocal
transmission for the two conjugated photonic spin states,
but it cannot realize efficient one-way transmission of LP
state due to gyro-mirror symmetry. In this work, by intro-
ducing a pair of orthogonal uniaxial anisotropies from the
meta-gratings on both sides of InSh, both the gyro-mirror
and time-reversal symmetries are broken for the LP state,
thus making this cascaded grating—InSbh-grating structure
serves as a high-performance isolator for the LP light. The
experiment results indicate isolation of 50 dB at 0.4 THz for
the same LP input and output under a weak biased mag-
netic field of 0.17 T. Moreover, we further illustrate the
factors affecting the isolation bandwidth of the device, also
demonstrated another broadband structure with the 10 dB
isolation bandwidth from 0.2-0.7 THz, and the relative
bandwidth achieves 110%. The mechanisms of THz
nonreciprocal transmission and polarization manipulation
proposed in this work will contribute to the development of
efficient THz magneto-optical devices.
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1 Introduction

Isolators and circulators are nonreciprocal one-way
transmission devices, in which the forward electromag-
netic wave propagates with low insertion losses, but the
backward wave cannot transmit due to a very large atten-
uation [1-3], which plays some great important roles in the
protection of source and detector, impedance matching,
noise-canceling, and decoupling [4, 5]. Terahertz (THz)
technology involves the electromagnetic band located in
the 0.1-10 THz frequency range, which has great potentials
in new-generation communication, radar, imaging, and
sensing [6-9]. However, due to the lack of feasible,
broadband, and low-loss THz nonreciprocal transmission
devices, THz echoes of the reflection and scattering from
system components limits the performance of these THz
systems. Especially, it threatens the safety of high-power
THz source [10-12] and high-sensitive detection systems
[13, 14], which is an essential component in these booming
systems.

THz magneto-optical (MO) materials [15-19] provide a
fundamental way of developing nonreciprocal devices. It
requires significant MO effects in the THz regime operating
under a relatively weak external magnetic field (MF) and
small absorption loss for THz waves; however, the mate-
rials which meet the above conditions are very rare in the
THz regime. For example, Shalaby et al. [20] presented the
first THz MO isolator based on a bulk permanent magnet
but with a very large loss and low isolation. Recently, the
narrow bandgap semiconductor InSb [21-25] has been
received great attention due to its intriguing gyroelectric
MO properties in the THz band, whose cyclotron resonance
band is located in the THz band under a weak external MF.
Different from the THz spintronic devices controlled by the
polarization state of femtosecond laser [11, 12], the polari-
zation state of THz wave passing through InSb can be
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regulated by the direction and value of the external MF. Li
et al. [23] experimentally verified the transverse MO effect
of InSh, and Mu et al. [24] studied the Faraday MO effect of
InSh in a longitudinal MF configuration in the experiment,
and combined the InSb with artificial microstructure,
realizing a linear polarization conversion with >70% MO
modulation depth by the weak MF. InSb also has the po-
tentials in designing isolators. For instance, in 2018, Lin
et al. [25] proposed a reflective THz isolator with transverse
MO effect of InSb, this one-way isolator achieves 35 dB
isolation with 6.2 dB insertion loss for a p-wave polariza-
tion. However, it has only a narrow bandwidth and strict
incident angle. The unique properties of InSb may provide
more effective applications in THz nonreciprocal devices.

MO material introduced into the artificial microstruc-
ture, such as magnetic photonic crystal [26, 27], magneto-
plasmonics [28-31], and MO metasurfaces [32-34], may
significantly enhance the MO effect and provide singular
electromagnetic transmission characteristics. In 2011,
Belotelov et al. [29] demonstrated that the MO effect can be
enhanced by combining the MO material with the micro-
structure. Wang et al. [26] constructed a nonzero Chen
number in photonic crystals by using the gyromagnetic
properties of YIG and first experimentally observed topo-
logical boundary states with the nonreciprocal one-way
transmission in the microwave regime. In 2016, Tam-
agnone et al. [35] reported a THz isolator based on a
multilayer stacked graphene under a strong biased mag-
netic field (MF) of 7 T, which exhibits the isolation of about
20 dB but insertion loss of 7.5 dB at 2.9 THz. THz MO
microstructure devices provide new opportunities for the
development of THz nonreciprocal transmission mecha-
nisms and devices. THz MO microstructure provides new
opportunities for the development of THz nonreciprocal
transmission mechanisms.

In this paper, our goal is to achieve efficient THz
isolation for the linear polarized (LP) waves without
changing the polarization state, that is, the forward output
wave is still an LP wave with the same polarization angle
but the backward wave is forbidden to be output. To ach-
ieve this purpose, we first theoretically analyzed the non-
reciprocity of the two conjugated photonic spin eigenstates
in longitudinally magnetized InSb, finding that no non-
reciprocity for LP state without breaking the gyro-mirror
symmetry. By introducing a pair of orthogonal uniaxial
anisotropies from the meta-gratings on the two sides of
InSb, both the gyro-mirror and time-reversal symmetries
are broken for the LP state, thus making this cascaded
grating-InSh—-grating structure serves as a high-
performance isolator for the LP light. The above mecha-
nisms of THz one-way transmission and polarization

DE GRUYTER

manipulation have been confirmed by both theory and
experiments, and a further broadband result has also been
demonstrated.

2 Results and discussions

2.1 Theoretical analysis

When the external MF is applied along the z-axis, the InSh
shows a strong gyrotropy property. If a light propagating

through the InSb also along the z-axis with Faraday
configuration, Maxwell’s wave equation can be written as

[17, 24]:
EX 0 € —i€2 0 EX
-B|E, |+| O |+w’yyeolic; e O ||E, |=0, (1)
E.| |PE. 0 0 &]lE

The detailed model of &; and &, above can be seen in
Part 1 of Supplementary Information. Therefore, two eigen
photonic spin states can be solved from Eq. (1):

Beew = w \/Ho (61— €), €ccw = (61— €), E, = —iE,, @
Bew = WA\Jlo (€1 + &), €cw = (€1 +6), E, =iE,,

Here, the first solution E, = —-iE, is the counter-
clockwise (CCW) state, and the second one E, = iE, is the
clockwise (CW) state. The CCW state also means the for-
ward left-handed circularly polarized light (LCP+) or
backward right-handed circularly polarized light (RCP-),
meanwhile, the CW state denotes the RCP+ or LCP-. Ac-
cording to Eq. (3), we can theoretically calculate the
transmittance of CW state through InSb as follows [24]:

4Re(m> [ ZIm(\/ﬁ)wd]
Tew = 5exp| — , 03
)L

where d = 300 pm is the thickness of the InSb layer, Tccw
has the same form as the eccw replaces the ecw. The
detailed results can be seen in Part 1 of Supplementary
Information. Since ecyw # ccw in the same biased MF, so the
time-reversal symmetry is broken to realize a nonreciprocal
transmission for CW or CCW light. Moreover, when the
direction of the MF or the propagating direction is inversed,
Ecw-(or ccw+) = Eccw—(or cw-) in the two reversed MFs, indi-
cating a gyro-mirror symmetry for these two conjugated
spin states with the positive and negative MF. It also shows
that changing the MF direction is equivalent to changing
the propagating direction in this work.

However, if an LP wave is incident into the InSb as
shown in Figure 1(a), it can be decomposed into two
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conjugated spin states in the same phase. The transmission
matrix for the LP state incident into the InSb on the x-y
vector basis can be written as:

Xout \ _ _ (Tew + Teew)/2
< Youi ) = Tl X) = ( i(Tew = Teew)/ 2) @)

According to Egs. (3) and (4), we calculate the trans-
mittance map of LP incidence for the single InSh as shown
in Figure 1(c), and the white area is an opaque band in the
figure. When B = 0 T, there is a cutting-off frequency
around 0.4 THz that the transmittance is less than —30 dB.
With the increase of the MFs, the forward wave only
transmits CW wave, and the reflected wave only permits
CCW wave in the cyclotron resonance frequency band.
Figure 1(c) is mirror-symmetric for B = 0. Therefore, as
shown in Figure 1(a), when the LP propagates forward
through the InSh, the CW light transmits Ty, # 0, and the
CCW is reflected, Tccws = 0. When the LP propagates
backward through the InSb (the MF direction is still un-
changed), the CCW light transmits Tcew_ # 0, and the CW is
reflected Tcw, = 0. Due to the gyro-mirror symmetry of the
InSb, the transmitted waves Tcw, = Tcew- in the above two
cases, so Txoyt is a reciprocal component with the positive
and negative MF (Txout(B) = Txout(—B)), half of the LP en-
ergy cannot transmit and the polarization becomes one
chiral spin state. Therefore, the LP state could not be well
isolated by the single InSb crystal.

Since our goal is to achieve efficient isolation for the LP
waves without changing the polarization state, it is
necessary to introduce a dielectric asymmetry to break the
gyro-mirror symmetry while maintaining the non-
reciprocity of InSh. Here, we consider utilizing the sub-
wavelength dielectric meta-grating structure with artificial
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uniaxial anisotropy to introduce the dielectric asymmetry
into this nonreciprocal transmission system. As shown in
Figure 1(b), a couple of meta-gratings are placed before and
after the InSh, forming a cascaded grating-InSh-grating
(GIG) structure, where the grating direction of two gratings
are orthogonal to each other and 45° to the incident LP
direction. In this case, the transmission matrix of the whole
system can be written as:

X()u
< Y ‘ > = Tmg Tinsp Tig|1X)
out

6 6 . 6
ZCOSE (cosz + smE)TCW

1
= )
2 Zsiné(cosé—siné)T i

2 2 2 CCW

where 6 is the phase difference between the x- and
y-polarized LP state brought by the meta-grating. For the
sake of simplicity, we assume the meta-grating has the
linear dispersion as § = 0.577f THz ' where fis the frequency
of the wave in the theoretical analysis. According to Egs. (3)
and (5), we calculate the transmittance map of LP incidence
for the GIG structure as shown in Figure 1(d). Unlike
Figure 1(c), Figure 1(d) is no longer mirror-symmetric for
B =0, and the isolation can be also calculated as follows:

Iso=T(B)-T(-B) (6)

where T(B) and T(-B) are the intensity transmission for the
positive MF and negative MF (i.e. equivalent to the forward
and backward transmission), respectively. Figure 1(e)
shows the isolation map as the frequencies and MFs cor-
responding to the dark blue and white regions can realize
efficient one-way transmission.
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Figure 1: Schematic diagram of THz
nonreciprocal one-way transmission based
on InSh: the forward and backward LP
waves incident into (a) the longitudinally

B Grating LP
InSb  (que) magnetized InSb and (b) the InSb sand-
isslatioi Iso(dB) wiched in between two orthogonal meta-

gratings. The theoretically calculated
transmittance map as a function of fre-
quency and the MF for the LP incidence of
(c) the bare InSb and (d) GIG structure. (e)
The calculated isolation for the LP inci-
dence of GIG structure. In all the calcula-
tions, the carrier density of InSb is set to
4 x 10™ cm as the temperature is 80 K.
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In special, when this meta-grating works as a perfect
quarter wave-plate (QWP) (6 = 0.57), the transmission
matrix can be simplified as:

Txou T
( Xout ) = Towp Tinsb Tqwe|X) = < (C)W> @

TYout

Thus, the output wave only depends on the Ty and
has one-way transmission property since the Tcyw is
nonreciprocal as discussed above. Moreover, there is no
y-component output, which means the output wave is a
pure x-LP, so the frequency points that satisfy Eq. (7) can be
defined as the perfect isolation case. Figure 1(b) intuitively
shows the working principle of the device: when the x-LP
propagates forward through the GIG structure, after pass-
ing through the first grating, the CW wave is output; then,
the CW wave can pass through the magnetized InSb within
the cyclotron resonance band; finally, the CW wave is
transformed into x-LP wave after passing through the
second grating with orthogonal orientation. When the x-LP
propagates backward through the GIG structure, the CW
wave is still converted, but this backward CW wave cannot
pass through the InSh. In this way, the perfect one-way
isolation is achieved in theory, while keeping the input-
output LP unchanged. Therefore, the efficient one-way
isolation band occurs in the overlapping frequency band
between the cyclotron resonance of InSb and circular po-
larization conversion of the meta-gratings.

2.2 Experimental results

Based on the above analysis, we designed and fabricated
an MO meta-grating with GIG structure as shown in
Figure 2(a). Our InSb single crystal wafer was purchased
from Klamar-Reagent Corporation, which was prepared
by the liquid phase epitaxial method. The InSb wafer is

I
I
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single-side polished, 300 pm in thickness, (111) orientation,
n-doped with the intrinsic carrier concentration of
4 x 10" cm™ and the mobility of 4 x 10° cm? V"5 at 80 K.
Two Si meta-gratings with orthogonal grating orientations
were fabricated on both sides of the InSh. The high
resistivity Si wafer was tightly bonded to the InSb crystal.
The Si was thinned by the plasma etching, and then the Si
grating structures on the InSb substrate were fabricated by
UV lithography and plasma etching. The meta-grating
consists of two-dimensional periodic long rectangular
column arrays, and its scanning electron microscope (SEM)
image and the detailed geometries are shown in
Figure 2(b). The structure of the backside is the same as that
of the front side, but the long axis direction of the grating is
orthogonal to that of the front side.

We use the terahertz time-domain magneto polariza-
tion spectroscopy (THz-TDMPS) system to experimentally
demonstrated the property of the GIG as shown in
Figure 2(c). Compared with the traditional THz-TDS system,
the GIG sample is placed in a vacuum cryogenic Dewar
bottle (T = 80 K in our work) with a pair of adjustable
longitudinal magnets on both sides (B = 0-170 mT). There
is one rotatable THz polarizer behind the THz source and
the other one in front of the THz detector, which is used to
generate and detect arbitrary THz polarization states,
respectively. The details of the experimental system and
the related data processing can be found in Part 2 of Sup-
plementary Information.

At first, we investigated the transmission and polari-
zation properties of the single meta-grating without InSh
substrate. We measured the transmittance and phase dif-
ference along the major axis (along the y-axis) and minor
axis (along the x-axis) of the grating. Meanwhile, we also
obtained the numerical simulation results of the finite
difference time domain (FDTD) method. The numerical
modeling method can be found in Part 4 of Supplementary

Figure 2: (a) The illustration of the
transmission process for the designed GIG.
(b) The SEM image of the Si meta-grating
structure on the surface of the InSb sub-
strate. The parameters of the structure are
as follows: the transverse period

Py =77 pm, the width of the Si bar is

Wy = 54 pm, the length of the Si bar

[, = 350 pm, the longitude period

P, =500 pm, and the etching depth of the
grating is 170 pm. (c) The sketch map of the
THz-TDMPS experiment setup. Inserted: the
extended SEM image of the meta-grating
with a larger field of view.
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Information. As shown in Figure 3(a), the transmittance T
and T, for x-LP and y-LP are almost the same around 0.1~
1 THz. And in Figure 3(b), the phase difference between x-
LP and y-LP is decreasing with the frequency. In particular,
the phase difference comes to 90° near 0.5 THz, so the
grating is close to an ideal QWP. According to the above
theoretical analysis, the GIG structure is expected to ach-
ieve efficient one-way transmission near this frequency
point under the MF.

Then, we focus on the nonreciprocal transmission
property of the MO meta-grating with the GIG structure. We
placed both THz polarizers to 0°, that is y-LP wave is inci-
dent into the GIG device, and the experimental system
detects the y-LP component of the output wave. The
transmission spectra of the LP wave passing through the
GIG are shown in Figure 3(c). When B = 0 T, the trans-
mittance is less than -10 dB in the frequency range of
f < 0.7 THz. With the increase of the positive MFs, the
cutting-off frequency gradually moves to the lower fre-
quency as the transmittance increasing. On the contrary,
when the negative MFs are applied, the cutting-off fre-
quency gradually moves to a higher frequency with the
decrease of transmittance. The experimental results are in
good agreement with the theoretical calculation in
Figure 1(d), and they are also verified by numerical simu-
lations (see Part 4 of Supplementary information). There-
fore, there is a nonreciprocal transmission band for the LP
waves in the frequency range of 0.38—0.68 THz. Figure 3(d)
shows the isolation between forward and backward
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transmission defined as Iso = T(+B) — T(-B) in dB. The
isolation peak moves to high frequency and the isolation
band (>10 dB) expands with the increase of MFs. Although
the QWP point for the Si grating is 0.5 THz, when we
combined the grating with the InSh, the impedance match
condition of the grating is changed, thus making the QWP
point of the GIG structure moves to the lower frequency.
Therefore, when B = 0.17 T, the best isolation point can
reach 50 dB at 0.42 THz with the 10 dB isolation bandwidth
of 400 GHz.

Moreover, we analyzed the complete polarization
state output through the GIG. When the frequency band
deviates from the ideal QWP, the actual output wave
will be an elliptical polarization state. We calculate the
polarization ellipse as shown in Figure 4, we select two
frequency points: f = 0.42 and 0.8 THz. When
f=0.42 THz, for the forward MFs, the amplitude growing
with the MFs, and when B = 0.17 T, the output wave is
almost the perfect LP state. However, for the backward
MFs, the amplitude decreasing with the MFs, showing
the isolation effect. For f = 0.8 THz, for the forward MFs,
the polarization state turns counter clock-wise, but for
the backward MFs, the polarization state rotates clock-
wise. Thus, in the higher frequency range of f > 0.8 THz,
this structure shows the Faraday rotation effect which
means the rotation angle can be turned by the MFs. For
the details of related experimental measurement and
data processing, please refer to Part 3 of Supplementary
Information.
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Figure 4: The polarization ellipse for the
output wave for different MFs and

0.42 THz
—_ - \
0.8 THz
017T -0.14 T -0.07T 0T 0.07T 014T 017 T

2.3 Discussion for loss and bandwidth

Finally, as shown in Figures 3(c) and 5(c), the trans-
mittance also reflects the total insertion loss of the device,
and the lowest insertion loss is 6.7 dB for the first GIG
structure and 6.9 dB for the second GIG structure, respec-
tively. Two main factors contribute to the total loss of the
device: the intrinsic absorption loss of the InSb and the
surface reflection loss from the grating structure and in-
terfaces. We think there are two ways to reduce the inser-
tion loss in the future: one is to fabricate the InSb wafer
with a lower intrinsic carrier concentration, and the second
is to design a more optimized microstructure to achieve
better impedance matching on the interfaces of the air/
grating and grating/InSh.

According to the nonreciprocity mechanism discussed
in Section 2.1, the bandwidth of the device is determined by
two factors: (1) the frequency band of InSb cyclotron
resonance (including the position of resonance frequency
determined by the MF and the resonance bandwidth
determined by carrier collision frequency); (2) the fre-
quency band of 1/2 phase shift is realized by meta-grating
as a THz QWP. When these two frequency bands are

frequencies.

overlapped in the same frequency range, the perfect
isolation case described in Eq. (7) can be achieved. The
larger the overlap range is, the larger the 10 dB isolation
bandwidth is. For a specific MO material, the cyclotron
resonance bandwidth is constant, and the resonance cen-
ter frequency can be tuned by the external magnetic field.
Under these conditions, if a meta-grating can be designed
as the THz QWP with enough broad bandwidth, a broad-
band LP isolator can be realized.

Therefore, we also designed and fabricated a sub-
wavelength grating as a broadband QWP to obtain a
broadband GIG. As shown in Figure 5(a), the trans-
mittances of x- and y-LP components are almost the same.
However, the phase difference between them has two 90°
points at 0.38 and 0.75 THz as shown in Figure 5(b). By
combining these grating with InSb, the transmittance and
the isolation spectra under the different MFs can be seen in
Figure 5(c) and (d). With the growth of the MFs, the
transmittance increases under the positive MFs, while the
transmittance decreases under the negative MFs. Different
from the above results in Section 2.2, for the large MF
(B = 0.17 T), the 10 dB isolation bandwidth is broader
because these meta-gratings have two perfect QWP points

(a) 4F _(C)-10_
) 320
g o 18 50l
2 op | £
é 121 TX s sinﬁ. 1 § 40+ Figure 5: The simulative and experimental
|<_,§ Ty . :::E S 50l transmission spectra of the meta-grating
16} = : without the InSb for x-LP (along with the
ob— : , : | 60 minor axis) and y-LP (along with the long
(b) Phase —— €XP- (d) — axis of grating); the parameters of the
R —@—sim. 30l +0'17 T structure are as follows: the grating period
g 901 o ’ Pg =200 pm, the width of the Si bar is
:',’ % ﬂ\ Wg =75 pm and the etching depth of the
S-180¢ % 151 'KV/ : | grating is 200 pm. (b) The simulative and
_ccmu g / \’ experimental phase difference of the
0270+ - 1 grating between two orthogonal x-LP and y-
0 I ey LP. (c) The experimental transmission
-360 . L . - + ', . . . spectra from LP input to LP output of the
0.2 0.4 0.6 0.8 1.0 02 04 06 08 1.0 GIG under different MFs; (d) isolation of the
Frequency(THz) Frequency(THz) GIG under different MFs.
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which satisfy Eq. (7), its isolation band is located from 0.2
to 0.7 THz with the relative bandwidth of Af/f.en > 110%,
where f.., is the center frequency of this device.

3 Conclusions

In summary, by combining the meta-gratings with the
gyroelectric semiconductor InSb, we proposed a THz
isolator for the LP input to LP output. Through theoretical
modeling and analysis, we demonstrate that the gyro-
mirror symmetry of the InSb for the LP state can be broken
by introducing a pair of orthogonal uniaxial anisotropies
from the meta-gratings on the two sides of InSb. The
experiment results indicate this THz MO device with the
cascaded GIG structure isolation of 50 dB at 0.4 THz for the
same LP input and output under the weak biased MF of
0.17 T, which are well consistent with the theoretical
calculation and numerical simulation. Moreover, we
further concluded the factors affecting the 10 dB isolation
bandwidth of the device, and also demonstrated a broad-
band GIG structure with the 10 dB isolation bandwidth
from 0.2-0.7 THz, and the relative bandwidth achieves
110%. This THz nonreciprocal transmission mechanism
and device structures proposed in this work will contribute
to the development of efficient THz magneto-optical iso-
lators and polarization convertors, and promote the further
development of THz high power sources and highly sen-
sitive detection systems.
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