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We examine coupling interactions used to synchronize macroscopic Josephson oscillations induced in
intrinsic Josephson-junction (IJJ) mesa stacks made of a Bi2212 single crystal. Synchronized radiations of
terahertz electromagnetic (EM) waves are detected under common voltage and current bias operations of
two connected mesas with close individual radiation frequencies, while uncoupled and bimodal radiations
are frequently observed in two mesas with different individual radiation frequencies. Detailed observations
of the polarizations of the EM waves emitted when two mesas are biased in parallel or series allow us to
reveal the coupling matrix components, which include ratios of synchronized IJJs in the mesas and phase
delay between the macroscopic Josephson oscillations. A frequency evolution of the phase delay implies
that the coupling between the Josephson oscillations is mediated by the small amplitude Josephson plas-
mon inside the superconducting substrate. This finding stimulates systematic survey on polarization of EM
wave emitted from synchronized multiple mesa devices in order to realize powerful terahertz emissions
from superconductors.
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I. INTRODUCTION

Various phenomena attributed to couplings between
Josephson junctions have been observed in cuprate super-
conductor single crystals, in which a strong modula-
tion of order parameter along the c axis attributed to
the layered crystal structure exists [1]. In such systems,
known as intrinsic Josephson junctions (IJJs), the exci-
tation of a Josephson plasma wave along the a-b plane
[2,3] induces macroscopic current oscillations on the crys-
tal surface owing to the interplay with the ac Josephson
effect and their synchronous oscillations accompanied by
the inductive and the capacitive couplings among stacked
IJJs [4–7], which cause electromagnetic (EM) radia-
tion into space [8–10]. Intensive research has been car-
ried out on Josephson plasma emission (JPE) using
mesa-structured devices formed from Bi2Sr2CaCu2O8+δ

(Bi2212) single crystals [11–20], and further research on
the possibility of a terahertz (THz) source have been
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reported during this decade [21–33]. For the implementa-
tion of this JPE for a practical terahertz source, it is indis-
pensable to manage the synchronous oscillations resulting
in higher radiation power and controlled performances.
However, the microscopic interaction between thousands
of IJJs included in the mesa devices have not been fully
revealed partly because of the lack of experimental results
in a single-layer IJJ with the similar a-b plane geometry to
existing JPE devices.

One of the straightforward strategies to increase the radi-
ation intensity is to synchronize multiple mesas to emit
radiation. As an initial attempt, when two mesas were con-
nected in series, the coupled emission intensity was found
to be higher than the sum of the individual intensities [34].
Next, for a device with up to three mesas connected in
parallel, an intensity of 0.61 mW was achieved, which
is roughly proportional to the square of the number of
mesas to be synchronized, and it was concluded that the
emission of the electric wave is a synchronous coherent
radiation [35].

Very recently, the authors proposed a method for ana-
lyzing the synchronous phenomena with bases as polar-
izations of singly biased radiations and a coupling matrix
between the Josephson plasma waves excited in the mesas
from precise observations of the polarization of the radi-
ated EM wave [36,37]. This method allows us to determine
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the contribution of each mesa to the synchronized emission
under biasing multiple mesas. It is crucial to compare the
emission features for parallel and series connections of a
pair of mesas because the coupling matrix can be modi-
fied with the identical bases. However, there has been no
report of investigations on the differences between them in
an identical device. Regarding a radiating mesa in which
a thousand stacked IJJs oscillate coherently as a macro-
scopic Josephson junction [38], the common voltage bias
(CVB) produced by the parallel connection should induce
synchronous oscillations between the macroscopic Joseph-
son junctions, whereas the common current bias (CCB)
produced by the series connection gives insights for the
interplay between a few stacked IJJs [39–42].

In this paper, we discuss the difference in intermesa cou-
pling when two of three mesas are operated either by CVB
or CCB modes, based on the polarization observation of
EM waves emitted from mesas in individual and coupled
emission states. A CVB mode mostly generates a coupled
emission with unimodal frequency spectrum, whereas a
CCB mode tends to generate an uncoupled emission with
bimodal frequency spectrum. The coupled emission state
is a superposition of the individual emissions perturbed
by the intermesa coupling. The coefficients of the linear
combination with the bases of the individual oscillation
states, which are chosen necessarily, compose the mesa
interaction matrices, i.e., the states of the harmonically
oscillating plasmons inside the superconducting substrate
that are responsible for the interaction between the non-
linear Josephson plasma oscillations in the mesas [43].
A systematic survey of the interaction matrix will lead
to the development of powerful THz sources by control-
ling the mesa-to-mesa synchronization and will stimulate
emergence of superconducting devices that enable THz
quantum communication.

II. EXPERIMENT

In this study, we discuss EM wave radiations from three
mesas (B, C, and E) formed on a Bi2212 single crystal
grown by the floating zone method using photolithogra-
phy and argon ion milling [19,24]. The device is shown
in Fig. 1(a). The basic properties, such as the mesa shape,
Tc, and current-voltage characteristics of the three mesas,
are summarized in Appendix A. Parallel and series connec-
tions can simultaneously energize a pair of mesa structures
connected by a Bi2212 substrate single crystal with CVB
and CCB modes, respectively. For a CVB mode, the wires
connected to the two mesas are short circuited at the out-
side of the cryostat, and a voltage is applied between the
electrode and the substrate crystal, so that the same volt-
age is applied to the connected mesas, as shown in the
right panel of Fig. 1(a). On the other hand for a CCB
mode, a bias voltage is applied between the two mesas,
so it is not ensured that the same voltage is applied to

each mesa. An EM wave emitted is detected by a silicon
bolometer cooled by liquid helium [24], and the intensity
is evaluated by the bolometer output voltage and the radi-
ation frequency measured using a FTIR spectrometer with
a pair of lamellar mirrors [15,44,45]. For the polarization
evaluation, the Stokes polarization parameters (SPPs) are
estimated from the transmitted intensity through a polar-
ization analyzer combining a fixed linear polarizer and
a rotating achromatic quarter-wave plate (QWP) [46] as
described in Refs. [36,47,48].

III. RESULTS AND DISCUSSION

A. Current-voltage characteristics and emission
intensity

Figure 1(b) shows the current-voltage-emission (I -V-E)
characteristics of mesas B and E under CVB. This situ-
ation is represented by B ‖ E hereinafter. In comparison
to data for individual mesas B and E [Figs. 1(c) and 2 in
Appendices], the current-voltage characteristics (IVC) for
B ‖ E is elongated twice with respect to the current, and
the emission intensity indicates more complicated mul-
timodal behavior as a function of the total bias current
[Fig. 1(b), right panel]. First, the I -V curve for B ‖ E with
increasing bias is explained. Below 25 mA, both B and
E are superconducting and their bias currents are equal.
Between 25 and 50 mA, unequal currents flow in mesas B
and E to keep CVB thus parts of IJJs of the mesas become
resistive. In the E-I curve for B ‖ E, two intensity max-
ima are observed: a broad maximum at I = 48 mA, and
a rather sharp maximum at I = 26 mA. The former cur-
rent is slightly higher than the sum of the bias currents
for the maximum emission intensity of both mesas B and
E (� 22 mA, commonly). Here, both mesas participate in
the radiation. The latter current approximately correspond
to the sum of the bias current for the maximum emission
intensity of either mesa B or E and the current (� 3 mA)
for the same bias voltage region due to the multivalent IVC
[15,19]. One mesa emits intensively with 22 mA, while
the other does not under biasing at the same voltage. As
listed in Table I, the maximum detected intensity Pmax for
B ‖ E is slightly smaller than the sum of Pmax’s for B and
E and the second maximum intensity for B ‖ E is very
close to the Pmax for B or E. Thus, we interpret that for
B ‖ E both mesas B and E contribute to the emission above
40 mA while only either one contributes between 20 and
40 mA. The breakings of the I -V curve (at 40 and 18 mA)
are attributed to the switchings of the internal synchronous
phase dynamics of each mesas. This feature is consistent
with a numerical calculation in a similar system consist-
ing of two IJJ stacks connected in parallel [49]. In the
subsequent discussion, therefore, spectra and polarization
data above 40 mA for B ‖ E are employed for comparison
between simultaneous and individual emissions.
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(a)

(b) (c)

FIG. 1. (a) Microscope picture of the device (left) and a schematic drawing of the device and their connections for B ‖ E (right,
magenta) and B-E (cyan). Properties of mesa D are not dealt with in this paper. Separations between mesas (d) are 87.5 (BC) and
412 (BE) μm. (b),(c) Current-voltage characteristics and bolometer response of B ‖ E [(b), color coded], B [(c), red], and B-E [(c),
cyan]. Solid and open triangles in the right panel of (b),(c) point to the first maximum and the second maximum in radiation intensity
mentioned in the text, respectively.

A similar I -V-E plot for the CCB of B and E (B-E) is
shown in Fig. 1(c) together with a plot for B solo. The
IVC for B-E below 1 V almost coincides with the IVC

TABLE I. Measured properties for radiations from B, C, E,
B ‖ E, and B-E. Pmax is the maximum detected radiation power
represented bolometer response voltage, Imax and Vmax are cur-
rent and voltage yielding Pmax, respectively. N is the number of
IJJs contributing to the maximum radiation power averaged to a
mesa for comparisons. Superconducting transition temperatures
T ′

cs and mesa widths of individual B, C, and E are also listed.

B C E B ‖ E B-E

Pmax (mV) 0.418 0.215 0.468 0.737 0.799
Imax (mA) 21.9 33.8 21.7 47.3 18.3
Vmax (V) 0.983 1.01 0.963 0.903 1.899
N 867 796 879 798 815
Tc 78.5 79.3 78.3
Mesa width (μm) 66.8 68.2 66.1

for B. This is interpreted that only B contributes to the
voltage and a large part of mesa E remains zero voltage
because of the considerable difference in the distributions
of the maximum Josephson currents of IJJs composing the
mesas B and E seen in Fig. 2 in the Appendices. It is also
found that the bolometer responses for B and B-E between
15 and 35 mA with increasing current are superposable.
This clearly indicates that only B contributes to the emis-
sion power. In the same current range, with decreasing
current, on the other hand, significant increase in bolome-
ter response of B-E in comparison to the individual B is
observed. The maximum emission of B-E is attained at I =
18 mA and the second maximum is found at I = 26 mA
(indicated by solid and open triangles, respectively). These
currents are approximately 4 mA lower and higher than
the maximum radiating current of the individuals B and E,
respectively. The net mesa voltage for B-E at the maximum
emission power is V = 1.89 V, which is slightly lower than
the sum of the bias voltages for the individual emissions.
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FIG. 2. Current-voltage characteristics (main) and bolometer
responses as a function of either current (right) or voltage (upper)
for mesas B (red), C (blue), and E (green). The bolometer
responses are shifted for clarity. Higher bolometer responses
correspond to the case for bias swept down.

These shifts in bias current and voltage have been evalu-
ated theoretically [43]. It is also interesting to note that the
bolometer detection in decreasing current of B-E (and B) is
not only large but also highly fluctuating in comparison to
that in increasing current. This suggests that the coherent
radiation is excited in the decreasing current while partly
incoherent or chaotic radiation [50,51] may be excited in
the increasing current.

B. Spectral characteristics

The radiation spectra of B, C, E, B ‖ E, B-E, and B-C
are shown in Figs. 3(a) and 3(b). Unimodal spectra are
observed not only for individual operations but also for
both CVB and CCB, suggesting that multiple mesas are
coupled and radiating synchronously. The observed uni-
modal spectra are as follows: individual (B, 0.43–0.57; C,
0.50–0.55; E, 0.50–0.55 THz), B and E (CVB, 0.47–0.53;
CCB, 0.46–0.5 THz), and C and E (CVB, 0.47–0.53; CCB,
0.48–0.61 THz). The frequencies of the emission spec-
tra as functions of the averaged voltage applied to each
mesa Vmesa are shown in Fig. 3(c). The linear fittings to
the plots provide the number, N , of IJJs contributing to
the radiations. For the BE pair, in which N ’s for individ-
ual emissions of B and E are very close approximately
870, and their effective N ’s for CVB and CCB radiations
are approximately 810, which is 8% smaller than those
for B and E individuals. Furthermore, the radiation fre-
quency region of B ‖ E and B-E is close to the overlapping
frequency range of B and E, which have slightly shifted
radiation frequency range due to the slight difference in
mesa width. Thus, the physics of EM radiation of the

mesas B and E under simultaneous bias can be reworded
as synchronous oscillations of two oscillators with slightly
different eigenfrequencies with a cost of small portion of
oscillating Josephson junctions. For simultaneous bias of
B and C (CVB, 0.45–0.58; CCB, 0.43–0.55 THz), bimodal
spectra are observed, as shown in Fig. 3(b). At this time,
the mesas are presumed to be radiating independently. In
particular, in the combination of B and C, a unimodal spec-
trum is observed only at 0.45 THz for CVB, while bimodal
spectra are found in the other CVBs and all of the CCBs.
The N for C solo is distributed between 780 and 810,
which is more than 10% smaller than that for B and E
individuals.

The result that CVB operations tend to be coupled is
understood as follows. For a CVB, an equal voltage is
applied to the two mesas. Although it is not promised to
apply an equal voltage to the stacked IJJs composing a
mesa structure, the inductive coupling among the IJJs [4]
expanding the whole mesa-stack results in an equal volt-
age being applied because of the Josephson oscillation of
an identical frequency. Consequently, an equal voltage is
applied to all contributing IJJs, and then Josephson plasma
waves of a single frequency are excited in the CVB mesas.
The BE and CE pairs, for which a unimodal spectrum is
always observed, are presumed to have a relatively strong
coupling between the mesas.

It is intriguing that the coupling in the BE pair with
larger separation is relatively stronger than that in the
combination of the BC pair resulting in synchronous oscil-
lations. The reasons for this are discussed first. The most
relevant factor is the commensurability of the intermesa
separation d with respect to the mesa width w, which is
considered as a dominant factor in the emission frequency
of a single mesa. When we consider that the coupling is
mediated by the Josephson plasmons, zero-voltage Joseph-
son harmonic oscillations inside the superconducting sub-
strate underneath the mesas, which has been observed
as microwave absorption [3,52], the interference between
the plasmons and the nonlinear Josephson oscillations
excited in the mesas determines the coupling. Here, using
w = 67 μm (approximate average of widths of the mesas
listed in Table I), d/w values of 1.3 (BC) and 6.1 (BE)
are obtained. For combinations with d/w closer to an
integer, the effective coupling attributed to the strength
of the frequency entrainment of the nonlinear Josephson
plasma oscillation is more pronounced. The second most
relevant factor is the similarity in the device geometry,
including electrodes: mesas B and E are mirror symmet-
ric while C is neither mirror nor translational symmetric
with respect to B, and a large overlap in the emission
frequency regions of individually biased cases are
observed. In other words, for the cases that the device
shapes are closer to being equivalent and the emis-
sion frequencies are closer, even weak perturbations may
cause frequency entrainments, which result in synchronous
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FIG. 3. FTIR spectra of coupled simultaneous radiations (a)
and uncoupled simultaneous radiations (b) together with individ-
ual radiations at vicinity mesa voltages. In (c), peak frequencies
of emission spectra are plotted as functions of averaged mesa
voltage Vmesa: net voltage divided by 2 for series connections.
Thick straight lines mean the ac Josephson relation with cor-
responding number of IJJs, N . Thin gray lines are drawn for
N ’s with a step of 20. All data are taken at a bath temperature
of 30 K.

radiations. In summary, the BE pair provides coupled
phase dynamics between two oscillators with close eigen-
frequencies.

C. Polarization properties

Next, we discuss polarization on radiations from mesas
B, E, and their combinations. Using the polarization ana-
lyzer described in Sec. II, we obtain the transmitted inten-
sity as a function of the QWP angle θ for B, E, B-E, and
B ‖ E, as shown in Figs. 4(a) and 4(b). Here, bias voltages
to respective mesas are common as 0.92 V, for example.
Based on these results, the Stokes polarization parameter
SPPs (S0, S1, S2, S3) = S0(1, S̃1, S̃2, S̃3) can be estimated by

fitting

I (θ) = 1
2

(
S0 + S1 cos2 2θ + S2 cos 2θ sin 2θ + S3 sin 2θ

)
,

(1)

to the experimental data. However, non-negligible twofold
asymmetry is found in the experimental data despite the
twofold rotationally symmetric function of Eq. (1). This is
attributed to an asymmetric loss of the QWP possibly due
to deformations of its metallic plates. See Appendix C. In
order to reduce this loss, we introduce a correction function
C(θ) as

C(θ) = 1 −
√

a2 + b2 + a cos θ + b cos θ , (2)

where a and b are constants determined by the optical
system. We employ Icorr(θ) = C(θ)I(θ) to apply the least-
squares method for the experimental data. This operation
corresponds to take a projection to original cross section
of intensity from observed results. The obtained SPPs for
CVB and CCB are shown in Figs. 4(c) and 4(d), respec-
tively. The values are listed in Table II. Between mesa B
and E, no significant difference is found for S0, S̃1, and
S̃2, whereas S̃3 has the opposite sign, i.e., opposite helic-
ity. This is attributed to the mirror symmetry of the device
shapes including their electrodes. Next, let us compare
among individual and simultaneous bias cases. S0’s for
both CVB and CCB cases considerably smaller than the
square of the sum of

√
S0’s for individual cases. Signif-

icant difference in S̃3 is found between CVB and CCB.
This is attributed to the phase delay to synchronize B
and E.

1. Linear combination method to describe a coupled
emission

Let us consider the coupled radiation of the BE pair.
If we write electric field emitted from the individually
biased mesas B and E as |B〉 = EB exp[i(ωBt + δB)] and
|E〉 = EE exp[i (ωEt + δE)], respectively, where EB, ωB,
and δB are the electric field vector, angular frequency, and
the phase of an EM wave emitted from mesa B, respec-
tively. The simultaneous bias in the parallel connection can
be written as follows:

|B ‖ E〉 = α |B〉 + β |E〉 , (3)

where α and β are complex. This is based on the idea that
the observed coupled emission |B ‖ E〉 is a superposition
of the EM waves emitted from mesas B and E under CVB,
referred to as |B′〉 and |E′〉, which are results of perturba-
tion arising from the coupling interaction VB‖E to |B〉 and
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FIG. 4. (a),(b) Polar plots of transmission intensity of B, E, B ‖ E (a), and B-E (b) through the polarization analyzer. Data at 0.92
V and 30 mA are plotted in (a),(b), respectively. Symbols represent measured intensity and curves are least-squares fitting results of
Icorr(θ) given by Eqs. (1) and (2) to derive SPPs. (c),(d) Derived SPPs from (a),(b) are shown in (c),(d), respectively. S0, S̃1, and S̃2

show no significant difference among B, E, B ‖ E and B-E. S̃3 representing helicity of EM vector has opposite sign between B and E.
This is due to the mirror symmetry of the device shape between them.

|E〉, respectively. Thus,
(|B′〉

|E′〉
)

= VB‖E

(|B〉
|E〉

)
=

(
α1 β1
α2 β2

) (|B〉
|E〉

)
, (4)

where α = α1 + α2 and β = β1 + β2 [36]. Writing
|B ‖ E〉 = EB‖E exp[i

(
ωB‖Et + δB‖E

)
], we obtain α(ωB) =

|α| exp[i
(
ω′

Bt + δ′
B

)
] and β (ωE) = |β| exp[i

(
ω′

Et + δ′
E

)
]

with ωB‖E = ωB + ω′
B = ωE + ω′

E and δB‖E = δB + δ′
B =

δE + δ′
E . Here, ω′

B and δ′
B are the frequencies and phase

changes of mesa B associated with synchronization, which
indicates the magnitude of the intermesa perturbation.
It is considered that |α| and |β| correspond to the ratios
of the number of IJJs contributing to for the coupled
emission (N ′

B and N ′
E) with respect to those for the individ-

ual emissions (NB and NE); in other words, |α| = N ′
B/NB

and etc. δγ = arg(β/α) = δ′
E − δ′

B is the phase difference
of the coupling perturbation for mesas B and E, which
may relate to the separation between the two mesas and
the wavelength of the simultaneous oscillations of the two
mesas. In the following, we derive

(α, β) = |BE〉
(|B〉

|E〉
)−1

, (5)

where |BE〉 is either |B ‖ E〉 or |B-E〉, and the validity of
determining α and β is discussed with fixing bases as spe-
cific polarizations of individual emissions in the following
section.
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TABLE II. Derived Stokes polarization parameters at given
individual and simultaneous bias conditions.

Bias S0 S̃1 S̃2 S̃3

B 0.918 V 0.341 0.912 0.245 −0.328
E 0.917 V 0.362 0.819 0.041 0.571
B ‖ E 0.921 V 0.696 0.953 0.204 0.219
B 0.974 V 0.530 0.728 0.513 −0.453
E 0.984 V 0.471 0.722 −0.104 0.683
B ‖ E 0.974 V 0.528 0.699 −0.167 0.694
B 30 mA 0.341 0.912 0.245 −0.328
E 30 mA 0.517 0.767 0.050 0.638
B-E 30 mA 1.079 0.862 0.062 0.501

2. Fixed bias analysis results and discussion

First, let us discuss synchronization between two mesas
in CVB mode. Since an equal voltage is applied for both
mesas in the CVB mode, two sets of SPPs of |B〉, |E〉, and
|B ‖ E〉 at two constant voltages are employed and com-
pare their coefficients α and β derived by Eq. (5). Here,
we assume that the oscillation frequency of the mesa does
not change accompanied by the synchronization, i.e., ω′

B =
ω′

E = 0. The coefficients for Vmesa = 0.92 and 0.97 V are
listed in Table III. The set of (α, β) at 0.92 V shows that
the most of IJJs in both mesas B and E contribute to the
radiation with 20◦ phase difference. Here, the Josephson
oscillation in the mesas B and E are apparently synchro-
nized. On the other hand, at Vmesa = 0.97 V, the obtained
coefficients imply that only a small portion of IJJs compos-
ing the mesa B participates in the radiation for B ‖ E. Here,
the phase difference δγ does not make sense. This would
be attributed to larger deviation in radiation frequency of
B ‖ E from individual B. As an example of CCB mode,
we discuss Imesa = 30 mA, shown in Figs. 4(b) and 4(d).
The obtained |α| is less than 0.3, suggesting that only 30%
of IJJs of mesa B participates in the synchronization. This
seems to be consistent with the spectroscopic analysis that
the CCB mode tends to show a bimodal FTIR spectrum.

In our previous publications [36,37], the bases used
for the linear combination analysis were regarded as the
polarizations with the intensity maxima of individual bias
operations. A polarization of parallelly connected mesas
was composed from two polarizations of single mesas
at biases determined by radiation properties of respec-
tively specified conditions. This procedure is considered

TABLE III. Obtained linear-coupling coefficients α, β, and
δγ = arg(β/α).

Bias |α| |β| δγ (deg)

(a) B ‖ E 0.92 V 0.632 0.824 17.4
(b) B ‖ E 0.97 V 0.145 0.953 306.1
(c) B-E 30 mA 0.297 1.23 −9.02

to be the same as previous works for synchronous radia-
tions of multiple mesas, where intensities and spectra at
biases selected by their authors with implicit aspects are
compared to discuss correspondences between individual
and simultaneous bias operations [34,35]. However, the
requirement of common voltage or current either for paral-
lel or series connection has not been necessarily taken into
considerations.

Our analysis relies on three specific measured polariza-
tions: a coupled emission with respect to two individual
emissions. Considering the known facts on JPE, i.e., that
emission intensity and polarization are sensitive to the tem-
perature distribution of the device [22], it is natural to
presume that the temperature distribution of the simulta-
neous emission is different from the individual emissions.
This discrepancy may result in deviations of |α| and |β|
from unity. Let us apply these bases to the neighboring

(a)

(b)

(c)

FIG. 5. Estimated phase delay δγ (a), |α| (b), and |β| (c)
between the synchronized mesas as a function of synchronized
frequency fs for CVB (square) and CCB (circle) operations. Sym-
bol size represents scaled S0 and colors represent averaged bias
current Imesa for the synchronized radiation. Solid lines are phase
difference corresponding to the mesa separation d and mesa pitch
d + w of traveling waves inside a media with a refractive index
n = 4.2. Arrows in (a) point out data without frequency shift
between individual and synchronized radiations, which are listed
at rows (a),(c) of Table III.
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synchronous radiations to find frequency evolutions of the
phase shift δγ . Here, the frequency shift due to the mesa
interaction ω′ is explicit. Figure 5 shows δγ , |α|, and |β|
as functions of synchronized frequency fs for CVB radia-
tions with bases at 0.92 V used in the previous paragraphs.
Obtained parameters for CCB radiations with bases at
30 mA is also plotted. It is found that the phase shift varies
linearly with increasing frequency as the general trend
common for CVB and CCB. The expected phase shift
from the separation between the mesas δd = 2πndfs/c0
is drawn with a solid line. Noted that δγ obtained with
using 0.97-V bases shows no consistent trend. For CCB,
the evolution also follows to δd but the phase offset is
different from CVB. The common slope in the frequency
evolution of δγ close to δd determined by the refractive
index of the superconducting substrate n � 4.2 [17] sug-
gests that the interaction between the mesas are mediated
not by electromagnetic waves in the space but by plas-
mons inside the Bi2212 single crystal. An expected phase
delay in accordance of the pitch of the mesas δd+w =
2πn(d + w)fs/c0 is also plotted in Fig. 5(a). The agree-
ment to the experimental δγ looks less likely than the case
of δd, however further analyses on synchronized radia-
tions among closer mesas (smaller d/w; C and D for the
present device) are required to judge the dominant distance
factor (d or d + w) for synchronized oscillation between
mesas.

The systematic difference between CVB and CCB
observed in the present study presents quantitative dif-
ferences of media to promote the synchronous radiation;
in other words, the Josephson plasmon excited the base
crystal. To attain the highest radiation power accompa-
nied by fully controlled in-phase synchronization, δγ holds
an essential relevance for CVB, and the number of syn-
chronously oscillating IJJs within a mesa is another rele-
vance for CCB. In Ref. [38], it is reported that the phase
delay between two synchronized IJJ stacks composing
the same number of IJJs is zero. The difference from the
present study may be attributed to the small difference
in N , individual radiation frequency, inhomogeneous tem-
perature rise, and so on. These inevitable inequivalences
of a real device can be compensated by an externally
applied perturbation such as an external magnetic field
or a focused laser irradiation. We believe that the sug-
gested polarimetry under the controlled perturbations and
numerical analysis on Josephson junctions with modified
coupling capacitances [53] elucidate the mechanism for
coherent phase dynamics of a Josephson-junction array.
Furthermore, investigations on CVB and CCB systems
with more mesas in combination with artificially fabri-
cated Josephson-junction arrays [54] leads to multipixel
two-dimensional JPE mesa array devices and a global
coupling system of Josephson oscillators [55], which rep-
resents synchronous phenomena within a mesa consisting
of thousands of IJJs.

IV. SUMMARY

Terahertz electromagnetic wave emission from two
simultaneously biased mesas of Bi2212 IJJ stacks on a
superconducting substrate is investigated by intensity, fre-
quency, and polarization measurements as functions of
bias voltage, combination of mesas, and parallel and series
connections. Coupled and uncoupled emissions tended to
be observed in parallel and series connections of the mesas,
respectively. The frequencies of the coupled emissions are
systematically varied. Electromagnetic waves from pairs
of coupled mesas can be represented by linear combina-
tions of two individual emissions at shifted frequencies
and phases, irrespective of parallel and series connections,
rather than by simple superpositions of observed individ-
ual radiations modified by device temperature rise. Further
systematic investigations with parameters of intermesa
separation and mesa geometries are required to fully assess
the features of the perturbation matrix to control the inter-
mesa synchronous phenomena and attain a high-power
terahertz source from superconducting IJJ stacks.
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APPENDIX A: BASIC PROPERTIES OF
INDIVIDUAL MESAS

Geometries, superconducting transition temperature Tc
characterizing mesas B, C, and E are listed in Table I.
The length and thickness of the mesas are designed to
be the same as 350 and 80 μm. Figure 2 shows current-
voltage-emission I -V-E characteristics for mesas B, C, and
E. Dominant high-bias radiation and weak low-bias radi-
ation are found [24]. The high-bias radiation is found in
all mesas and the low-bias radiation is found in mesas C
and E. The high-bias radiation is pronounced below 35,
25, and 45 K for mesas B, C, E, respectively. Thus, discus-
sion to compare individual and simultaneous emissions is
done for data acquired at 30 K.

Temperature dependence of the radiation intensity for
individual biasing are shown in Fig. 6. The intensity max-
ima in B and E are found at 30 and 36 K, respectively.
Comparing the intensity at 30 K, where simultaneous bias
data are taken, with the data at higher temperatures, E can
increase by more than 10% with a temperature rise of about
6 K, but B decreases by more than that, so that the sum of
intensities is smaller than that at 30 K. For these reasons,
we can conclude that the radiation intensity in simultane-
ous bias is not due to the temperature increase added to the
superposition of the individual radiations.
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APPENDIX B: POLARIZATION DATA
ACQUISITION

The voltage-current dependences of SPPs are extracted
from I -V-E curves at varied QWP angle θ of the system
shown in Ref. [36]. First, we obtain I -V-E data at every
fixed θ for several I -V rounds, where θ is changed from
0 to 360◦ with a step of 9 or 18◦. Second, a polar plot
of the transmission intensities is made to pick up E val-
ues within a certain I -V window (e.g., 1 mA × 0.05 V) for
θs. Here, E-data points, which apparently deviates from
the twofold rotational (C2) symmetry are removed. Then,
SPPs are obtained by fitting Eq. (1) to the polar plot. The
obtained values compose SPPs at the bias of the center of
the I -V window.

For comparisons among different mesas and different
connections, normalized SPPs (1, S̃1, S̃2, S̃3), where S̃i =
Si/S0 (i = 1, 2, 3) are useful. Values of obtained SPPs used
to estimate α and β according to Sec. III C 1 are listed in
Table II.

APPENDIX C: CORRECTION FUNCTION FOR
TWOFOLD ASYMMETRY

Since the QWP used in this work consists of thin metal-
lic plates held by a pair of pillars [46], a possible local
deformation of the plates results in asymmetric transmis-
sion through the QWP. This is pronounced when the THz
beam is not centered at the QWP. To obtain reliable SPPs,
we introduce a correction function C(θ), Eq. (2). C(θ)

is found from 2π periodic functions with respect to θ to
restore the loss of QWP due to the deformation. Thus
max

0≤θ<2π
{C(θ)} = 1 is satisfied as shown in Fig. 7.

FIG. 6. Temperature dependence of the maximum radiation
intensity for individual B, C, and E.

(a) (b)

FIG. 7. Schematic representations of the correction function
C(θ). (a) Homogeneous loss case with C(θ) = 1. (b) Assume that
the observed transmission intensity is a result of a linearly depen-
dent spatial loss (of the QWP). Observed intensity corresponds to
the red circle with respect to real incident intensity represented by
the yellow ellipse with C(θ) = 1 + 0.25 sin(θ + 1) − 0.25.

APPENDIX D: TRANSFORMATION FROM
STOKES POLARIZATION PARAMETERS TO

ELECTRIC VECTOR

Consider a completely polarized electromagnetic wave
whose electric field in the plane perpendicular to the
propagation vector given by

E(t) =
(

Ex exp[iωt]
Ey exp[i(ωt + δxy)]

)
, (D1)

where the observation plane is taken at z = 0 and ω is the
angular frequency of the wave. The polarization of this
electromagnetic wave is represented by a set of SPPs

⎛

⎜
⎝

S0
S1
S2
S3

⎞

⎟
⎠ =

⎛

⎜⎜
⎝

E2
x + E2

y
E2

x − E2
y

2ExEy cos δxy
2ExEy sin δxy

⎞

⎟⎟
⎠ . (D2)

The parameters of the electric field is oppositely obtained
by the SPPs as

Ex =
√

S0 + S1

2

Ey =
√

S0 − S1

2

δxy = arctan
S3

S2

, (D3)

which are used to obtain complex coefficients of α and β

with Eq. (5).

[1] R. Kleiner, F. Steinmeyer, G. Kunkel, and P. Müller, Intrin-
sic Josephson Effects in Bi2Sr2CaCu2O8 Single Crystals,
Phys. Rev. Lett. 68, 2394 (1992).

[2] M. Tachiki, T. Koyama, and S. Takahashi, Electromagnetic
phenomena related to a low-frequency plasma in cuprate
superconductors, Phys. Rev. B 50, 7065 (1994).

054043-9

https://doi.org/10.1103/PhysRevLett.68.2394
https://doi.org/10.1103/PhysRevB.50.7065


RYOTA KOBAYASHI et al. PHYS. REV. APPLIED 17, 054043 (2022)

[3] I. Kakeya, K. Kindo, K. Kadowaki, S. Takahashi, and
T. Mochiku, Mode separation of the Josephson plasma in
Bi2Sr2CaCu2O8+δ , Phys. Rev. B 57, 3108 (1998).

[4] S. Sakai, P. Bodin, and N. F. Pedersen, Fluxons in thin-
film superconductor-insulator superlattices, J. Appl. Phys.
73, 2411 (1993).

[5] T. Koyama and M. Tachiki, I -V characteristics of
Josephson-coupled layered superconductors with longi-
tudinal plasma excitations, Phys. Rev. B 54, 16183
(1996).

[6] M. Machida, T. Koyama, and M. Tachiki, Dynami-
cal Breaking of Charge Neutrality in Intrinsic Joseph-
son Junctions: Common Origin for Microwave Resonant
Absorptions and Multiple-Branch Structures in the I -V
Characteristics, Phys. Rev. Lett. 83, 4618 (1999).

[7] M. Machida and S. Sakai, Unified theory for magnetic and
electric field coupling in multistacked Josephson junctions,
Phys. Rev. B 70, 144520 (2004).

[8] M. Machida, T. Koyama, A. Tanaka, and M. Tachiki, Col-
lective dynamics of Josephson vortices in intrinsic Joseph-
son junctions: Exploration of in-phase locked superradiant
vortex flow states, Phys. C Supercond. its Appl. 330, 85
(2000).

[9] M. Tachiki, M. Iizuka, K. Minami, S. Tejima, and H. Naka-
mura, Emission of continuous coherent terahertz waves
with tunable frequency by intrinsic Josephson junctions,
Phys. Rev. B - Condens. Matter Mater. Phys. 71, 134515
(2005).

[10] L. N. Bulaevskii and A. E. Koshelev, Radiation due
to Josephson Oscillations in Layered Superconductors,
Phys. Rev. Lett. 99, 057002 (2007).

[11] L. Ozyuzer, A. E. Koshelev, C. Kurter, N. Gopalsami,
Q. Li, M. Tachiki, K. Kadowaki, T. Yamamoto, H. Minami,
H. Yamaguchi, T. Tachiki, K. E. Gray, W.-K. Kwok, and U.
Welp, Emission of coherent THz radiation from supercon-
ductors, Science 318, 1291 (2007).

[12] K. Kadowaki, H. Yamaguchi, K. Kawamata, T. Yamamoto,
H. Minami, I. Kakeya, U. Welp, L. Ozyuzer, A. Koshelev,
C. Kurter, K. E. Gray, and W. K. Kwok, Direct observation
of tetrahertz electromagnetic waves emitted from intrinsic
Josephson junctions in single crystalline Bi2Sr2CaCu2O8+δ ,
Phys. C Supercond. its Appl. 468, 634 (2008).

[13] H. Minami, I. Kakeya, H. Yamaguchi, T. Yamamoto, and
K. Kadowaki, Characteristics of terahertz radiation emitted
from the intrinsic Josephson junctions in high-Tc super-
conductor Bi2Sr2CaCu2O8+δ , Appl. Phys. Lett. 95, 232511
(2009).

[14] X. Hu and S.-Z. Lin, Phase dynamics in a stack of induc-
tively coupled intrinsic Josephson junctions and terahertz
electromagnetic radiation, Supercond. Sci. Technol. 23,
053001 (2010).

[15] H. B. Wang, S. Guénon, B. Gross, J. Yuan, Z. G. Jiang, Y.
Y. Zhong, M. Grünzweig, A. Iishi, P. H. Wu, T. Hatano,
D. Koelle, and R. Kleiner, Coherent Terahertz Emission
of Intrinsic Josephson Junction Stacks in the Hot Spot
Regime, Phys. Rev. Lett. 105, 057002 (2010).

[16] A. Yurgens, Temperature distribution in a large Bi2Sr2
CaCu2O8+δ mesa, Phys. Rev. B 83, 184501 (2011).

[17] T. Kashiwagi, K. Yamaki, M. Tsujimoto, K. Deguchi, N.
Orita, T. Koike, R. Nakayama, H. Minami, T. Yamamoto,

R. a. Klemm, M. Tachiki, and K. Kadowaki, Geometri-
cal full-wavelength resonance mode generating terahertz
waves from a single-crystalline Bi2Sr2CaCu2O8+δ rectan-
gular mesa, J. Phys. Soc. Jpn. 80, 094709 (2011).

[18] T. Koyama, H. Matsumoto, M. Machida, and Y. Ota, Multi-
scale simulation for terahertz wave emission from the
intrinsic Josephson junctions, Supercond. Sci. Technol. 24,
085007 (2011).

[19] I. Kakeya, Y. Omukai, T. Yamamoto, K. Kadowaki, and
M. Suzuki, Effect of thermal inhomogeneity for tera-
hertz radiation from intrinsic Josephson junction stacks of
Bi2Sr2CaCu2O8+δ , Appl. Phys. Lett. 100, 242603 (2012).

[20] U. Welp, K. Kadowaki, and R. Kleiner, Superconducting
emitters of THz radiation, Nat. Photonics 7, 702 (2013).

[21] M. Li, J. Yuan, N. Kinev, J. Li, B. Gross, S. Guénon,
A. Ishii, K. Hirata, T. Hatano, D. Koelle, R. Kleiner,
V. P. Koshelets, H. Wang, and P. Wu, Linewidth depen-
dence of coherent terahertz emission from Bi2Sr2CaCu2O8,
Phys. Rev. B 86, 060505(R) (2012).

[22] M. Tsujimoto, H. Kambara, Y. Maeda, Y. Yoshioka, Y.
Nakagawa, and I. Kakeya, Dynamic Control of Temper-
ature Distributions in Stacks of Intrinsic Josephson Junc-
tions in Bi2Sr2CaCu2O8+δ , Phys. Rev. Appl. 2, 044016
(2014).

[23] L. Y. Hao, et al., Compact Superconducting Terahertz
Source Operating in Liquid Nitrogen, Phys. Rev. Appl. 3,
024006 (2015).

[24] I. Kakeya and H. Wang, Terahertz-wave emission from
Bi2212 intrinsic Josephson junctions: a review on recent
progress, Supercond. Sci. Technol. 29, 073001 (2016).

[25] T. Kashiwagi, H. Kubo, K. Sakamoto, T. Yuasa, Y. Tanabe,
C. Watanabe, T. Tanaka, Y. Komori, R. Ota, G. Kuwano, K.
Nakamura, T. Katsuragawa, M. Tsujimoto, T. Yamamoto,
R. Yoshizaki, H. Minami, K. Kadowaki, and R. A. Klemm,
The present status of high-Tc superconducting terahertz
emitters, Supercond. Sci. Technol. 30, 074008 (2017).

[26] E. A. Borodianskyi and V. M. Krasnov, Josephson
emission with frequency span 1–11 THz from small
Bi2Sr2CaCu2O8+δ mesa structures, Nat. Commun. 8, 1742
(2017).

[27] A. Elarabi, Y. Yoshioka, M. Tsujimoto, and I. Kakeya,
Monolithic Superconducting Emitter of Tunable Circularly
Polarized Terahertz Radiation, Phys. Rev. Appl. 8, 064034
(2017).

[28] A. Elarabi, Y. Yoshioka, M. Tsujimoto, and I. Kakeya,
Circularly polarized terahertz radiation monolithically gen-
erated by cylindrical mesas of intrinsic Josephson junc-
tions,
Appl. Phys. Lett. 113, 052601 (2018).

[29] R. Kleiner and H. Wang, Terahertz emission from
Bi2Sr2CaCu2O8+x intrinsic Josephson junction stacks, J.
Appl. Phys. 126, 171101 (2019).

[30] T. M. Benseman, A. E. Koshelev, V. Vlasko-Vlasov,
Y. Hao, U. Welp, W.-K. Kwok, B. Gross, M. Lange, D.
Koelle, R. Kleiner, H. Minami, M. Tsujimoto, and K.
Kadowaki, Observation of a two-mode resonant state in
a Bi2Sr2CaCu2O8+δ mesa device for terahertz emission,
Phys. Rev. B 100, 144503 (2019).

[31] G. Kuwano, M. Tsujimoto, Y. Kaneko, T. Imai, Y. Ono,
S. Nakagawa, S. Kusunose, H. Minami, T. Kashiwagi, K.

054043-10

https://doi.org/10.1103/PhysRevB.57.3108
https://doi.org/10.1063/1.353095
https://doi.org/10.1103/PhysRevB.54.16183
https://doi.org/10.1103/PhysRevLett.83.4618
https://doi.org/10.1103/PhysRevB.70.144520
https://doi.org/10.1016/S0921-4534(99)00613-9
https://doi.org/10.1103/PhysRevB.71.134515
https://doi.org/10.1103/PhysRevLett.99.057002
https://doi.org/10.1126/science.1149802
https://doi.org/10.1016/j.physc.2007.11.090
https://doi.org/10.1063/1.3269996
https://doi.org/10.1088/0953-2048/23/5/053001
https://doi.org/10.1103/PhysRevLett.105.057002
https://doi.org/10.1103/PhysRevB.83.184501
https://doi.org/10.1143/JPSJ.80.094709
https://doi.org/10.1088/0953-2048/24/8/085007
https://doi.org/10.1063/1.4727899
https://doi.org/10.1038/nphoton.2013.216
https://doi.org/10.1103/PhysRevB.86.060505
https://doi.org/10.1103/PhysRevApplied.2.044016
https://doi.org/10.1103/PhysRevApplied.3.024006
https://doi.org/10.1088/0953-2048/29/7/073001
https://doi.org/10.1088/1361-6668/aa6dd7
https://doi.org/10.1038/s41467-017-01888-4
https://doi.org/10.1103/PhysRevApplied.8.064034
https://doi.org/10.1063/1.5040159
https://doi.org/10.1063/1.5116660
https://doi.org/10.1103/PhysRevB.100.144503


SPONTANEOUS FREQUENCY SHIFT AND PHASE DELAY. . . PHYS. REV. APPLIED 17, 054043 (2022)

Kadowaki, Y. Simsek, U. Welp, and W.-K. Kwok, Mesa-
Sidewall Effect on Coherent Terahertz Radiation via Spon-
taneous Synchronization of Intrinsic Josephson Junctions in
Bi2Sr2CaCu2O8+δ , Phys. Rev. Appl. 13, 014035 (2020).

[32] Y. Ono, H. Minami, G. Kuwano, T. Kashiwagi, M. Tsuji-
moto, K. Kadowaki, and R. A. Klemm, Superconducting
Emitter Powered at 1.5 Terahertz by an External Resonator,
Phys. Rev. Appl. 13, 064026 (2020).

[33] Y. Saito, S. Adachi, R. Matsumoto, M. Nagao, S.
Fujita, K. Hayama, K. Terashima, H. Takeya, I. Kakeya,
and Y. Takano, THz emission from a Bi2Sr2CaCu2O8+δ

cross-whisker junction, Appl. Phys. Express 14, 033003
(2021).

[34] N. Orita, H. Minami, T. Koike, T. Yamamoto, and K. Kad-
owaki, Synchronized operation of two serially connected
Bi2212 THz emitters, Phys. C Supercond. its Appl. 470,
S786 (2010).

[35] T. M. Benseman, K. E. Gray, a. E. Koshelev, W.-K. Kwok,
U. Welp, H. Minami, K. Kadowaki, and T. Yamamoto,
Powerful terahertz emission from Bi2Sr2CaCu2O8+δ mesa
arrays, Appl. Phys. Lett. 103, 022602 (2013).

[36] M. Tsujimoto, S. Fujita, G. Kuwano, K. Maeda, A. Elarabi,
J. Hawecker, J. Tignon, J. Mangeney, S. Dhillon, and
I. Kakeya, Mutually Synchronized Macroscopic Joseph-
son Oscillations Demonstrated by Polarization Analysis of
Superconducting Terahertz Emitters, Phys. Rev. Appl. 13,
L051001 (2020).

[37] K. Hayama, S. Fujita, Y. Kuriyama, K. Maeda, M. Tsuji-
moto, and I. Kakeya, in 2020 Int. Conf. UK-China Emerg.
Technol. (IEEE, 2020), p. 1.

[38] S.-Z. Lin, Mutual synchronization of two stacks of intrin-
sic Josephson junctions in cuprate superconductors, J. Appl.
Phys. 115, 173901 (2014).

[39] K. Ota, K. Hamada, R. Takemura, M. Ohmaki, T.
Machi, K. Tanabe, M. Suzuki, A. Maeda, and H. Kitano,
Comparative study of macroscopic quantum tunneling in
Bi2Sr2CaCu2Oy , Phys. Rev. B 79, 134505 (2009).

[40] H. Kitano, Y. Takahashi, D. Kakehi, H. Yamaguchi, S.-i.
Koizumi, and S.-y. Ayukawa, Increase of phase retrapping
effects in the switching rate from the finite voltage state
of the underdamped intrinsic Josephson junctions, J. Phys.
Soc. Jpn. 85, 054703 (2016).

[41] Y. Nomura, T. Mizuno, H. Kambara, Y. Nakagawa,
and I. Kakeya, Enhanced macroscopic quantum tunneling
in capacitively coupled BiPb2201 single-layered intrin-
sic Josephson junctions, J. Phys. Soc. Jpn. 84, 013704
(2015).

[42] Y. Nomura, R. Okamoto, T.-a. Mizuno, S. Adachi, T.
Watanabe, M. Suzuki, and I. Kakeya, Role of the inner
copper oxide plane in interlayer Josephson effects in multi-
layered cuprate superconductors, Phys. Rev. B 100, 144515
(2019).

[43] S.-Z. Lin and A. E. Koshelev, Synchronization of Joseph-
son oscillations in a mesa array of Bi2Sr2CaCu2O8+δ

through the Josephson plasma waves in the base crystal,
Phys. C Supercond. 491, 24 (2013).

[44] H. Eisele, M. Naftaly, and J. R. Fletcher, A simple inter-
ferometer for the characterization of sources at terahertz
frequencies, Meas. Sci. Technol. 18, 2623 (2007).

[45] I. Kakeya, N. Hirayama, T. Nakagawa, Y. Omukai, and
M. Suzuki, Temperature and current dependencies of tera-
hertz emission from stacks of intrinsic Josephson junctions
with thin electrodes revealed by a high-resolution FT-IR
spectrometer, Phys. C Supercond. 491, 11 (2013).

[46] M. Nagai, N. Mukai, Y. Minowa, M. Ashida, T. Suzuki, J.
Takayanagi, and H. Ohtake, Achromatic wave plate in THz
frequency region based on parallel metal plate waveguides
with a pillar array, Opt. Express 23, 4641 (2015).

[47] B. Schaefer, E. Collett, R. Smyth, D. Barrett, and B. Fraher,
Measuring the Stokes polarization parameters, Am. J. Phys.
75, 163 (2007).

[48] G. Y. Russell A. Chipman and Wai-Sze Tiffany Lam, Polar-
ized Light and Optical Systems (CRC Press, Boca Raton,
2019), 251.

[49] B. Gross, F. Rudau, N. Kinev, M. Tsujimoto, J. Yuan, Y.
Huang, M. Ji, X. J. Zhou, D. Y. An, a. Ishii, P. H. Wu,
T. Hatano, D. Koelle, H. B. Wang, V. P. Koshelets, and
R. Kleiner, Electrothermal behavior and terahertz emission
properties of a planar array of two Bi2Sr2CaCu2O8+δ intrin-
sic Josephson junction stacks, Supercond. Sci. Technol. 28,
055004 (2015).

[50] D. R. Gulevich, V. P. Koshelets, and F. V. Kusmartsev,
Bridging the terahertz gap for chaotic sources with super-
conducting junctions, Phys. Rev. B 99, 060501(R) (2019).

[51] E. M. Shahverdiev, Modulated time delays, synchronized
Josephson junctions in high-temperature superconductors
and chaotic terahertz waves, J. Supercond. Nov. Magn. 34,
1125 (2021).

[52] Y. Matsuda, M. Gaifullin, K. Kumagai, K. Kadowaki, and
T. Mochiku, Collective Josephson Plasma Resonance in
the Vortex State of Bi2Sr2CaCu2O8+δ , Phys. Rev. Lett. 75,
4512 (1995).

[53] I. Ottaviani, M. Cirillo, M. Lucci, V. Merlo, M. Salvato,
M. G. Castellano, G. Torrioli, F. Mueller, and T. Weimann,
Collective cavity mode excitations in arrays of Josephson
junctions, Phys. Rev. B 80, 174518 (2009).

[54] M. Galin, F. Rudau, E. Borodianskyi, V. Kurin, D. Koelle,
R. Kleiner, V. Krasnov, and A. Klushin, Direct Visualiza-
tion of Phase-Locking of Large Josephson Junction Arrays
by Surface Electromagnetic Waves, Phys. Rev. Appl. 14,
024051 (2020).

[55] K. Wiesenfeld, P. Colet, and S. Strogatz, Frequency locking
in Josephson arrays: Connection with the Kuramoto model,
Phys. Rev. E 57, 1563 (1998).

054043-11

https://doi.org/10.1103/PhysRevApplied.13.014035
https://doi.org/10.1103/PhysRevApplied.13.064026
https://doi.org/10.35848/1882-0786/abe166
https://doi.org/10.1016/j.physc.2010.01.051
https://doi.org/10.1063/1.4813536
https://doi.org/10.1103/PhysRevApplied.13.051001
https://doi.org/10.1063/1.4874677
https://doi.org/10.1103/PhysRevB.79.134505
https://doi.org/10.7566/JPSJ.85.054703
https://doi.org/10.7566/JPSJ.84.013704
https://doi.org/10.1103/PhysRevB.100.144515
https://doi.org/10.1016/j.physc.2012.11.008
https://doi.org/10.1088/0957-0233/18/8/038
https://doi.org/10.1016/j.physc.2012.12.014
https://doi.org/10.1364/OE.23.004641
https://doi.org/10.1119/1.2386162
https://doi.org/10.1088/0953-2048/28/5/055004
https://doi.org/10.1103/PhysRevB.99.060501
https://doi.org/10.1007/s10948-021-05837-7
https://doi.org/10.1103/PhysRevLett.75.4512
https://doi.org/10.1103/PhysRevB.80.174518
https://doi.org/10.1103/PhysRevApplied.14.024051
https://doi.org/10.1103/PhysRevE.57.1563

	I. INTRODUCTION
	II. EXPERIMENT
	III. RESULTS AND DISCUSSION
	A. Current-voltage characteristics and emission intensity
	B. Spectral characteristics
	C. Polarization properties
	1. Linear combination method to describe a coupled emission
	2. Fixed bias analysis results and discussion


	IV. SUMMARY
	ACKNOWLEDGMENTS
	A. APPENDIX A: BASIC PROPERTIES OF INDIVIDUAL MESAS
	B. APPENDIX B: POLARIZATION DATA ACQUISITION
	C. APPENDIX C: CORRECTION FUNCTION FOR TWOFOLD ASYMMETRY
	D. APPENDIX D: TRANSFORMATION FROM STOKES POLARIZATION PARAMETERS TO ELECTRIC VECTOR
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


