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Terahertz Radiations and Switching Phenomena of Intrinsic
Josephson Junctions in High-Temperature Superconductors:
Josephson Phase Dynamics in Long- and Short-Ranged Interactions

SUMMARY  Studies on intrinsic Josephson junctions (IJJs) of cuprate
superconductors are reviewed. A system consisting of a few 1JJs provides
phenomena to test the Josephson phase dynamics and its interaction be-
tween adjacent 1JJs within a nanometer scale, which is unique to cuprate
superconductors. Quasiparticle density of states, which provides direct in-
formation on the Cooper-pair formation, is also revealed in the system. In
contrast, Josephson plasma emission, which is an electromagnetic wave ra-
diation in the sub-terahertz frequency range from an 1JJ stack, arises from
the synchronous phase dynamics of hundreds of 1JJs coupled globally. This
review summarizes a wide range of physical phenomena in IJJ systems hav-
ing capacitive and inductive couplings with different nanometer and mi-
crometer length scales, respectively.

key words: intrinsic Josephson junction, macroscopic quantum tunneling,
Josephson critical current, terahertz radiation, synchronous oscillation

1. Introduction

In July 1992, at the third International Conference on Ma-
terials and Mechanisms in High-Temperature Superconduc-
tors (M2S-HTSC III) held in Kanazawa, Japan, two impor-
tant breakthroughs on electrical conductivity in high-7, su-
perconductors were presented. The first breakthrough was
presented by R. Kleiner, a researcher from Professor Paul
Miiller’s group at Walter Meissner Institute, Germany [1].
The second one was presented by Professor Ginichiro Oya’s
group at Utsunomiya University [2]. Both reported the
peculiarity of the c-axis conduction in Bi;Sr,CaCu;Og.s
(Bi2212) single crystals and pointed out that it can be de-
scribed by the Josephson effect. Subsequent studies also re-
vealed that in copper oxide superconductors, the supercon-
ducting electron pairs are generally localized in the CuO,
layer, and the c-axis electrical conduction is described by the
Josephson effect that arises out of the alternative stacking
of CuO, and insulating atomic layers [3]. Thus, Josephson
junctions originating from the localization of superconduct-
ing electron pairs in superconductors with layered crystal
structures, including organic and iron-based superconduc-
tors, are designated as intrinsic Josephson junctions (IJJs).
As bismuth based superconductors with large anisotropy can
extract individual properties of 1JJs and have an ideal tun-
nel barrier for Josephson junctions, researchers worldwide
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have been studying 1JJs in bismuth-based high-T, super-
conductors. Particularly characteristic phenomena are the
multi-branched current—voltage characteristics, the quasi-
particle spectrum directly indicating the superconducting
gap [4], [5], electromagnetic absorption called Josephson
plasma resonance [6]—[8], and the two-dimensional nature
of vortex penetration [9]-[13]. These findings about the
fundamental physical properties of the 1JJ systems provide
a basis for terahertz (THz) electromagnetic wave emission
by coherent oscillation, which was later demonstrated in
Refs. [14]-[25].

The variety of phenomena in an IJJ system is mainly
attributed to the two coupling mechanisms between 1JJs
of different length scales: inductive and capacitive cou-
plings. The inductive coupling originates from the current
flowing within a superconducting layer (SL)[26]. Joseph-
son vortices penetrating the adjacent block layer (BL) share
their eddy currents, resulting in formation of a triangular or
rectangular Josephson vortex lattice over the entire stack.
The capacitive coupling is attributed to the breaking of the
charge neutrality of an SL because the SL thickness is com-
parable to the Debye charge-screening length (~ 1 nm) [27].
The charged SL induces additional phase changes in the
adjacent 1JJs resulting in multi-branched current—voltage
characteristics [28] and longitudinal Josephson plasma res-
onance [7].

In this paper, some important results of my research
on 1JJs are described from two aspects: simplified quasi-
particle and phase dynamics for one or a few 1JJs under
short-range capacitive coupling between 1JJs and compli-
cated macroscopic phenomena in hundreds of coupled 1JJs
under long-range inductive coupling. The former is known
as intrinsic tunneling spectroscopy [29], [30] or cooperative
macroscopic quantum tunneling in IJJs [31]-[33]. The latter
is the Josephson plasma emission in the terahertz frequency
range by synchronous Josephson oscillation of the stacked
1JJs [34]-[40].

2. Cooperative Quantum Tunneling in Single, Double,
and Triple CuQO; Plane 1JJs

Superconductivity is a typical example of a macroscopic
quantum phenomenon in which the wave nature of elec-
trons appears macroscopically, and unusual phenomena are
observed in the macroscopic world. One such interesting
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phenomenon is macroscopic quantum tunneling observed in
Josephson junctions. The tunneling effect due to the Heisen-
berg uncertainty principle appears in fluctuations of current—
voltage characteristics, and this phenomenon is the operat-
ing principle of quantum bits (qubits), which are used in
quantum computing. We have succeeded in extracting phe-
nomena originating from short-range interactions between
intrinsic Josephson junctions in high-T, superconductors.
This is a breakthrough for using 1JJs as qubits, which is con-
sidered technically challenging, and expected to lead toward
the realization of a significantly less complicated quantum
computer that does not require a dilution refrigerator [41]—
[47].

To observe the quantum tunneling phenomena in 1JJs,
it is necessary to extract a small number of 1JJs from a sin-
gle crystal, which is a stack of thousands of 1JJs and observe
their switching dynamics. In our mesa structured device, it
is essential to reduce the contact resistance of the electrode
deposited on the surface of a single crystal to extract the
1JJs, which makes it difficult to obtain a controlled number
of 1JJs. We focused on the fact that the resistance at the in-
terface between the electrode and the Bi2212 single-crystal
is caused by moisture in the air. Moreover, we cleaved the
Bi2212 single—crystal in a vacuum to eliminate the anneal-
ing process, thereby enabling highly accurate control of the
number of extracted 1JJs [45], [48].

In the mesa device with a few 1JJs thus obtained, the
voltage switching characteristics of a specific 1JJ switching
from a zero-voltage state to a finite voltage state were mea-
sured at cryogenic temperatures of 0.4 K. The mesa struc-
tures were fabricated on single crystals of three different
superconductors represented by Bi,Sr,Ca,_;Cu, 02,4445,
where we write Bi2201, Bi2212, and Bi2223 forn =1 - 3,
respectively. In these superconductors, we focused on the
fact that the capacitive coupling can be varied as the pe-
riod of the Josephson junction changes from 1.2, 1.5, to 1.8
nm as shown in Fig. 1 (a). The quantum fluctuations in the
switching characteristics of the first junction at the top of
the mesa structure and the second junction were evaluated.
Figure 1 (b) shows the graph of effective temperature versus
bath temperature for the switching current in the three ma-
terials. The effective temperature T.g is evaluated by fluc-
tuations of the switching current of the 1JJs according to the
Kramers” model as

r=2r
= —ex
2r P

AU
), (D

kBTeff
where I' is the thermal escape rate measured by zero-to-
finite resistance switching fluctuation of the 1JJ, w), is the
Josephson plasma frequency, and AU is the barrier potential
of the washboard model [49].

In Bi2223, where the two 1JJs are relatively far apart
because of a CuQO; inner plane, the quantum fluctuations of
both junctions are almost equivalent. This contrasts with the
results for Bi2212 and Bi2201, where the quantum fluctua-
tion of the second switching is significantly pronounced pre-
sumably because of the capacitive coupling between neigh-
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Fig.1 (a) Crystal structures of Bi2201 (left), Bi2212 (center), and
Bi2223 (right) where the superconducting electron is located at the atomic
layers marked with S, forming a Josephson junction. (b) Temperature de-
pendence of the switching fluctuation of the first (solid) and second (open)
junctions in Bi2201, Bi2212, and Bi2223. where the quantum fluctuation
observed at 0.4 K is more pronounced in the second junction than in the
first junction.

boring 1JJs. This result can also be explained by the fact
that in Bi2223, the triple CuO, planes form an SL, and
the inner-plane of the CuO, triple layer interrupts the cor-
relation between the Josephson junctions, considering that
the observed superconducting tunneling current between the
SLs is the Josephson current [31]-[33].

3. Variation of Josephson Critical Current Density of
Multi-Layered CuO, Planes

We have revealed a clear difference between Bi2212 with
two CuO, atomic planes (T, < 90K) and Bi2223 with three
planes (7. < 110K) through detailed examinations of the
electrical resistance behavior at the superconducting tran-
sition and current—voltage characteristics in the supercon-
ducting state. This was achieved by developing a micro-
fabrication technique that allows obtaining mesa structures
with a thickness of less than 5 nm, consisting of a few 1JJs.
When a non-superconducting, normal-conductive metal is
microscopically adhered to a superconductor by a vacuum
deposition method, superconducting electrons penetrate the
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Fig.2  (a) Cross-sectional schematic drawing of the mesa device with two 1JJs. (b,c) Crystal structure
and proposed distribution (red) of superconducting electrons of Bi2223 (b) and Bi2212 (c), which repro-
duce critical current measurements of the devices. A superconducting layer (SL) of Bi2223 consists of
three CuO; planes, upper outer plane (UOP), inner-plane (IP), and lower outer plane (LOP). Charging
of SLs is more pronounced in Bi2212; hence the capacitive coupling (red arrows) is more significant.
Critical current density J. is determined by a product of superconducting electron density of two OPs
sandwiching a block layer (BL). Reproduced with permission from [33], copyright 2019 The American

Physical Society.

normal-conductive metal. This proximity effect is signifi-
cantly weaker in Bi2223 than in Bi2212, and the decay of
the proximity effect is more significant than the increase in
the SL thickness with increasing n. This can be explained by
considering that the superconducting electrons are localized
within the CuO, atomic planes rather than being uniformly
distributed throughout the SL, which consists of multiple
CuO; atomic planes as shown in Fig. 2.

The phenomena that can be explained by this model
have also been observed in the phase tunneling phenom-
ena in Josephson junctions. For n = 1 and 2, where the
superconducting layers are thin, quantum tunneling was ob-
served. This indicates a strong coupling of phase differences
in adjacent junctions. On the other hand, for n = 3, strong
coupling between adjacent junctions was not observed as
discussed in the previous section [33]. Such example of a
pronounced localization of superconducting electrons inside
an SL has not been reported previously, and a detailed the-
ory that incorporates the structure inside the SL is necessary
to explain the intrinsic Josephson phenomenon in the future.

4. Intrinsic Tunneling Spectroscopy and Josephson
Current in Cuprate Superconductors

Intrinsic tunneling spectroscopy (ITS) is a technique by
which information on the quasiparticle density of states
(DOS) in the CuO, layers can be extracted from the c-axis
current—voltage characteristics [4]. Since an 1JJ inside the
crystal is protected by other 11Js, ITS probing allows ac-
cess to the bulk quasiparticle DOS protected from surface
deterioration. This contrasts with surface-sensitive spec-
troscopic methods, such as angle-resolved photoemission
spectroscopy and scanning tunneling spectroscopy. The su-
perconducting gap A, which is the coupling force of su-
perconducting electron pairs, is revealed from the quasi-
particle DOS. ITS enables the comparison of the measured
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Fig.3  Plots for J., J28, and J./J48 as a function of doping p for
BiPb2212 and Bi2212. Reproduced with permission from [29], copyright
2013 The American Physical Society.

Josephson critical current density J. and the Ambegaokar—
Baratoff-Josephson critical current J42 in the same crystal
using the following equation:

AB A
¢ 7 2eRyS’
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where Ry is the normal tunneling resistance, S is the area of
the Josephson junction, and e is the elementary charge [50].
However, this relation does not hold for high-7, cuprates
presumably because of the partial filling of quasiparticle
Fermi surface with respect to the d-wave superconducting
gap in the momentum space (Fermi arc) [51].

We measured J. and ITS in mesa-structured
Bi; §Pbg,Sr,CaCu,0g,5s (BiPb2212) single crystals and
compared the results with those previously obtained in pris-
tine Bi2212 crystals. Figure 3 shows the critical current den-
sities in BiPb2212 and Bi2212 and the ratio J./J2% in the
same carrier doping range [52]. The carrier doping p was es-
timated from precise Hall-effect measurements in thin crys-
tals with the identical nominal composition as the ITS mea-
surements. In BiPb2212, J../ Jf‘B is found to be twice that in
Bi2212, suggesting that Fermi arc expands by partially sub-
stituting Bi by Pb in Bi2212 single crystal. The expansion of
the Fermi arc is possibly attributed to a reduction in the tun-
nel barrier of the (Bi,Pb)-O block layer, where long-period
crystallographic modulations are less pronounced [53].

5. Josephson Plasma Resonance and Terahertz Radia-
tion

When considering superconducting electron pair tunneling
in a single Josephson junction, the Hamiltonian with the
number of tunneling electron pairs # and the gauge-invariant
phase difference in the Josephson junction ¢ as conjugate
variables is expressed as

L@, h
H==cm%75
N (2e)* , n

- 2
w0t )

Jo(1 —cosyp)

and is a harmonic oscillator within a linear approximation
of the phase difference ¢. In Eq.(3), C and J, are the
capacitance and the critical current density of the Joseph-
son junction, respectively. The eigenfrequency of this har-
monic oscillator is called the Josephson plasma frequency
wp, = V8medJ./eh, where d is the thickness of the barrier
layer of the Josephson junction, € is the dielectric constant
of the BL, and 7 is the Dirac constant. Since the Josephson
plasma frequency is proportional to the square root of the
Josephson maximum current J., the Josephson plasma fre-
quency decreases with increasing magnetic field and tem-
perature. In highly anisotropic bismuth-based high-T, su-
perconductors, w,/2x is located at approximately 100 GHz
at absolute zero and zero magnetic field. Considering that
the superconducting electron density depends on tempera-
ture according to the two-fluid model, the zero frequency
limit is reach near T,. At this intermediate temperature and
a finite magnetic field, it absorbs electromagnetic waves in
the millimeter wave range. This is called Josephson plasma
resonance. Josephson plasma resonance in Bi2212 under
magnetic fields was first reported by Matsuda et al. [6] as a
means of observing its vortex state. As w, o« {COS 1),
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cosine of the phase difference between adjacent supercon-
ducting layers averaged over the crystal. We discovered a
sample-size-dependent transverse plasma mode [8] and its
modulation by Josephson vortices [11]. Josephson plasma
resonance is the inverse process of the terahertz electromag-
netic radiation as discussed in the following sections. Both
microwave irradiation and ac-Josephson effect under a volt-
age bias excite the phase collective mode. The former is
dissipated as Joule heat, whereas the latter is emitted into
space. The observed polarization of the radiated terahertz
wave is determined by the boundary condition between the
superconducting device and space; thus, the polarization and
intensity are the results of the distributions of the supercon-
ducting current oscillating in the terahertz region.

6. Correlation between Temperature Distribution and
Radiation Intensity

In the terahertz region, which lies between the frequencies
of radio waves and light, no solid-state source with a prac-
tical intensity exceeding 1 mW was ever obtained. This is
because the frequency is limited by the upper limit of the
semiconductor mobility. Even when carrier dynamics are
utilized, as in the microwave region, and even when quan-
tum effects are utilized, as in LEDs, the energy is equivalent
to a temperature of less than 50 K, and cryogenic tempera-
tures are required. This is based on my understanding that
The Josephson junction is expected to excite coherent elec-
tromagnetic waves with low dissipation in the order of tens
of meV in the case of Bi2212, and that this is because the AC
Josephson effect can convert DC voltage into AC current and
the collective excitation around a few terahertz is protected
by the superconducting gap [54]. The mechanism of tera-
hertz radiation is that when electromagnetic waves excited
by the AC Josephson effect match the resonance conditions
of a cavity resonator consisting of Bi2212 single crystals,
synchronous oscillations occur at the stacked 1JJs[14]. In
previous studies, radiation of monochromatic electromag-
netic waves in the frequency range 0.3—1.6 THz with a max-
imum power of 0.6 mW has been reported [55]. As the high-
temperature superconducting THz source operates at a finite
voltage by injecting current into the superconductor, a prob-
lem has been pointed out that the temperature rise caused
by Joule heating destroys the superconducting state and re-
duces the output power of the source.

To precisely compare the temperature distribution and
radiation intensity depending on the current-injection condi-
tions, we constructed an imaging system that could observe
the temperature distribution on the device surface even in
cryogenic environments below 100 K. This is an experimen-
tal technique used to observe the spatial distribution of flu-
orescence. This is achieved by applying a thin coating of a
material containing rare earth elements called the Eu-TFC
polymer, which shows a strong temperature dependence of
fluorescence intensity on the device surface [56]. The de-
vice has two electrodes, so the temperature distribution and
radiation intensity can be compared under non-uniform con-
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Fig.4 (a) Current—voltage characteristics of the device. Oscillation oc-
curs in the region enclosed by the dashed line. The difference between
blue (non-uniform) and red (uniform) does not originate from the device.
(b) Comparison of radiation intensity and temperature distribution in the
high bias region. The oscillation intensity is lower in the uniform condition
where the temperature rise is more pronounced. (¢) Comparison in the low
bias region. No difference is observed between the two. The voltages for
the non-uniform case have offsets of 0.2 V in (b) and (c). Reproduced with
permission from [35], copyright 2014 The American Physical Society.

ditions, in which the current is injected from one electrode,
and under uniform conditions, in which the same amount of
current is injected from both electrodes. As shown in Fig. 4,
in the radiation region where the current value is around 20
mA, the temperature on the device surface is clearly higher
under the uniform condition, and the area where the tem-
perature exceeds T is larger. On the other hand, as shown
in Fig. 4 (b), the radiation intensity is found to be approxi-
mately 20% weaker than in the non-uniform condition. As
shown in Fig. 4 (c), there is no significant difference in both
the temperature distribution and radiation intensity with a
current value of approximately 5 mA. This result was re-
produced in numerical simulations, which revealed that an
excessive temperature rise on the device surface suppresses
the radiation intensity [35]. This means that efficient cooling
of the high-temperature superconducting THz source im-
proves the radiation intensity, leading to the realization of
high-power THz sources [57].

7. Circularly Polarized Terahertz Radiation

The polarization of terahertz radiation is of special impor-
tance in circular dichroism spectroscopy and high-speed
telecommunications. Circularly polarized terahertz radia-
tion has recently been achieved using monolithic devices,
such as quantum cascade lasers and resonant-tunneling
diodes. Compared to these devices, the Josephson plasma
emitter can cover a wider frequency range in a single de-
vice, and other emission properties can be thermally con-
trolled internally and externally. Circularly polarized elec-
tromagnetic waves have orthogonal components of the os-
cillating electric fields that are out of phase by 90 degrees,
and the electric—field vector projected onto the propagation
plane forms a circular orbit [58]. We have applied the patch

IEICE TRANS. ELECTRON., VOL.E106-C, NO.6 JUNE 2023

41
3_
EW
T
>
Z’ 0
8 2]
=
6.
8.
12+
89
i)
©
E 6
Y
x
<
3
3200
1011121314
0 : : Voltage (V)
350 400 450 500
Frequency (GHz)

Fig.5 (a, b) Pictures of the truncated edge square device (a) and the
trimmed disk device (b). (c) Transmitted intensity of the rotating polarizer
from the device shown in (b). (d) Measured axal ratio in the device shown
in (c) as a function of radiation frequency (triangle). The solid red line is the
expected axial ratio from the patch antenna model and the blue symbols are
the experimental result is much broader than the patch antenna model. Inset
of (d) shows measured frequency as a function of bias voltage, which is
used to estimate the radiation frequencies from mesa voltages. Reproduced
with permission from [37] and [38], copyright 2017 The American Physical
Society and 2018 AIP Publishing LLC.

antenna theory for a high-temperature superconductor tera-
hertz source to generate circularly polarized terahertz elec-
tromagnetic waves.

Figures 5(a) and (b) show photographs of the mesa
structures of Josephson plasma emitters designed with ref-
erence to the patch antenna theory and data on the polar-
ization intensity characteristics under conditions of maxi-
mum circular polarization. One of the mesa structures is
a square with truncated corners displayed in Fig. 5 (a), and
circular polarization is radiated when the ratio of the area
of the original square to the area of the corner part satis-
fies a specific relationship with respect to the Q-value of the
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antenna. The 99.7% circular polarization obtained in this
study as observed in Fig. 5 (c) is the highest value compared
to existing terahertz continuous sources, which adds another
useful feature to the Josephson plasma emitter [37]. Cylin-
drical mesas with small notched sides (Fig. 5 (b)) also radi-
ates terahertz waves with high degrees of circular polariza-
tion at wider frequency range than that expected by the con-
ventional patch antenna theory as shown in Fig. 5 (d). This
is presumably attributed to frequency locking (entrainment)
due to strong interaction between the stacked 1JJs [38].

As mentioned earlier, because the Josephson plasma
emitter can vary its emission frequency widely, the degree of
circular polarization depends on the bias conditions. While
a conventional patch antenna is supplied with electromag-
netic waves from an external source, the patch structure of
the Josephson plasma emitter itself supplies the electromag-
netic waves. The dependence of the degree of circular polar-
ization on the bias condition provides insight into the inter-
nal excitation mode, thus, the synchronization mechanism.
Circularly polarized terahertz waves are a useful technology
for future applications in ultrafast mobile communications
and circular dichroism spectroscopy; however, high degrees
of circular polarization have not been achieved in monolithic
devices.

8. Polarization Analysis of Synchronous Radiation

Synchronized terahertz radiation from multiple mesa struc-
tures has been attempted to achieve high radiation intensity
in Josephson plasma emitters. It has been known that, by ap-
plying DC bias to multiple mesas formed on a Bi2212 crys-
tal either parallel or series, macroscopic Josephson plasma
oscillations excited in the mesas are synchronized. This re-
sults in a significant increase in radiation intensity, which is
roughly proportional to the squared number of mesas. The
maximum radiation intensity achieved by far is 0.61 mW in
a device biased at three mesas in parallel [55]. However,
the microscopic mechanism of coupling between mesas
that leads to synchronized oscillations is poorly understood,
making it extremely difficult to design high—intensity ra-
diation. Therefore, we propose a method to estimate the
state of Josephson plasma oscillation excited in the mesas
from the polarization observation of the emitted terahertz
wave. Moreover, this method also allows for elucidating the
coupling mechanism through the superconducting single-
crystal substrate underneath the mesas.

We observed the intensity, frequency, and polariza-
tion of terahertz waves emitted from two mesa structures
formed on a single-crystal substrate for series- and parallel-
connected simultaneous operations as shown in Fig. 6 (a).
Polarization observations enable the estimation of the phase
of the electromagnetic wave, which makes it possible to rep-
resent the radiation state as a vector. As a result, we showed
that the radiation electric vector of simultaneous operation
E5 = Eg\l 5 €Xp(iwt) can be described by a linear combina-
tion based on the single operation of the two mesas E4 and
Ej as
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Fig.6  (a) Schematic drawing of the device operated with parallel (pur-
ple) and series (cyan) connections. Red shadows indicate excited non-
linear Josephson plasma waves inside the mesas and a red wave indicates a
linear Josephson plasma wave interacting with the mesas. (b) Phase differ-
ence of the coefficients @ and § for parallel (square) and series (circle) con-
nections as functions of synchronized frequency. Arrows point to data with
the same basis frequencies selected. The solid black and red lines mean
expected phase difference for the center-to-center and the nearer edge-to-
edge distances of the mesas, respectively. (c,d) Absolute values of @ and
. Both do not strongly depend on synchronized frequency. Symbol size
means detected intensity of the synchronized radiations. Reproduced with
permission from [40], copyright 2022 The American Physical Society.

Ey 3 = aE4 + BEg, 4

where a and 8 are complex constants corresponding to in-
teraction between the two mesas. This is because Ep is
not a superposition of bases E4 and Ep but accompanies
frequency and phase shifts attributed to the inter-mesa cou-
plings [39].

Figure 6 shows the frequency evolution of the coeffi-
cients a and S of a synchronized radiation in a device with
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two mesas connected either parallel (square) and series (cir-
cle). Here, two bases are fixed at the frequency indicated
by an arrow either parallel and series and the phase differ-
ence of the base ¢, = arg(8/a) linearly increase with syn-
chronized frequency. Both of parallel and series connec-
tions show systematic evolutions in this frequency range.
The solid lines describe expected phase differences from
distance (edge-to-edge) and pitch (center-to-center) of the
mesas [40].

Performing further analysis on the coefficients @ and
under different experimental conditions such as inter-mesa
separation and bath temperature, we can estimate the inter-
action matrix of Josephson plasma oscillations excited by
the two mesa structures. This paves the way for the design of
high intensity radiation devices, and also suggests the pos-
sibility of terahertz quantum communication devices.

9. Conclusion

The characteristic phenomena of intrinsic Josephson junc-
tions, such as macroscopic quantum tunneling, intrinsic tun-
neling spectroscopy, and terahertz radiations, are discussed.
These include a range of concepts physics, not only super-
conductivity but also interacting non-linear oscillator sys-
tems and quantum optics. Furthermore, elucidating their
mechanisms makes it possible to control the performance of
terahertz Josephson plasma emitters composed of intrinsic
Josephson junction mesa structures. Thus this effort paved
the way for implementing the physics of intrinsic Joseph-
son junctions in practical telecommunication networks and
imaging systems.
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