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Polarized terahertz (THz) sources are important components in THz technologies. This paper highlights and discusses recent progress and
measurement methods in the monolithic generation of polarized THz radiation using intrinsic Josephson junction oscillators made of high-T,
superconductors. The polarized radiation is generated from three mesa designs: truncated-edge square, notched cylindrical, and rectangular
mesa structures. The polarization control depends on the excitation of two orthogonal TM modes in these mesas, comprising stacked intrinsic
Josephson junctions in single crystalline Bi>Sr.CaCu,QOg, s. This method maintains a high output intensity and low axial ratios while avoiding the
signal loss associated with external polarimetric modulators prevalent in the THz frequency range. Moreover, it demonstrates the manipulation of
terahertz wave helicity by adjusting the current injection position, with experiments substantiating the device’s capability to switch between left-
handed and right-handed elliptical polarization at designated frequencies. © 2024 The Japan Society of Applied Physics

1. Introduction

Electromagnetic (EM) wave sources operating in the terahertz
(THz) frequency range have recently attracted increasing
interest."” Their potential applications span a wide range of
scientific and technological domains, from materials science
and astronomy to ultra-high-speed communications,™” security
systemsf” and biomedical research.>® To meet the diverse
needs of these applications, a variety of EM wave sources have
been developed. Among these sources, semiconductor-based
devices such as quantum cascade lasers” and resonant tun-
neling diode-based oscillators® are often cited as highly
promising candidates. Superconducting devices made from
Bi,Sr,CaCu,0g, 5 (Bi2212), proved to be a strong candidate
for reliable THz sources.”¥

In the case of highly anisotropic superconductors like such
as Bi2212, it is possible to study the properties of individual
intrinsic Josephson junctions (1JJs), revealing a rich array of
superconducting phenomena. These include the d-wave nodal
superconducting gap, the first-order vortex lattice melting
transition, macroscopic quantum tunneling at low tempera-
tures, and EM wave emissions resulting from the synchro-
nous oscillations of numerous IJJs.'> Terahertz EM wave
emissions from IJJ stacks in Bi2212 single crystals were
initially demonstrated in 2007 and were found to be the result
of synchronized Josephson plasma waves excited in 1JJs
according to the ac Josephson effect.” We refer to such
devices as Josephson plasma emitters (JPEs).'" To make
JPEs practical for telecommunication and imaging applica-
tions, their output power must exceed 1 mW, which is the
sensitivity limit of state-of-the-art terahertz cameras. Recent
advances in JPE research have focused on improving
frequency tunability,'®™'® operating temperature,'®>" and
fabrication techniques.””*> Although the radiation power of
the JPEs still lags behind other THz sources, recent studies
have shown promise in improving the output power through
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synchronized emissions from coupled devices. The max-
imum output power of a JPE attained by driving three mesa
structures on a crystal is 0.61 mW, which is approximately 32
times the individual emission power.”*

Efforts to improve radiation efficiency and discover new
functionalities for JPEs are of great significance in the field of
superconducting electronics. Efficient HF radiation in
Josephson junctions is achieved through phase-locking to
an external resonance condition. Various techniques have
been studied to achieve phase-locking in one and two-
dimensional JJs arrays, such as by coupling the array to an
external LCR resonator, or using a common ground plane,
and locking them by cavity resonance as explained in these
references.”>*® The power emitted by such an array is
directly proportional to N?, where N is the number of
contributing junctions. It has been confirmed that, based on
its current—voltage (I—V') characteristics, the layered struc-
ture of Bi2212 functions as a series-connected one-dimen-
sional array of Josephson junctions, leading to the term
0Js.2’2? By using Bi2212 IJs, it was theoretically
foreseen’® % and experimentally realized” that high radia-
tion power can be achieved through phase-locked synchro-
nized Josephson plasma waves in resonance with the cavity.

The ability to manipulate radiation properties like direc-
tionality and polarization in JPEs is a subject of particular
interest, as it expands the range of potential applications for
these devices. Theoretical models have predicted that emis-
sions from rectangular mesas should exhibit linear
polarization:*>** a prediction that has been corroborated
by experimental studies utilizing radiation patterns.’>
Additionally, it has been theoretically shown that polarization
in JPEs can be modified through induction of thermal
inhomogeneity on the surface of the device.*®*” These
works imply that polarization is an important measure
including rich variery of physics not only electromagnetism
but also superconductivity and the patch anttena theory

© 2024 The Japan Society of Applied Physics
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developped in microwave range*® is applicable for con-
troling terahertz radiation from JPE. In this paper, we discuss
a subset of experiments related to this subject that we have
conducted. It is pertinent to note that some of the findings and
discussions presented in this review have their origins in the
author’s published thesis and other publications.**~*®

2. Polarization in the THz range

Polarization control in the THz region has been a highly
targeted field for the past 30 years. Achieving such control
could pave the way for numerous practical applications,
ranging from telecommunications and imaging to spectro-
scopy. Although polarization control of pulsed THz radiation
has been well documented in various studies using methods
such as liquid crystal cells,*” laser pulse combinations,”*>"
dual-color lasers,’> and femtosecond pulse modulators,
it is generally more challenging to control polarization in
continuous-wave devices. Conventionally, circularly polarized
radiation has been achieved in laboratories using polarization
converters or phase-retarders. While this is straightforward at
optical frequencies using birefringence or chiral effects of
anisotropic materials, such as quarter-wave plates, achieving
the requisite phase delay is more challenging at submillimeter
wavelengths.”® Various alternative methods have been
explored, including frequency selective surfaces,’’ "
metasurfaces,””%? waveguides,®” and artificially periodic
metamaterials.®*°7

It has been previously demonstrated that the polarization
state of spin-polarized lasers and LEDs can be tuned by an
applied external magnetic field,°®%” achieving a degree of
circular polarization (DOCP) of up to 50%. A more practical
approach for field applications would be to integrate polar-
ization control into a single, unified structure, commonly
referred to as monolithic polarization control. This would
minimize radiation loss and simplify the overall system. In
support of this concept, various studies have developed
monolithic circularly polarized terahertz sources. These
sources typically use quantum cascade lasers (QCLs) as a
radiation source and are covered with “fishbone” surface
gratings composed of orthogonally oriented aperture
antennas.”®’" A high DOCP (~ 98%) was observed using

54,55)

these types of sources.’” Liang et al. showed that THz
radiation could be continuously tuned from linear to circular
polarization (CP) by electronically and monolithically inte-
grating in-plane metasurfaces with two phase-locked semi-
conductor-based THz QCLs.n) Furthermore, a device with a
switchable polarization state was also demonstrated.””

In the microwave region, polarization control finds appli-
cations in diverse fields including telecommunications, radar,
and navigation systems. There are two primary methods for
achieving polarization control in this frequency range: the use
of antennas and waveguides. The antenna approach becomes
particularly relevant when exploring THz radiation generated
by 1JJs. The mesa structure in 1JJs closely resembles a patch
antenna, especially since its radiation is governed by reso-
nance conditions.”®’*”> This similarity enables the applica-
tion of antenna theory for the design and understanding of
IJJ-based devices to control radiation properties,***!7¢7® 3
topic that will be explored more later in this review.

3. Polarization of EM waves and Stokes formalism

In the case where the polarization is linear, the electric field
oscillates in one direction. If the electric field rotates at a
constant rate in the direction of propagation, then the
polarization is considered elliptical or circular, depending
on the rotation properties. The rotation could be rotating to
the right (viewing from the detector to the emitter, termed
left-hand polarization) or rotating to the left (termed Right-
Hand Polarization). The pioneering studies by Fresnel and
Arago showed that an EM wave consists of two orthogonally

linearly polarized electric field components:’~%*
E.(z, t) = Ey, cos[wt — kz + &, (1)
Ey(z, 1) = Egy cos[wt — kz + 0], (2)

where, Ey, and E, represent the peak amplitudes, wt — kz
acts as the electric field propagator, z denotes the direction of
propagation, # is indicative of time, while ¢, and ¢, symbolize
the phases at the x and y axis, both of which are perpendicular
to the direction of propagation. If one were to map the
trajectory of this polarized electric field over time and space,
the result would be an elliptical shape. This ellipse, known as

Fig. 1. (Lefft) Polarization ellipse. (Right) Poincaré sphere represents a visualization method to Stokes parameters, pointing to a point on the sphere surface
(red dot). The length of the Stokes vector (S) corresponds to the total intensity (/o1 OF So), while the remaining Stokes parameters (S}, Sy, S3) are denoted by
their projections onto the x, y, and z axis, respectively. Reproduced from Ref. 39 with permission of Asem Elarabi.
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the polarization ellipse, is depicted in Fig. 1. The nature of
this ellipse can be further detailed by:®
EX0)  E}Q) _ 2E(E, (1)

> > cos § = sin? 6. ?3)
EOx EOy

Eo.Eoy

The polarization state can be characterized using the geo-
metric parameters of the polarization ellipse. This involves
the use of the AR, which represents the ratio of the ellipse’s
major axis to its minor axis (a/b), or its inverse, known as the
ellipticity (b/a). The orientation angle (V) is defined as the
angle between the ellipse’s major axis and the x-axis. The
ellipticity angle (y), indicative of the polarization ellipse’s
“roundness” or “stretch”, is also depicted in the figure. Both
¥ and y can be mathematically described according to the

following equations:**%?
2EoEy, cos b
tan20 = 00T “
EOxEOy
2Eo,Ep, sin 6
sin2y = a2 5)

Eg, + Eg,

AR = T _ 9 < AR < o, (6)
minoraxis b

where

1
b= \/ E(ng + Eg, + \/E(fx + Egy + 2EG.Eg,c0s26), (7)

and

I
a= \/ E(Eozx + B3 — \JE§ + Eg, + 2E3.E], c0s26). (8)

In order to provide a more comprehensive mathematical
description of the polarization state, four parameters are
typically used. These parameters, known as Stokes polariza-
tion parameters (SPPs),*” are useful and quantifiable metrics
capable of accurately characterizing fully polarized, partially
polarized, and nonpolarized EM waves. They can be defined
mathematically as:

So = Eg + EJ, 9)
Si = Eg, — Eg, (10)
Sy = 2EoEgy cos 0, (11
S3 = 2Eq, Egy sin 6. (12)

The first parameter Sy represents the total intensity of the
EM wave. The second parameter S| measures the value of the
horizontal and vertical linear polarization. S, characterizes
the linear polarization at angles of 45° or —45°. Lastly, S;
indicates the rotation direction of the EM wave, specifying
whether it is right-hand CP (RHCP) or left-hand CP (LHCP).
Figure 2 provides a schematic representation of the states of
polarization of EM waves with respect to their defining SPPs.
To gauge the portion of unpolarized EM waves within the
total measured radiation, an insightful expression known as
the degree of polarization (DOP) can be utilized. It is defined
as the ratio of the intensity of polarized waves to the total
measured intensity, and can be expressed as follows:

020801-3

DOP = \/(S2 + SZ + S2) /S0,

0 < DOP < 1. (13)

If DOP = 0, this signifies that the entire measured radiation
is unpolarized. On the contrary, if DOP = 1, it denotes that all
measured radiation is polarized. When 0 <DOP < 1, it
implies the presence of partially polarized radiation.

An additional method to visualize the polarization state is
through the use of a Poincaré sphere [Fig. 1]. The SPPs are
depicted as a vector originating from the center point (0,0,0)
and extending to the sphere’s surface. Figure 2 further
illustrates the states of polarization as represented by the
Poincaré sphere for different SPPs.

4. Experimental details

4.1. Samples fabrication and measurement setups
High-quality single crystals of Bi2212 are prepared in-lab
using the traveling solvent floating zone technique. The mesa
shape is then fabricated using photolithography and argon ion
milling.

Figure 3 shows the electrical wiring block diagram. THz
emission is detected using a lock-in amplifier (Sanford
Research System SR850), an optical chopper and a Si
bolometer, as shown in Fig. 4. All measurements are made
in a nitrogen-purged box. A thermally controlled He-flow
cryostat equipped with an optical window was used. For the
frequency spectra measurements, a Martin—Puplett type FTIR
spectrometer™ was employed for the truncated-edge square
(TES) and rectangular mesa, while a split lamellar mitror
spectrometer was used for the notched-side cylindrical mesa
type. 5550
4.2. Polarization measurements
The polarization of a radiated EM wave is described by the
curve traced by the momentary electric field radiated by the
antenna in a plane perpendicular to the radial direction.*®
This projection takes on an elliptical shape.

The polarization of sources is often characterized by the
AR, the tilt of the polarization ellipse (¥), and the rotation
direction or helicity. In practice, it is challenging to achieve a
radiation source that has a constant polarization state in all
directions. Therefore, the polarization is typically measured
at the point where the source is intended to be used. A
comprehensive characterization of polarization should in-
clude not only AR and ¥ but also the direction of rotation
(either right-handed or left-handed rotation). It should be
noted that some of the results presented in this review were
obtained using the method known as the polarization-pattern
method. Although this method can determine the AR and tilt
angle of the polarization ellipse, it does not provide informa-
tion on the rotation direction.

4.2.1. AR measurement with a wire-grid polarizer. To
measure AR and W, the polarization-pattern method calls for
the use of a linearly polarized receiver as a probing device. In
some studies, a combination of a silicon bolometer with a
wire-grid polarizer (WGP) is utilized for this purpose. As
depicted in Fig. 5(a), the THz emission source is mounted
inside a cryostat. The angle of the WGP is controlled using a
stage controller and a motor. As the WGP rotates in the beam
path [Fig. 5(a)], the change in intensity is recorded in relation
to the angle of the polarizer. In cases of linear polarization,

© 2024 The Japan Society of Applied Physics
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linear vertical
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Fig.2. Schematic representation of the states of polarization with exclusive contributions of S; (left), S, (middle) and S5 (right) with a positive sign (top) and
a negative sign (bottom). The orthogonal electric field components E, (blue line) and E, (cyan line) together with the phase difference (orange stroke), as well
as the projection of the resulting electric field radiation(black line) on the xy plane (red) are visible. Corresponding Poincaré spheres are presented for each

state. Reproduced and modified from Ref. 39 with permission of Asem Elarabi.

the angle-dependent intensity measured should resemble the
shape of a peanut {Fig. 5(b)[left]}, where (3 is the rotation
angle of the WGP relative to the reference direction. For
elliptical polarization, the central area of the peanut shape
widens {Fig. 5(b)[middle]}. In the context of CP, a minimal
to zero change in intensity will be detected at any angle,
causing the polarization pattern to appear as a circle
{Fig. 5(b)[right]}. From these measurements, the polarization
ellipse can be estimated as the tangent to the polarization

020801-4

pattern, thereby providing the AR and the tilt angle. By fitting
the recorded intensity using a sine function, the AR in dB can
be determined by the following:

AR = 20log max (14)

min

where I, and I, are the maximum and minimum
intensities, respectively. It is to be noted that polarization
with an AR of less than 3 dB can be regarded as CP.*”

© 2024 The Japan Society of Applied Physics
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Cryostat

Fig. 3. Block diagram of the electrical setup. Reproduced from Ref. 39
with permission of Asem Elarabi.

\ Bolometer
/ QWP WGP
Sample

Fig. 6. Sketch of the SPPs measurement setup. Reproduced from Ref. 39
with permission of Asem Elarabi.

4.2.2. Stokes polarimetry with a WGP and a quarter-
wave plate. The precise determination of SPPs through
Stokes polarimetry is crucial for a comprehensive under-
standing of the polarization state. Various techniques have
been developed to measure these parameters. One conven-
tional method employs a rotating polarizer and a quarter-
wave plate (QWP), while another uses a fixed polarizer with
a rotating QWP,50-82:88.89)

The intensity of EM waves passing through a QWP and
82,90)

Fig. 4. Sketch for the measurement setup used. Reproduced from Ref. 39
with permission of Asem Elarabi. WGP can be expressed by:

THz Source
(BSCCO Mesa) 0,

(b) Polarization pattern

Polarization
Ellipse

Circular

Lnsar Elliptical

Fig. 5. (a) Sketch of the polarization (AR) measurement setup used. Reproduced from Ref. 40 with permission of Americal Physical Society.
(b) Polarization patterns, The dashed curve represents the polarization ellipse. Reproduced from Ref. 39 with permission of Asem Elarabi.
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10, ¢)
= %(SO + S1cos26 + S5 cos ¢ sin260 + Sz sing cos26), (15)

Where 6 is the angle between the transmission axis of the
polarizer and the vertical axis, ¢ is the phase retardation
(¢qwp = 71/2). In this method, the parameters can be acquired
by measuring four intensities, in terms of ¢ and 6, as follows:

1@=Q¢=®=%%+&L (16)
1

Io==2, :0):— i 17

( 1 @ 2[5()+Sz] a7
T 1

I = — — = — — 1

@ "o @ 15— Sil. (18)
T T 1

49—Zw¢—5)—55m+&l (19)

Upon solving for Sy, Sy, S», S5 we can determine the Stokes
parameters as follows:

So:I(9:O,¢:O)+I(9:§,¢:0), (20)
51:1(9=0,¢:0)—1(9=§,¢:o), Q1)
52:21(0:%(;5:0)
—1(9:o,¢=0)—1(9=§,¢=0), (22)
Vs ™
—1(9:0,¢:0)—1(9:%,¢:0). (23)

This conventional technique has certain limitations. It requires
measurements with and without QWP in the beam path
(¢ = 0), which may not be practical for realistic measurements
within a nitrogen-purged box and could result in variable total
intensity. Moreover, the accuracy may be compromised as only
four intensity points are measured. An improved method,
adopted in some of our experiments, provides multiple
benefits, such as automation and stable intensity. This en-
hanced technique involves a rotating QWP and a fixed WGP,
is illustrated in Fig. 6 and detailed in Refs. 82, 88, 90.

In this improved method, Muller matrices offer a simple
and effective means to describe the output state (S,,) of EM
waves passing through (S;,) an optical element:

Sout =M Sin. 24)

The Stokes vectors of the EM wave out of the QWP and
fixed WGP using the Muller formalism are expressed by:*?

8" = Mwcp Mqwr(B) S, (25)

where [ is the angle between the transmission axis of the
QWP and the vertical axis. By solving the matrices, we can

020801-6

find the outcome of Sy’(3), which is also known as the total
beam intensity, as follows:

IWﬁﬂﬂm:§m+&wﬂm>
+8; cos(28)sin(203) + S;sin(20)).

This equation can be used to find the Stokes parameters
through a multiparameter fitting for the detected intensity.***
This can be accomplished either during measurements with
data acquisition software, or post-measurements using fitting
tools.

The DOP is calculated by Eq. (13) The QWP used in our
experiment is not conventional (typically made of transparent
materials like quartz). Instead, it employs parallel, punctured
metallic plates to create a phase delay between the horizontal and
vertical components of the passing electric field [Fig. 7 *'°?)].
This type of QWP benefits from a wide bandwidth and an
adjustable target frequency. However, some asymmetry in its
transmittance properties were found during testing.

(26)

5. Polarizations of rectangular mesas

5.1. Long rectangular mesas

The first JPE was demonstrated on a long rectangular mesa
with a high aspect ratio, measuring 300 ym on the long side
and 60-100 zm on the short side.” It was pointed out that the
emitted EM wave was polarized in the direction of the c-axis
of the 1JJ stacking. This conclusion was drawn based on the
transmission intensity ratio of the oscillating EM wave when
passed through a parallel plate filter.

Here we first discuss the consistency of AR measurements
using only WGP and SPP measurements with the addition of
QWP for radiation from long rectangular mesas. We then
compare polarizations between mesas on the same single
crystal with very close superconducting properties, and then
compare polarizations between mesas on different crystals to
discuss the effects of superconducting properties and device
geometry on the modifications.

Figures 8(a), 8(b) show the WGP angular (#) dependence
of the detected intensity of mesa Bl at a bias voltage of
1.05V and the QWP angular (3) dependence of the SPP
measurement system, respectively. It should be noted that the
device names presented in this manuscript are identical to
those of the original papers if they are published. When
comparing the ARs obtained listed in Table I, the deviation is
about 10 %, indicating a close match. On the other hand, the
difference with respect to the specified variable range of 180
degrees is still about 10 %, although the orientation angle ¥
seems to show a relatively large difference. Next, we
compare with the polarization in mesa B2 as shown in
Figs. 8(c), 8(d). Bias voltages for B1 and B2 are fixed to the
conditions that maximize the radiation intensity. The data
obtained from both the AR measurement and the SPP
measurement agree very well; although the AR measurement
of B2 shows a fairly large AR, the AR is greatly affected by
the intensity at the node, so it is difficult to say that this is an
essential difference in radiation characteristics due to the
ambiguity in the origin of the intensity. From the above, it
can be seen that the mesas on the same crystal radiate with
almost identical polarization characteristics. On the other
hand, the polarization of mesa B1 on another crystal is shown
in Figs. 8(e), 8(f).

© 2024 The Japan Society of Applied Physics
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Fig. 7. (a) Photo of the WGP. (b) Photo of QWP. (c) Photo of the plate perforations. Reproduced from Ref. 39 with permission of Asem Elarabi.
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Tablel. Summary of obtained polarization parameters by AR (upper rows)
and SPP (lower rows) measurements. Here, normalized SPPs
Si = Si/So(i = 1, 2, 3) are listed.

Mesa B1 B2 Cl1 B1||B2
AR (dB) 8.26 13.6 8.99 5.85
¥ (deg) 10.7 11.8 —69.3 —3.22
S 0.298 0.395 —0.60 0.48
S, 0.384 0.478 —0.60 0.01
S; —0.142 —0.179 —0.13 —0.15
DOP 0.50 0.65 0.86 0.50
AR (dB) 8.35 8.50 11.3 8.06
¥ (deg) 25.6 252 —67.7 0.51

Next, we discuss the device structure and polarization.
Polarization measurements of mesas B1 and B2 show that the
major axis of polarization, i.e. the major axis of the radiated
electric field, is close to the short side direction of the mesa
structure. This can be interpreted as the current flowing on
the device surface in the short-edge direction being the main
source of radiation, which can be explained by the existing
standing waves in the short-edge direction alone. However,
the results of C1 suggest that the major component originates
from the current flowing in the long-sided direction of the
mesa. In this case, it implies excitation of Josephson plasma
standing waves with finite wavenumber in the y-direction. In
both cases, the principal axis of the polarization ellipse is
tilted more than 20 degrees from the x- or y-axis, indicating
that the oscillating current has components in the x and y
directions. Although not with any accuracy that can be
considered significant, the observation of the tilted polariza-
tion ellipse, including the fact that it is observed, requires a
correction to the discussion of the radiation frequency
assuming a resonance mode, which has been done in
previous studies. The numerical calculations of the radiated
electric field are important for a deeper understanding of
these phenomena. In the next section, we discuss polarization
measurements and numerical calculations to reproduce them
for a rectangular mesa of low aspect ratio.

5.2. Short rectangular or square mesas

A wide range of continuous frequency tuning has been
reported for rectangular mesas with low aspect ratio (some-
times disk-shaped) with near-square planar geometry since
the early stages of research.’>*” However, identifying
resonance modes has proven challenging, leading to exten-
sive discussions regarding the physics of inter-mode transi-
tions. Conversely, in the research on radiation devices from
whisker crystals,*” which advanced due to the simplicity of
device fabrication, radiation was obtained from mesa struc-
tures with relatively low aspect ratios. However, the distinct
chemical composition of whisker crystals means that known
values of the refractive index cannot be used, rendering the
estimation of the mode challenging. To address this, we
compared the radiated EM field calculations with polarization
measurements using CST Studio Suite, a three-dimensional
EM field simulation software.

Figure 9(a) shows the AR measurement and polarization
ellipse for sample 1 of Ref. 45. To reproduce this polarization
ellipse, a model is built consisting of a PEC antenna patch
and a dielectric with a relative permittivity of €, = 26. Here,
the feeding point of the terahertz current was taken near the
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corner of the patch. Figure 9(c) shows the polarization ellipse
for each probe set up in the calculated space. The polarization
observed in the experiment can be considered to be averaged
over space. At 729 GHz, near the antenna’s resonant fre-
quency (730 GHz), the polarization has a very large AR and
is slightly tilted from horizontal. As we move away from the
resonant frequency, we see a bulge in the polarization ellipse,
and the AR becomes smaller while ¥ becomes larger. It can
also be clearly seen that the AR varies with the location of the
probe. Spatially averaged results show that 735 GHz best
reproduces the experiment. This means that to identify the
spatial distribution of polarization is the key information to
estimate the standing wave mode, and thus we propose this as
a new research method.

6. Polarization of synchronously driven mesas

In the past, attempts have been made to increase the radiation
intensity of JPEs by synchronizing the oscillations across
multiple mesa devices, aiming to achieve a higher output
power compared to operating them individually.”” The
pinnacle of these efforts is marked by a recorded radiation
output of 0.6mW when three mesas were biased
simultaneously.”® This increment in output is hypothesized
to stem from the coherent radiation of each mesa. However,
no experiments have conclusively demonstrated phase syn-
chronization between the mesas: only a nonlinear enhance-
ment in radiation intensity and a retraction of the radiation
frequency have been observed.

Drawing from the insights on polarization measurements
delineated in the previous section, we propose a novel
approach to analyze the phenomenon of mutual synchroniza-
tion. By measuring the polarization of EM waves emitted
from multiple mesas, whether biased singly or simulta-
neously, we aim to dive deeper into the underlying mechanics
of this synchronization.

6.1. Two mesas synchronization

Figure 10 presents the results when mesas Bl and B2,
described in Sect. 5.1 are connected in parallel and biased.
The electric field radiated when the mesa is individually
biased is expressed as Eg; and Ep,, while the electric field in
the parallel bias configuration, denoted Eg 5, is expressed as
a linear coupling with single bias radiation as the basis. In
other words, the complex numbers « and [ given by

Ep1 |2 = aEp + [Ep, (27)

facilitating a mathematical description of the two-mesas
interaction. SPPs for the parallel connection of B1 and B2
are also shown in Table I. The derived values from Table I
are |B/al =0.98 and arg(G/a) = 68.7 degrees. To evaluate
the validity of the coefficients obtained, we compared the
phase difference of the coupled standing waves estimated
from arg(5/ca) and the distance between the mesas. As a
result, a phase difference dependent on the distance between
the mesas was found by comparing the individual bias and
the parallel connection bias.*® Furthermore, the analysis of
the coupling coefficients for another combination of mesa
devices B and E, both in parallel and in series connection, at
multiple frequencies of synchronous oscillation with a
specific basis, showed a systematic change in the declination
with the synchronous frequency.*”’ The results also show that
the difficulty of synchronization changes between parallel

© 2024 The Japan Society of Applied Physics
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ellipses at 729 and 741 GHz. Virtual probes located at the center (c), (f), right (d), (g), and top (e), (h) with the view shown in (b).

and series connections due to the margin of synchronization
conditions and differences in individual radiation character-
istics.

The proposed analysis methodology for synchronous
radiation phenomena, when applied to relatively diverse
mesa structures, promises a pathway towards controlling
synchronous oscillation across numerous diverse mesa de-
vices. This progression is anticipated to lead to the develop-
ment of superconducting devices with enhanced radiation
intensity and diversified characteristics, paving the way for
real-world applications like ultra-high-speed communication
devices.

6.2. Three mesas synchronization

Figure 10(a) shows the result of radiation with mesas B, C,
and E connected in parallel.*”” The maximum radiation
strength is slightly weaker than the sum of the maximum
radiation strengths of the two mesas, but significantly higher
than any of the two mesas in parallel [Fig. 10(b)]. The
radiation spectrum at voltages close to the maximum
intensity [Fig. 10(c)] is unimodal, indicating that the three
mesas oscillate synchronously. The relation between the
radiation frequency and the average mesa voltage is shown in
Fig. 10(d). The Stokes polarization measurements of the BCE
parallel connection are shown in [Fig. 10(e)], and the
estimated Stokes parameters of the BCE parallel connection
are detailed in Table II. Here, adjustments have been made
for the intensity reduction due to the tilt of the polarization
analyzer. The values to be obtained are the linear combina-
tion coefficients «, (3, and . These coefficients use the
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oscillating electric field in a BCE stand-alone operation as the
basis to reproduce the Stokes parameters in BCE parallel
connection by their linear combination.

7. Circularly polarized radiation

Circularly polarized terahertz waves are useful for inter-
mobile communications and in circular dichroism spectro-
scopy to identify chemical substances. Circularly polarized
EM waves have been conventionally obtained in the micro-
wave region by supplying high-frequency current to a
specially designed patch antenna and in the optical region
by inserting a QWP. In this experiment, we applied the patch
antenna concept to demonstrate a monolithic circularly
polarized terahertz source using a superconductor.

7.1. TES and notched cylindrical mesas

Figure 11(a) shows the JPE mesa device S1 that radiates
circularly polarized terahertz waves with the highest DOCP
of 99.7%. The transmission intensity dependence on the
linear polarizer’s angle is shown in the polar coordinate plot
[Fig. 11(b)]. Although the DOCP is strongly dependent on
the applied bias voltage or current, it appears relatively stable
near the bias voltage that provides the maximum DOCP. The
maximum DOCP of the device, or the minimum AR, is
related to the ratio of the length of the truncated edge a; to
the remaining edge length a,.

Figure 11(a) illustrates the relationship between the AR
and the radiation frequency for a disk mesa device C2, with
parts of the outer edges truncated. This behavior is thought to
be attributed to the trapezoidal cross section of the mesa

© 2024 The Japan Society of Applied Physics
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Table II.
radiation. S;(i = 1, 2, 3) denotes a normalized Stokes parameters, as shown
in Table I. Data in mesas B, C and E are selected to be as close to the bias
condition of the parallel operation as possible.

Summary of obtained polarization parameters of three mesas

summarized in Table III. Chirality is defined as the position
of the perturbed part relative to the current-applying electrode as
viewed from the device center. For sample S1 shown in
Fig. 11(a), the chirality is right, and the opposite is left. High

Mesa B C E _ B&C&E degrees of CP less than AR =1 dB are achieved for elements of
Bias voltage (V) 0.94 0.92 094 055 100 both chiralities, with the truncated-edge mesa exhibiting the
So 0.99 0.34 0.56 031 0.14 closest approximation to CP around a»/a; ~ 4. We also find that
S 0.43 0.94 0.59 0.92 0.89 a larger thickness ¢ yields higher maximum radiation intensities,
5 0.62 —0.048 0.22 0.19 0.45 which is consistent with the known fact that the intensity is
53 —0.66 -0.35 078  -033  —0.037  roughly proportional to the square of the stack number.
MR ShSn Y %0 72 Hewoy swihing

¥ (deg) 76 _1.48 103 57 133 Circularly polarized radiation arises from the resolution of the

degeneracy between RHCP and LHCP, which initially exist
in a state of linear polarization. Resolution of this degeneracy
is facilitated by two primary factors: the chirality of the
perturbed region and the position of current injection within

structure, which induces an entrainment effect between
Josephson junctions with differing natural frequencies.

AR measurements were carried out on four truncated-edge
mesas and two notched cylindrical mesas. The results are
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the device. These factors influence the local critical current,
leading to a decrease in its value.
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(a) TES mesa device S1 for CP. The white areas represent electrodes for bias application and measurement. Reproduced from Ref. 40 with

permission of Americal Physical Society. (b) Plot in polar coordinates showing the variation of transmission intensity with the polarizer angle under conditions
of optimal CP. Reproduced from Ref. 40 with permission of Americal Physical Society. (c) Radiation frequency dependence of the AR in a disk mesa with
trimmed cylindrical mesas. The plots marked with inverted triangle symbols represent experimental data, while the red curves are numerical results based on
the patch antenna model. The interpolated plots depict the measured radiation frequency dependence on bias voltage. Reproduced from Ref. 42 with permission

of AIP Publishing.

Table Ill. Summary of geometrical and polarization characteristics of CP
mesas. a; and a, are truncated and untruncated length of the truncated-edge
squares. rq is the depth of the notch and r, is the rudius of whole disk in the
notched disks. S and AS are areas of unperturbed and perturbed parts. 7 is the
thickness of the mesa. T}, and T, are measured bath temperature and the
superconducting transition temperature. Bn,x and AR, are measured
maximum intensity and minimum AR.

The reduction in the local critical current is instrumental in
achieving the desired helicity switch, allowing for the
transition between RHCP and LHCP. To demonstrate this
helicity switch within a single device, we fabricated a device
capable of altering its chirality. By doing so, we can switch
the helicity of the radiated EM wave. We further investigated
the radiated terahertz wave emanating from the device to

S1 S2 S3 S4 Cl1 C2
— - - observe the effects of helicity switching.

shlrrah(zm) Rllg6ht R;goh[ ]‘163& Llegﬂ Lgﬁ Il‘lefzt SPP measurement results of the device shown in Fig. 12(a)
a; r; (um) 70 76 69 68 0 46 When current is injecteq from ele.ctrode L are presented i.n
aay, ol 4.38 3.8 53 3.77 53 4.1 Fig. 12(b). The fitting line to obtain the Stokes parameter is
ASIS (%) 3.46 434 2.51 4.38 3.46 337  shown as a solid line. The radiation frequency was found to be
¢ (pm) 2.25 L9 24 24 L9 23 564 GHz and the normalized Stokes vector was
?, gg ;l g ;‘g ;l 3‘; ;g S = (0.073, —0.867, 0.491). This means that left-handed
P (nW) 176.5 235 1235 383 153 70  elliptical polarization was detc.scted: When a bias is apphed to
AR, (dB) 02 0.49 46 0.67 08 24  electrode R, the helicity switch is successfully achieved at
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(a) Polar plot of SPP measurement when current is applied to the electrode “L” of the device shown in (b), which is referred to as DL. (c) Expected

radiation power (upper) and SPPs (lower) as functions of frequency obtained by solving sine-Gordon equation in a model corresponding to DL.

570 GHz with S = (0.197, —0.867, —0.456), which means
that the right-handed elliptical polarization is detected.
Figure 12(c) shows the radiation frequency dependence of the
radiation intensity and Stokes parameters calculated using the
sine-Gordon equation for an idealized mesa geometry as shown
in the inset. The calculated S5 > 0 obtained around the
measured radiation frequency of 564 GHz is consistent with
the experimental results. However, the values of S and S, are
quite different from the experiment. This may be due to the fact
that not only the actual planar shape of the mesa differs,
especially with respect to the angle of the cut, but also that the
mesa has a larger cross-sectional area toward the bottom near
the substrate, which requires a 3D model for accurate descrip-
tion. A paper is currently being written on the results of detailed
experimental data analysis and numerical simulation refinement.

8. Summary

This manuscript highlights recent progress in exploring
polarized terahertz radiations generated by IJJ emitters. The
relization of CP is led by two distinct designs: a TES mesa
structure and a notched cylindrical structure, demonstrating the
utility of antenna theory and EM simulations in achieving the
desired polarization. The methodology, based on the excitation
of 1JJs within a mesa cavity, effectively addresses the insertion
loss challenges associated with external polarimetric modula-
tors in the terahertz frequency range. A brief discussion of
polarization characterization methods is provided, with exam-
inations that include long and short rectangular mesas, whisker
devices, and multiple synchronously driven mesas. Although

020801-12

the helicity of the emitted EM wave is a crucial feature of
circularly polarized waves, its comprehensive understanding
remains not fully understood despite recent strides. The
ongoing research in circularly polarized terahertz radiation is
poised to drive advancements in practical realms like mobile
communications and circular dichroism spectroscopy, high-
lighting the practical significance of the findings.
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