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Emission of continuous coherent terahertz waves with tunable frequency by intrinsic
Josephson junctions
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We present simulation results based on a model for emission of electromagnetic terahertz wavesTpy high
superconductors. Higfi, superconductors form naturally stacked Josephson junctions. When an external
current and a magnetic field are applied to the sample, fluxon flow induces voltage. The voltage creates
oscillating current through the Josephson effect and the current excites the Josephson plasma with terahertz
frequency. The sample itself works as a cavity, and the input energy is stored in a form of standing wave of the
Josephson plasma. A part of the energy is emitted as terahertz waves.
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We proposed a possibility of the emission of electromagiater. We use BiSr,CaCyOg,s that is appropriate for the
netic waves in highil, superconductorsUstinovet al. have  experiments, and apply a magnetic field and external currents
observed millimeter wave band radiation in flux flow states. nearJ, the critical current to the 13J. Subsequently, the fre-
Hechtfisheret al. have observed centimeter wave emissionquencies of the plasma waves appear in the terahertz fre-
from vortex flow in B,Sr,CaCuyOg, 3 Barbaraet al. have  quency range. The excited plasma wave is converted to an
observed millimeter wave in Josephson-junction arfalys. intense terahertz electromagnetic wave in the waveguide
the present paper we made simulation calculations to obtaiflectrio shown in orange in Fig. 1.
continuous coherent terahertz waves, since the waves have In accordance with the mechanism mentioned above, we
various applications in scientific fields such as biology and'oW derive the equations for the simulation. The supercon-
information science. One of the hurdles for technologicaiducting order pa(rratl)meter of thiéh layer is expressed as
advancements in the terahertz region of electromagnetiti(" \D=4(r,DE4"Y, wherer andt refer to the spatial and
waves is the development of sources for intense and contin€mporal coordinates, respectively. Since superconductivity
ous coherent terahertz waves. Therefore, we investigate ' the CuQ layers is strong at low temperatures, we assume
mechanism for emitting intense continuous and frequenc{® amplituded,(r,t) to be spatially and time independent. In
tunable terahertz waves. In high temperature superconducis system, the current along thexis perpendicular to the
ors, the strongly superconducting Cul@yers and insulating CUuG; plane is given by a sum of the Josephson, quasiparti-
layers are alternately stacked along thaxis of the crystals cle, and displacement currents as
and form a naturally multiconnected Josephson junction
called intrinsic Josephson junctigilJ). In the 1JJ there ap-
pears an excitation wave called Josephson plasma, the fre
guency of which is in the range of terahettz.

For investigating an emission mechanism of terahertz
electromagnetic waves from the 133, we use the following
model shown in Fig. 1. In this figure, the 1JJ is shown in
green and the electrodes of a normal mdfal example
gold) are shown in yellow. An external magnetic field B
applied in the direction of thg axis induces fluxons in this
direction. The centers of the fluxons are in the insulating
layers. In this system, the superconducting and normal cur-
rents almost uniformly flow in the direction indicated byn
Fig. 1. The fluxons flow in the negative direction of tke = Orange
axis with a velocityv and induce a voltage difference in the

Bi2Sr,CaCu20g+5
Gold

DC current

Dielectric

direction of thez axis. This voltage creates an oscillating Superconductor Layer
Josephson current along tkeaxis by the Josephson effect,
when the temperature is sufficiently beldyand the super- FIG. 1. (Color online Schematic diagram of a prototype model

conducting current is smaller than the maximum Josephsofar terahertz emission. Bsr,CaCuyOg, s forms the 1JJ shown in
current. This oscillating current interacts strongly with thegreen, and electrode gold plates form the top and bottom electrodes
Josephson plasma due to the nonlinear nature of the systeshown in yellow. A dielectric wave guide shown in orange extends
and intensively excites the Josephson plasma wave as showram the left surface of the 13J.
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I 1011(r,t) = 3SiN g (1,1) + 0By p4q4(r,1) Let us show how the plasma wave is converted to the
n ' n electromagnetic wave at the interface between the 13J and the
+Ze5E t 1 dielectric. As mentioned before, the plasma waves have
iEz141,)(r 1), (1) N
T transverse and longitudinal components. However, the elec-

. . . L . tromagnetic wave has only the transverse component. There-
whereJ. is the critical current in zero magnetic fielde IS tqre only the transverse plasma wave can convert into the
the normal conductivity along the axis, andg, .1 is the  glectromagnetic wave at the interface. When we solve Egs.
electric field betweefl + 1)th andlth layers along the axis. (3) and(4), we impose the following boundary condition. To
The ¢4.1, is the gauge invariant phase difference defined asonnect the Josephson plasma wave in the 1JJ to the electro-

oo (741 magnetic wave in thga dielectric at the.i.nterface, we put the

1) (1) = @a(r,t) — @ (r,t) ——f dzA(r,zt), (2)  usual electromagnetic boundary condition; the electric and
b0y magnetic fields parallel to the interface are continuous at the
) ) ] interface. The electromagnetic wave in the dielectric is as-

with the vector potentiaR,(r,z,t) and the flux unitéo. For  symed to transmit freely to outer space at the end surface of
the superconducting current densities in the €plane, we  the dielectric. One possible way to achieve this condition is
use the generalized London equations, since the Ginzburge make a gradation of the dielectric constant near the sur-
Landau parameter is very large in cuprate superconductorgace. It is assumed that the opposite surface of the 13J is
We insert Egs(1) and (2) into Maxwell’s equations along exposed to vacuum.
with the superconducting current in tted planes and the Keeping in mind that the 13J is BrL,CaCy0Og,s and the
charging effect in the Cufplane. Following the calculation dielectric is MgO, we chose,,=0.4 um, A;=200 um, s
procedure given in Ref. 7 and after cumbersome calcula=3 A, d=12 A, ©=0.6 A, «=0.1, 3=0.01-0.05, and the

tions, we have number of layers=20-1000, and take the dielectric constants
o 2 ) ) along thez axis in the 13J and the dielectric constant of MgO
(1 = LAY, hany + B theny + SIN 1)) + aS' [0 (plyy to be e=10. We apply a magnetic field of 1 T along the
, , Ny .2 2 axis. We supply an external current from the gold electrodes
=)+ Blotaa = p1E = G theay + iy 4 shown in yellow in Fig. 1. We change the normalized exter-
nal currentJd/J. from 0.0 to 1.5 in steps of 0.0125. The
s’(l—aA(z))p{ =t (iey) — -1 (4) superconductivity in the top and bottom electrodes is as-

. . . sumed to penetrate to 0.078n. We note that for the exter-
In the above equation, we use normalized units for lengthy| cyrrents mentioned above, the superconducting current
time, and charge density in ttigh CuG; plane, respectively,  component ofl is always less thad,. The length of the 13J

defined as is taken to be 10@um along thex axis and the length of the
X Neop) dielectric is taken to be 5@m along thex axis. For each
X'=—, t'=wpt, andp =< (5) external current, the time evolution is simulated until the
Ae le system reaches a stationary state, that is normalizedttime
where p; is the charge density in thith CuQ, layer. The =600, and the emission power is cz_alculated after 'Fhat time.
plasma gap frequency is given ly,=c/(Vec\,), & being We assume that the system is uniform alongytiais and

the dielectric constant along tieaxis and\ being the mag- Make two-dimensional calculation in thez plane. We use
netic field penetration depth from the bc surface plane. Théhe finite difference method to perform the numerical simu-

parameters in Eq€3) and (4) are defined as Igtion. The simula_tic_m uses very large sized nonlinear equa-
tions heretofore difficult to compute. Therefore, we used the
A2, scu? ,_ S 4o\, Earth Simulator that has a peak performance of 40 teraflops,

(= d YT g ST N andg= Vet | (6)  and is of a vector-parallel type.

Let us consider a case that the node-less Josephson
where thes andd are the thickness of the superconductingplasma wave along theaxis (the transverse plasrheaan be
and insulating layers, respectively,, is a parameter related converted into the electromagnetic wave with the same fre-
to the current in the CuPsuperconducting layer, and is  quency. In this case the emitted electromagnetic wave propa-
the Debye screening length. The operaté? is defined as gates approximately in the negative direction of haxis.
APf =f - 2f +f_;. We use Eqgs(3) and(4) in the 1JJ and We found that the stacking number that fulfills the condition
use Maxwell’'s equations in the dielectric, and outer space tés 100 layers under the magnetic field of 1 T.
simulate the emission of terahertz wave. The fluxons form a triangle lattice at zero external cur-
If Egs. (3) and(4) are linearized, we obtain the Josephsonrents. When an external current is applied, the lattice moves
plasma solution. The Josephson plasma is a composite wawvédth a small oscillation of fluxons. When the current exceeds
of the Josephson current and the electromagnetic wave. Theecritical value, clusters are formed with disordered fluxons
amplitudes of the Josephson current and the electric field a@s shown in Fig. 2, and in this dynamical phase the oscilla-
always parallel to the axis. Depending on the wave propa- tion amplitude of fluxons and the coherent oscillation ampli-
gation directions parallel to the axis and thea axis, there tude of the supercondcting phase anomalously increase. This
appear, respectively, the longitudinal and transverse plasniacrease enhances the oscillating electromagnetic field. Fig-
waves. The transverse and longitudinal waves have been obre 2 shows snapshots of the moving fluxons and the oscil-
served by Tamasalet al.? and Matsudat al.® respectively. lating electric fields in the casegg=0.02 and3=0.03. In the
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X(um) FIG. 3. (Color online Snapshot of the plasma wave that is a
standing wave in the 13J and the electromagnetic wave that is a
FIG. 2. (Color online A snapshot of moving fluxons and the propagating wave in the dielectric.
oscillating electric fields of the standing plasma waves in the two

cases ofa) J/J.=0.6, 3=0.02 and(b) J/J.=1.0, =0.03. electric and magnetic field oscillations in the dielectric. The
) . . I ratio of the electric field to the magnetic field agdn from
Ilr%::;g dth'(la'hsetargj ?jr;?su;r:t;)vr\/mthieggrll(tze?selgf Tﬁ;’iﬁfggssﬁghe interface is equal to that of the usual electromagnetic
' . . e .~ \Wave. The present emission mechanism of the coherent tera-
fquons move in the negative direction of thaxis direction . hertz electromagnetic wave is similar to a laser mechanism.
with a 'ﬁrge phase .OS(.:'”at'OH' The speeds OI the fluxo(r;s "he 137 itself works as a cavity. The input energy is stored in
the applied magnetic field of 1 T are about 4% and 4.5% Ofthe form of a standing Josephson plasma in the 13J. A few

the light velocity for the currentsl/J.=0.6, 5=0.02 and percent of the energy is emitted as a terahertz electromag-

3/J:=1.0, '8:0'(.)3’ respectively. The magnetic field of a netic wave from the 1JJ to the dielectric through the inter-
fluxon spreads in the range &f along theab plane. For a face

magnetic field of 1 T 6000 fluxons are contained in the 13J. Figure 4 shows the current-voltage characteristic curve

Th_erefore, the magnetic field of the moving fluxons is al.mOStcaIculated by using Eq€2) and (3) for 4=0.02. The tera-
uniform and thus the fluxon flow creates an almost uniform _ _ .
ertz plasma wave occurs frodiJ.=0.55 t0J/J.=1.00 in

voltage between the layers. The voltage induces the oscillaf; . . ;
) o-.._the region where the voltage increases almost linearly as a
ing current due to the Josephson effect and the oscillatin

current excites the Josephson plasma. The plasma Waveﬁlmctlon of the current. In this region the gauge invariant

reflected at the interface between the 13J and the dielectri%]%ase <.j|fferencep|+.1,,(r ) és expressed by a sum Of. the
and at the surface exposed to vacuum, and it forms an aﬁ[anslatlonally moving part//,,rl"(r(,)z,t) and the oscillating
proximate standing wave in the stationary state as observeRP P11 2, 8541 (12,0 =g (1, 2,0+ Py (1, 2,0).

in Fig. 21°In Fig. 2 white parts show the electric field di-
recting to thez axis, and dark parts show the electric field
directing to negative direction of theaxis.

Figure 3 shows a snapshot of the electric and magnetic
fields of the standing wave at the 50th insulating layer from
the bottom surface in the direction of thexis. The standing
wave of the electric field along theaxis oscillates with 2.86
THz around a constant electric field for the normalized cur-
rentJ/J.=0.8 and for3=0.02. The red line shows the inter-
face between the dielectric and the 13J. The components of
the electric and magnetic fields parallel to the interface fulfill
the electromagnetic continuity condition at the interface. In
Fig. 3 the green curves indicate the magnetic and electric
fields at the time of 1.2769 ns after the system attains to the .
stationary state, and the brown dotted curves indicate the 0 2 4 6 8
magnetic and electric fields at the time of 1.2772 ns. The Voltage (mV/layer)
belly of an electric field oscillation with the largest amplitude
is pinned at the interface, inducing the large amplitude of the FIG. 4. Current-voltage characteristic f8=0.02.
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5 c: J/Jc=0.95- FIG. 6. (Color onling The emission powefW/cn?) of the
@ d: j;jcj-gs_ electromagnetic wave as a function of the external currgnts
T 4l ﬁ'J/JcC=_1.'1 3 taken to be 800 A/ch
2 g: Jo=1.15
Qo f h: J/Je=1.2 ] _ . .
S 3ta b i J/Jo=1.25 causes the fluxon oscillations and thus it causes the oscilla-
- C 9 jdNe=13 tions of the phasé,,,(r,z,t) with small frequencies com-
S oL i pared with the plasma frequency. The fluxon oscillations in-
2 e h|i ; . i .

o i eract with the plasma oscillation causes the satellites around
c 4L § the plasma peak. This fact may be understood from compari-
I ] son of Figs. 2 and 5. The fluxson clusters alongxfais in
0 Fig. 2(b) are narrower than those in Fig(a?, and thus the
2 25 3 3.5 interaction between the fluxon clusters in former is weaker

Frequency (THz) than that in the latter. This fact is consistent with the fact that

the satellite intensity in Fig.(B) is weaker than that in Fig.

FIG. 5. (Color onling (a) and (b), respectively, show the fre- 5(a). The frequency of the electromagnetic wave emitted
quency spectra calculated FFT analysis 8+0.02 and 0.03 for from the 1JJ varies continuously with changing curréhi,,
several normalized currents. The intensity is obtained by calculatinghdicating that this emission of the sample is frequency tun-
the Poynting vector at a location of4m from the interface. able. The frequencies calculated by the simulation are equal

to the ac Josephson frequency estimated by the fluxon flow

The phaseyi,,(r,z,t) mainly contributes to the current- yoltage within the accuracy of 1.3%. This fact suggests that
voltage characteristic in this region adg.(r,z,t) mainly  the plasma wave is excited by the oscillating current through
contributes to formation of the plasma wave. In the otherthe ac Josephson effect.
regions the coherent plasma oscillation cannot occur due to Figure 6 shows the emission powgne Poynting vector
incoherence among the phases in different layers or due t@easured in the dielectric at the locationu# from the
formation of the moving fluxon lattice order. The peculiar interface as a function of the external current. The emission
future of the current-voltage characteristic in low current re-occurs in some limited current region as seen in Fig. 6. When
gion in Fig. 4 remains to be explained. the current is smaller than a critical value, the emission

In Fig. 5 we show the frequency spectra calculated by faspower propagating perpendicular to the interface vanishes.
Fourier transform analysis of the electromagnetic wave at ahe reason is the appearance of nodes in the oscillating elec-
location 4um from the interface for the cases B=0.02 tric field along thez axis, indicating inclusion of the longi-
and 0.03. Figure @) shows that wherd/J, is changed from  tudinal component, and thus the emission power vanishes as
0.6 to 0.95, the frequency of the emitted electromagnetienentioned before. When the current is larger than an upper
wave is changed from 2.2 to 3.5 THz, and Figb)5shows critical value, the fluxons take various dynamical ordérs.
that whenJ/J; is changed from 0.85 to 1.3, the frequency is According to the dynamical orders, the emission is abruptly
changed from 2.1 to 3.2 THz. The frequency spectrum for aveakened, since the rigidity of the moving lattice suppresses
fixed current shows the satellites around the sharp peak. Thituxon oscillations. Wheg decreases, for exampjg=0.01,
behavior can be explained in the following way. The sharpthe oscillations of electric and magnetic fields lose the coher-
peak comes from the plasma excited by the ac Josephs@mnce and the emission power vanishes. Wgeimcreases,
effect. The phase differencg,,,,(r,z,t) oscillates with the the friction for moving fluxons becomes larger and the emis-
frequency the same as the plasma frequency, sincsion power decreases.
E, +1,(r ,t) is proportional tag/ dt®y,,(r,z,t). In addition to In the present paper we performed the simulation of tera-
the oscillation, the interaction between the fluxon clusterdertz wave emission with the parameters corresponding to
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