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On-chip terahertz isolator with ultrahigh isolation
ratios
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Terahertz isolators, one of the typical nonreciprocal devices that can break Lorentz reci-
procity, are indispensable building blocks in terahertz systems for their critical functionality of
manipulating the terahertz flow. Here, we report an integrated terahertz isolator based on the
magneto-optical effect of a nonreciprocal resonator. By optimizing the magneto-optical
property and the loss of the resonator, we experimentally observe unidirectional propagation
with an ultrahigh isolation ratio reaching up to 52 dB and an insertion loss around 7.5dB at
~0.47 THz. With a thermal tuning method and periodic resonances, the isolator can operate
at different central frequencies in the range of 0.405-0.495 THz. This on-chip terahertz
isolator will not only inspire more solutions for integrated terahertz nonreciprocal devices, but
also have the feasibility for practical applications such as terahertz sensing and reducing
unnecessary reflections in terahertz systems.
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erahertz science and technology have witnessed unprece-

dentedly rapid development during the past decade and

therefore have grown into a disruptive interdisciplinary
subject! -3, which possesses compelling prospects in fundamental
science3, wireless communications*-®, imaging’-8, and sensing?.
Although recent advances in terahertz frequencies provide both
opportunities and challenges, the lack of high-efficiency terahertz
sources, high-sensitivity detectors, and functional devices is still
the main blocking element hindering the progress of terahertz
technology>*°. Among these components, nonreciprocal ter-
ahertz devices hold the possibility of breaking the time-reversal
symmetry, consequently realizing the function of irreversible
terahertz propagation!®-13, With nonreciprocity, these devices
can constitute terahertz isolators (analogous to diodes) and
circulators!3-16, which has great significance in protecting ter-
ahertz sources, mitigating multipath interference, and suppres-
sing undesired signal routing!®13,

Recently, researches on terahertz isolators have attracted wide-
spread attention. Traditional terahertz isolators are realized with
magnetic-optical materials, which are mostly considered in the fol-
lowing schemes. Schemes based on Faraday effect!%1” and magneto-
optical Kerr effect!” are introduced to design isolators with the help
of polarization-converting elements. High-mobility semiconductors
(InSb!8-21, HgTe?2), graphene?324, ferrofluid®>, and magnetic
materials!# are candidates that can be utilized to generate polariza-
tion rotation of terahertz waves. The other kind of method is based
on the unidirectional absorption?%?’ and reflection!®28, which
results from the nonreciprocal directional dichroism?6-27-29-31 and
nonreciprocal reflection loss of the magnetic materials in specific
directions!®?8. However, the schemes above strongly rely on the
adjustment of the polarization or the control of the terahertz signal
incident angle, therefore, these methods are more suitable for
demonstrating terahertz isolators in the process of space transmis-
sion. To achieve integrated, compact, and high-efficiency terahertz
systems”32, there is an urgent need for the realization of on-chip
terahertz isolators, which has not yet been reported.

When we take the performances of reported devices into con-
sideration, terahertz isolators which possess high isolation ratios and
small insertion losses are still the main research target!®13:1516,
Recently, experiments with great performances for space transmis-
sion have been demonstrated to exhibit the isolation
function!4-1726, Tn 2016, an isolator based on the magneto-optical
Kerr effect of graphene was experimentally demonstrated with an
isolation ratio of ~20 dB and an insertion loss of ~7.5 dB, which was
suitable for circularly polarized terahertz signals under room tem-
perature and a magnetic field of 7 T1°, In this work, the large
magnetic field limited the practical applications of the device. In
2018, an isolator based on reflection and absorption of InSb was
verified with an isolation ratio of 35dB and an insertion loss of
6.2 dB, which was used for terahertz waves with linear polarization
under room temperature and a magnetic field around 0.2 T1°, For
this isolator, further improvements on the isolation ratio would be
restricted by the absorption performance of InSb. In this case, ter-
ahertz isolators with higher isolation ratios and tolerable insertion
losses are still required to be designed and demonstrated, especially
for devices working at relatively small external magnetic fields and
room temperature.

In this work, we report the design and the demonstration of an
on-chip terahertz isolator with ultrahigh isolation ratios for linearly
polarized terahertz waves at room temperature. By coupling the
magneto-optical material InSb with a terahertz ring resonator, we
theoretically and experimentally demonstrate the nonreciprocal
transmission. The employment of the nonreciprocal resonator
assists in realizing a high isolation ratio with a tolerable insertion
loss. To be precise, this component achieves an isolation ratio of
52 dB and the insertion loss around 7.5 dB at ~0.47 THz. Based on

an electrically driven thermal tuning method, we tune the isolator
beyond a frequency range of a free spectral range (FSR), and witness
the nonreciprocal characteristics in the tuning process. In con-
sideration of the periodic resonances of the resonator, we verify the
nonreciprocity and the tunability at different central frequencies,
which proves that this scheme can be applied to design tunable
isolators at required frequencies. Considering the great performance
on the isolation and the tunability, the component presented in our
work will not only greatly promote the research of terahertz non-
reciprocity, but also provide an exhibition of an integrated terahertz
isolator for practical applications.

Results

Design and simulation. Figure la illustrates the structure of the
proposed terahertz isolator, which includes a straight waveguide, a
racetrack ring resonator, a terahertz magnetic material (InSb), and a
metal electrode. The racetrack ring resonator and the straight
waveguide are both fabricated on a high-resistivity silicon wafer,
which possesses ridge waveguide structures in the cross-section to
support linear TE polarization33-30, Terahertz waves transmit along
with the straight waveguide and evanescently excite periodic resonant
modes in the ring resonator. To introduce the terahertz magneto-
optical effect, we employ a square InSb!31619:37 which is attached to
the outside wall of the straight ridge waveguide in the resonator. On
the other hand, the employment of the ring resonator can enhance
the magnetic-optical effect of InSb in the chip®®3°. In this case, the
magnetic field will manipulate the phase shift and the loss of the
nonreciprocal resonator consisting of the ring and the InSb. The
nonreciprocal phase shift leads to different resonant frequencies and
the nonreciprocal loss of the resonator will introduce distinct
extinction ratios in two directions*’, For this nonreciprocal resonator,
by optimizing the loss and adjusting the state of the resonator, we can
obtain tolerable insertion loss and a designable high isolation ratio.
Moreover, we fabricate a metal electrode to achieve the function of
the electrically driven thermal tuning process 4142,

To verify the property of the proposed nonreciprocal resonator,
we simulate the electric field distribution (|E|) and the effective
refractive indices (Ng) of the coupling region between InSb and
silicon waveguide in both clockwise (CW) and counterclockwise
(CCW) directions, as shown in Figs. 1b and lc. The simulated
results indicate that the electric fields in CW and CCW directions
transform from symmetric to asymmetric distributions when the
magnetic field is applied, and this represents a nonreciprocal
behavior. Consequently, with the increase of the magnetic field,
the real part of the effective refractive index of CW mode
increases from 2.68 to 2.71, while the real part of the CCW mode
decreases from 2.68 to about 2.66. As for the imaginary part of
the effective refractive index, the CW parameter is almost
unchanged, while the CCW direction is increased to about 0.05.
Specifically, the model of magnetic material InSb and parameters
in the simulations are discussed in Supplementary Note 1.

Nonreciprocal refractive indices lead to direction-related
propagation properties, which can be obtained from the
calculated transmission spectra shown in Fig. 1d. We employ a
transmission model to describe the device, as shown in Eq.
(1)*3*4, In the model, H refers to the transmission function of the
chip, a represents the round-trip transmission coefficient of the
ring resonator, ¢ indicates the round-trip phase shift of the
resonator, r is the self-coupling coefficient between the waveguide
and the ring, m indicates the direction of the terahertz wave.

_ a%, — 2ra,, cos(p,,) + 1

H - I
1 — 2ra,, cos(p,,) + r2a?,

(m ~ CW,CCW) (1)

m

According to the model, the real part of the effective
refractive index is related to the round-trip phase shift ¢,

2 | (2021)12:5570 | https://doi.org/10.1038/s41467-021-25881-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25881-0

ARTICLE

CcCw

C 272= cw 0.15
— CCW
/
~ 2.68F > 0.10
S lj
z )
Q
~ =
2.641 0.05
—
| ,‘
2.60 . . . 0
0 0.5 1
Magnetic field B (T)

Terahertz

CCVKS

d o

2 40

g0

g 5 i

2 -40 ! :

g .

= _ i : CcwW
0.445 0.45 0.455

Frequency (THz)

Fig. 1 Schematic of the designed on-chip terahertz isolator. a Schematic of the on-chip terahertz isolator, including a ridge waveguide, a racetrack ring
resonator, a piece of InSb, and a metal electrode (the inset shows the detail of the nonreciprocal region). b Simulated normalized electric field distribution
(JE|) of the ridge waveguide and the nonreciprocal region (in clockwise (CW) and counterclockwise (CCW) directions). ¢ Calculated real (Re(Ng)) and
imaginary (Im(Ngp)) part of effective refractive indices of the nonreciprocal region with the increase of the magnetic field. d Transmission properties of the
chip in reciprocal (B=0T) and nonreciprocal states (B=0.3T). In the calculations, the temperatures are set to 300 K.

which leads to the change of the resonant frequency. At the
same time, the round-trip transmission coefficient a changes
with the variety of the imaginary part of the effective refractive
index, which influences the extinction ratio of the chip. We
note that the highest extinction ratio of the resonator occurs at
the critical coupling state for a single direction, which
represents an equal round-trip transmission coefficient and
the self-coupling coefficient (namely r=a)%%. Based on
calculated results, CW and CCW spectra share the same
resonant frequencies and extinction ratios without an applied
magnetic field. As the magnetic field is switched to B=0.3T,
the spectrum in the CW direction manifests an obvious
decrease of the resonant frequency and an almost unchanged
extinction ratio. Meanwhile, in the CCW direction, the
resonant frequency increases, and a significant improvement
in the extinction ratio from 11.6 dB to near 65.2dB can be
realized. When the operating frequency is fixed at the center of
CCW resonance, the transmission loss is 69.3dB in this
direction, and 7.8 dB for the opposite direction, resulting in an
isolation ratio of ~61.5dB. Therefore, we can find that the
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high extinction ratios and large frequency detuning between
resonances in two directions bring an ultrahigh isolation ratio
in this chip. More details about the transmission model,
designed parameters, and calculated results are carefully
considered in Supplementary Note 1.

Nonreciprocity of the chip. Based on the above designs, we
fabricated and measured the terahertz isolator, and Fig. 2a illus-
trates the schematic diagram of the experimental setup. In the
measurements, we used an electromagnet to generate a homo-
geneous magnetic field perpendicular to the device plane, and the
poles of the electromagnet were fixed on two sides of
the chip2021. Moreover, a magnetometer was used to measure the
strength of the field. A vector network analyzer (VNA) with a
range of 0.325-0.5 THz was taken to measure the transmission
spectra of the chip. During the measuring process, the coupling
state of the chip and the VNA were kept invariable, and the
transmission direction of the VNA was changed to measure the
CW and CCW spectra. More details about the materials,
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Fig. 2 Experimental verification of the terahertz nonreciprocity. a The schematic diagram of the experimental setup, and the insets illustrate the photo
and optical microscopic images of the chip (W refers to the width, G refers to the gap, and R refers to radius), including the coupling region of two
waveguides (marked in red, W; =294.63 um, W, =292.97 um, G, = 41.68 um), the bent waveguide (R = 4.05 mm), the metal electrode (marked in
yellow, W3 =314.14 um, G, = 87.31um), and the coupling region between the waveguide and the InSb (marked in blue, G3 = 8.76 um). b Frequency
detuning between CW and CCW directions with the change of the magnetic field. Blue points refer to the chip with InSb, while red points refer to the chip
without InSb. € Frequency detuning of the nonreciprocal chip in CW and CCW directions with the change of the magnetic field. d Normalized transmission
spectra under different magnetic fields. In ¢ and d, Blue points and lines refer to CW direction, while red points and lines refer to CCW direction. The error
bars in b and ¢ represent the standard deviations of three measurements of frequency detunings.

fabrications, and experiments are carefully introduced in Meth-
ods and Supplementary Note 2.

We carried out observations on resonant frequencies in CW
and CCW directions to record the nonreciprocal properties. First
of all, a comparison between devices with and without InSb is
taken into consideration, specifically, we use frequency detuning
between CW and CCW directions to present measured results, as
shown in Fig. 2b. For the device with InSb, with the magnetic field
increases from 0 to 0.76 T, frequency detuning significantly
increases from smaller than 5 MHz to ~291.67 + 2.89 MHz. As a
comparison, the frequency detuning is smaller than
16.67 £ 11.00 MHz during the experiment for the device without
InSb. These results indicate the existence of nonreciprocity when
the InSb and the magnetic field are applied. In the measurements,
we observed the frequency detuning of CW and CCW
transmissions separately with the change of applied magnetic
field, as shown in Fig. 2c. For the CW direction, frequency
detuning decreases from 333+578MHz (B=0T) to
—193.33 +11.56 MHz (B = 0.76 T), while for the CCW direction,
frequency detuning shows an increasing trend from
1.67+2.89 MHz (B=0T) to 105 +5MHz (B = 0.76 T).

Moreover, we also investigated the change of extinction ratios to
express the influence on the round-trip transmission coefficient. As
shown in Fig. 2d, with the increase of the magnetic field, we illustrate
normalized transmission spectra in both CW and CCW directions.
On the one hand, the detuning of resonant frequencies can be
observed, which is consistent with the results in Fig. 2c. On the other
hand, with the magnetic field from 0 to 0.68 T, the extinction ratio of
CW resonance decreases from 47dB to 16.3dB, while CCW
increases from 47dB to 60dB. Considering that the largest
extinction ratio exists at the critical coupling state of a resonator,
we can safely draw a conclusion that, for the CW direction, the
coupling state gradually deviates from the critical coupling state,
while the state of the CCW direction moves towards the critical
coupling. We note that, in the practical experiment, there is a gap
between the InSb and silicon waveguide, which influences properties
of the nonreciprocal region, and we theoretically discuss the
property of the chip with a gap in Supplementary Note 3.

Terahertz isolations. Based on the successful observation of
nonreciprocal transmission, we investigate the performances of
the device acting as an isolator. Figure 3a illustrates the trans-
mission spectra and calculated terahertz isolation ratio at
~0.47 THz. The transmission loss in non-resonant frequencies,
which mainly comes from the coupling loss of the chip and partly
from the propagating loss of the waveguide and the resonator
with InSb, is ~21dB in total. To consider the isolator perfor-
mance, we set the operating frequency at the central resonant
frequency of the CCW direction®’. In this case, an isolation ratio
of 52 dB is obtained, with an insertion loss of around 7.5 dB. We
note that the loss of ~7.5 dB does not include the coupling loss
and the transmission loss (related to waveguide and InSb)#0.
Incorporation with measurements and simulations, the insertion
loss should be between 7.5 and 12.2 dB when the transmission
loss related to InSb is considered (See Supplementary Note 3 for
detailed discussions). Then we calculate the isolation ratio (Iso-
lation Ratio = Hcw — Heew) to figure out its performance at
different central frequencies. The negative results indicate CW
isolations, marked in the blue region, which refers that the pro-
pagating loss in the CW direction is larger than the CCW
direction. While the positive results, marked in red, indicate
CCW isolations, which represent a larger propagating loss in the
CCW direction. Since the extreme isolation ratios occur at
resonant frequencies of CW and CCW directions, we have a CW
isolation of 8.21 dB at 0.46954 THz and a CCW isolation of 52 dB
at 0.46987 THz. Moreover, the isolator bandwidth is limited by
the bandwidth of the ring resonator and the frequency detuning,
computationally, we obtain a frequency range of 0.14 GHz, which
has an isolation ratio of more than 10 dB.

Figure 3b shows maximum isolation ratios in CW and CCW
directions with the variation of the magnetic field at ~0.47 THz. It
should be mentioned that the isolation between the two directions
should be completely 0 dB when B =0T. However, the experi-
mental results of the isolation ratios (<+5 dB) can be attributed to
the measuring deviation. We note that CW and CCW spectra are
not measured at the same time strictly, which introduces a slight
deviation between the central frequency and the extinction ratio,
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Fig. 3 Performance characterization of the terahertz isolator. a Transmission spectra of the chip when B=0.68 T, and the isolation ratios are defined as
Hew-Hcew; the positive isolation ratio indicates that the loss in CW direction is smaller while the negative isolation ratio refers to the larger loss in CW
direction. b Measured maximum isolation ratios of positive and negative states with the change of the magnetic field. The error bars represent the standard
deviations of three measurements of isolation ratios. ¢ Isolation spectra of the chip in the change of the magnetic field.

and therefore nonzero values are attained. With an increased
magnetic field larger than 0.1 T, the CCW isolation is larger than
15dB, and the average isolation ratios exceed 40dB when
B>0.6 T. Moreover, the measured maximum CCW isolation
ratio is 52dB when B =0.68 T. For the CW direction, the
isolation ratios first gradually increase and then decrease, which
are below 20 dB in the whole measurements.

Next, we illustrate the isolation ratio spectra at different
applied magnetic fields, as shown in Fig. 3c. When B=0T, the
calculated result of the device is below +5dB, and the spectra
illustrate irregular oscillations rather than a continuous variation,
indicating that the deviation is due to the measurement jitter.
When B > 0T, the isolation ratio changes continuously with the
increase of the frequency, indicating the existence of the isolation
function. As the maximum isolation frequency mainly appears at
the resonant frequencies, we can find that the extreme values of
the spectra change and move away from zero detuning, which
agrees with the results in Fig. 3b.

Tunability of the isolator. As mentioned before, the bandwidth
of this isolator is limited by the bandwidth of the ring structure,
therefore, this isolator should be tunable to fulfill the require-
ments of real-world applications. In the experiment, we modu-
lated the central frequency of the isolator via employing an
electrically driven thermal tuning method3>#41, enabling the chip
adjustability. Meanwhile, the magnetic field is utilized to intro-
duce the nonreciprocal property of the chip. Figure 4a illustrates
the tunability of the nonreciprocal resonator. When B =0.76 T,
the nonreciprocal resonator can be obtained and verified since the
CW and CCW resonances have distinct central frequencies. Since
the resonances are periodic for the resonator, the round and
square points represent two adjacent resonant modes, and the
FSR is ~2.46 GHz. As the applied current increases, the local
temperature of the device rises, and the effective refractive index
of the corresponding mode increases, therefore the resonant
frequency of the device gradually decreases. With the applied
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current exceeds 365 mA, the tuning range of the resonance
reaches up to ~2.8 GHz, which is larger than a single FSR.
Meanwhile, the frequency detuning decreases when the applied
current increases with the minimum detuning of ~60 MHz in the
tuning process, as shown in Fig. 4b, which verifies that the iso-
lation function still exists in the tuning process. The function is
further observed by calculating the isolation ratios at different
currents, shown in Fig. 4c, and the central frequency of the iso-
lator can be tuned beyond a frequency range of a single FSR with
different maximum isolation ratios.

Taking the periodic resonances into account, the isolation ratio
can be observed in different frequency regions. Figure 4d
illustrates the isolation ratios in three frequency ranges of
0.405-0.415, 0.445-0.455, and 0.485-0.495 THz. For the first,
resonances and nonreciprocity can be observed in all frequency
ranges. Second, tuning of nonreciprocal transmission can also be
realized and the tuning ranges are larger than a single FSR. As a
result, this isolator can operate within a range of
0.405-0.495 THz. When we optimize the parameters of the chip,
this tunable isolator can be used for specific frequencies between
0.405 and 0.495 THz in practical applications (See Supplementary
Note 4 for detailed discussions).

Discussion

We compare the performances of reported works and this work,
our isolator has advantages in properties of integration and iso-
lation ratio, as shown in Table 1. Meanwhile, this isolator pos-
sesses the property of flexible tunability on the operating
frequency. In considerations of the parameters listed above, the
isolator can be utilized in situations which can tolerate small
bandwidths. In real-world applications, this chip can be applied
in protecting tunable continuous-wave terahertz sources with
narrow linewidths!®4>, introducing functions as a filter or a
temporal differentiator for processing terahertz signals with a
modulating speed of megahertz level3>3¢, realizing applications
for terahertz sensing such as detection of magnetic fields*®.
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Fig. 4 Electrically driven tunability of the terahertz isolator. a Resonant frequencies of two adjacent modes with the change of the applied current when
B=0.76T. The error bars represent the standard deviations of three measurements of central frequencies. In a, blue dots refer to the CW direction and
red dots refer to the CCW direction. In a and b, the square points are marked as mode 1, and the circle points refer to mode 2. b Frequency detuning
between CW and CCW directions (Fccw-Few: F refers to the resonant frequencies) with the variety of the applied current when B=0.76 T. The error bars
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356 mA). d Isolation ratios in the change of the applied current (O, 211, 356 mA) at different operation frequencies, frequency windows are 0.405-0.415,

0.445-0.455, and 0.485-0.495 THz.

Table. 1 Comparison between reported terahertz isolators and the isolator in this work.
Time Integration Maximum isolation Typical insertion Temperature Magnetic Bandwidth Tunability of central
ratio (dB) loss (dB) field (T) frequencies
20134 - - - Room 0.54 Wideband -
2016'> - ~20 ~7.5 Room 7 50 GHz -
20186 - 35 6.2 Room 0.2 45 GHz -
201978 - 20 ~10 200K 0.15 >0.5THz -
20207 - 18.8 12.6 Room 0.14 - -
This work v 52 -75 Room 0.68 0.14 GHz v

In conclusion, we propose and experimentally demonstrate an
on-chip terahertz isolator based on a nonreciprocal resonator,
which includes a silicon ring resonator and InSb. The property of
this nonreciprocal resonator is systematically studied, and the
frequency detuning between CW and CCW transmissions is
observed. The isolation function is successfully realized with the
applied magnetic field from 0 to 0.8 T, which has a 52 dB ultra-
high isolation ratio and an insertion loss around 7.5dB for the
best. Furthermore, the isolator can be tuned by an electrically
driven thermal tuning method, and a tuning range of more than
2.46 GHz (FSR) can be realized. Based on the periodic resonances,
this isolator can be utilized to work in the frequency range of
0.405-0.495 THz. As fundamental devices in terahertz systems,
isolators proposed in this work will contribute to the realization
of other kinds of terahertz nonreciprocal devices such as circu-
lators, and have great potential for applications, such as terahertz
sensing, nonreciprocal terahertz routing, and source protection,
in different kinds of terahertz systems.

Methods

Materials. A 2inch high-resistivity silicon wafer (resistivity greater than 10 kQecm)
with a thickness of 120 um is utilized to fabricate the ridge waveguide and ring
resonator, which has a relatively high refractive index around 3.42 and a low
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absorption coefficient smaller than <0.025 cm™! when the frequency is lower than

1 THZ*33%. As for InSb, we use a 2-inch wafer with a thickness of 500 um to fabricate
the device. This wafer is a Te N-type doped wafer, which has a carrier concentration of
5x10'4-9x 1016 cm~3 and a crystal orientation of <100> direction.

Fabrications. The fabrication process of the device could be divided into the
following steps3°. First of all, with the help of ultraviolet (UV) lithography (MJB4)
and electron beam evaporation (Ebeam500S), the gold electrode and gold align-
ment marks are prepared for the next UV lithography. In this step, to improve the
adhesion between gold and high-resistivity silicon, a Ti layer, which has a 20 nm
thickness is deposited first and then a deposition step of 140 nm gold is accom-
plished. After that, the second step of UV lithography and inductively coupled
plasma etching (ICP, Oxford Plasmalab System 100 ICP108) are used to fabricate
the silicon waveguide and the ring resonator.

The InSb wafer is cleaved to an InSb square with a side length of 5mm and a
thickness of 500 um. On the fabricated high-resistivity silicon chip, the InSb is
attached outside the straight waveguide of the resonator by a bonding method, and
the gap is controlled as close as possible, which is 8.76 um in the above
measurements. Please see Supplementary Note 2 for more details.

Measurements. In the experiment, a vector network analyzer (VNA, Ceyear
3649B) with a frequency range of 0.325-0.5 THz is utilized to measure the device.
The input and output ports of the VNA can be switched automatically, and
therefore we measure CW and CCW spectra by adjusting the direction of the
terahertz wave without changing the coupling state of the chip. The terahertz signal
is coupled to the waveguide in the TE polarization through the output metal
waveguide of the network analyzer (internal size 508 x 254 um?, meeting WR-
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2.2 standard), and then the terahertz signal is coupled back to the metal waveguide
of the VNA from the silicon waveguide on the other side.

During the test, the magnetic field is introduced by an electromagnet whose
magnetic poles are two cylinders with diameters of 20 mm, and two poles are
placed at the upper and lower sides of the InSb area of the chip. By adjusting the
gap of two magnetic pole heads, an appropriate distance is set to introduce a proper
magnetic field. The electromagnet is controlled by a voltage source, which can be
precisely adjusted, and a magnetometer is used to measure the magnetic field at a
specific voltage. To tune the device, a tunable current is introduced to the device
through a voltage source to generate the electric thermal effect.

Data availability

The authors declare that all the data supporting this study are available within the
manuscript and the Supplementary Information. Additional data related to this article
are available from the corresponding authors upon reasonable request.

Code availability
Any simulation and computational codes for this study are available from the
corresponding authors on reasonable request.
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