25th International Conference on Low Temperature Physics (LT25) IOP Publishing
Journal of Physics: Conference Series 150 (2009) 052124 doi:10.1088/1742-6596/150/5/052124

Resonant Terahertz Radiation from Layered
Superconductors: Mechanisms of Damping and
Structure of Dynamic States
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Abstract. Intrinsic Josephson-junction stacks realized in high-temperature superconductors
may generate powerful electromagnetic radiation in terahertz frequency range. A major
challenge is to synchronize phase oscillations in many junctions. A promising way of efficient
synchronization is to excite an internal cavity mode, with the frequency set by the stack lateral
size. We discuss several issues relevant for this mechanism: (i) damping of the resonance mode
due to radiation into free space and into the base crystal, (ii) mechanisms of coupling to the
internal mode, (iii) structures and stability of coherent states.
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1. Introduction
Large density of intrinsic Josephson junctions and large value of the gap in BisSroCaCusOg
(BSCCO) and other related high-T. superconducting compounds make them very attractive for
developing coherent sources of electromagnetic radiation in the terahertz frequency range [1].
Powerful radiation can be achieved only if the oscillations of the superconducting phases are
synchronized in a large number of junctions. A very promising way to efficient synchronization
is to excite an internal cavity resonance in finite-size samples (mesas)[2, 3]. The frequency of
such in-phase Fiske mode is set by the lateral size of the mesa. The experimental demonstration
of this mechanism [2] significantly advanced the quest for superconducting terahertz sources.
In this Proceeding we summarize our current understanding of several important issues
relevant for resonant generation of electromagnetic radiation using intrinsic Josephson junctions.

2. Phase dynamics in Josephson junction stacks

We consider a rectangular mesa fabricated on the top of a bulk single crystal, see Fig. 1a. The
dynamics of stack of intrinsic Josephson junctions can be described by reduced coupled equations
for the phase differences, ,,, and reduced magnetic fields, h,
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Here units of length, time and magnetic field are the Josephson length Aj, inverse plasma
frequency 1/wp, and ®o/(2wsAy), where s is the interlayer period. The equations depend
on three parameters, v, = 4mo./(c.w,) ~ 0.002 — 0.01, vy = 47oa/(ecwpy?) ~ 0.1 — 0.2,
and ¢ = \/s, where o. and o, are components of the quasiparticle conductivity, e. is the c-
axis dielectric constant, A is the in-plane London penetration depth, and « is the anisotropy
parameter. Function g(z) describes possible modulation of the Josephson critical current to
promote coupling to the resonance mode. We assume that the mesa contains N junctions and
located at |z| < L/2. Regions n > 1 and n < 0 correspond to the mesa and crystal respectively.
We consider mesa in the resistive state, ¢, ~ wr + ay, () + Re[f,,(x) exp(—iwT)] for n > 1 and
on ~ Re[b,(x)exp(—iwT)] for n < 0. Here w = wy/wy, is the reduced Josephson frequency
proportional to dc voltage drop at one junction. We will focus on the situation when the lowest
in-phase resonance mode is excited inside the mesa in the vicinity of the resonance frequency,
wy = 7w/ L, corresponding to 0,,(x) ~ v sin(rx/L) and h,, = hcos(wz/L) with h = 7/ L.

3. Radiation properties

The resonance mode excited in the mesa looses its energy due to internal quasiparticle dissipation
and due to electromagnetic radiation. Two radiation channels are important for the mesa on
the top of bulk crystal: radiation into free space and radiation into the base crystal. The
latter channel was not considered before. We will demonstrate, however, that it gives large
contribution to the resonance damping. Distribution of the radiated electric fields for both
channels is illustrated in Fig. 1b.

3.1. Radiation into free space

Distribution of the oscillating electric field for the fundamental mode is given by E,(r) =

E. 1sin(rx/L,), where E, 1 is related with the amplitude of oscillating phase by the Josephson

relation, E,; = [iw;jPo/(2mes)|yp. For short mesa, k,L, < 1, radiation into free space is

mostly determined by the oscillating electric field at the edges and can be found similar to the

capacitor plates and patch antennas [4, 3]. Simple analytical result can be derived for a long

mesa, kyLy > 1,
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Here A is the geometrical factor, for the mesa on the top of bulk crystal A ~ 1+ Jy(k, L), where

Jo(z) is the Bessel function. The Bessel-function term appears due to a constructive interference

of waves coming from opposite sides of the crystal along the x-axis.

Pedge =A

3.2. Radiation into base crystal
3.2.1. Boundary condition at the mesa/crystal boundary We assume that in the crystal plasma
waves propagate only away from the mesa, n— —o0, i.e., the oscillating magnetic field at n < 0

can be represented as hy,(z)= ffooo % exp(—iggn + ikx)hj where gx(w) is the propagation wave

vector along the ¢ direction, cos gy = 14+(1—k?/k}) /(2¢2), with Im[gi] > 0, ko = Vw?—1+ivew/?,
and (2 = (?/ (1—ivgw). This means that the in-plane Fourier components of the fields in 0-th
and 1-st junctions are connected by relation hgj =exp(igx)hi . We are interested in behavior
near the lowest resonance when the coordinate dependence of the magnetic field inside the
mesa is given by h,(x) ~ h, cos(mz/L) for |z| < L/2 and outside the mesa (in free space) the
magnetic field is much smaller. In this case we can derive the approximate condition for the
mode amplitudes of the magnetic field at the border in between the mesa and crystal

hi — ho = Chy with ¢ ~ (0.57 + 0.317) /4. (4)

with As |¢| < 1, the variation of magnetic field across the boundary is small, |hg — hy| < |hg|.
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3.2.2. Power radiated into crystal For monochromatic oscillations, we evaluate the energy loss
due to the leaking radiation into the crystal as

o L2 hi (hy — h
Poot = Pégz—w/ dxIm [70( L 0)}
2 Jop 1 —ivgpw

with Pégi = wp®3L,/(1673A.\) and A\. = yA. When the coordinate dependence of h,(z) is

mostly determined by the lowest mode, h,(x) =~ hcos(mxz/L), and the mode amplitudes are
related by the boundary condition (4), we obtain

|y[? (5)
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with Cy, = Im [%} . It is interesting to compare this result with radiation losses from the

edges (3), ,
Pbot /Pedge = QCab€c)\L/(ALZ). (6)

For parameters of experiment [2], e, = 12, A = 0.3 ym, L = 60 — 100 ym, L, =1 pm, vgpw ~ 1,
we estimate Phot/Pedge = 30 — 50, i. e., leaking of radiation to crystal significantly exceeds the
radiation into free space.

It is convenient to introduce the reduced parameters of radiation damping, veqge and v,
which determine the damping of the mode in the same way as the quasiparticle-dissipation
damping v., Pc = VchLyLz (5cwp/167r) |Ez,1|27

Vedge = 2Aws L, /(ecwpL), Vhot = TCapAAc/(2L . L). (7)

In contrast to the c-axis dissipation, the radiation damping parameters are very sensitive to mesa
geometry. For above parameters and A, = 200 ym, we estimate ot =~ 0.3 — 0.5, which is much
higher than both v, and veqge. This means that the dissipation due to the radiation into crystal
significantly exceeds both the dissipation due to the free-space radiation and the quasiparticle
dissipation and dominates in the resonance damping.

4. Dynamic states near resonance
4.1. Homogeneous state
The simplest state is the homogeneous phase oscillation identical in all junctions [3]. For such
state the cavity mode can only be excited in presence of external asymmetric modulation of the
Josephson coupling given by the modulation function g(x). In this case the mode amplitude,
1), is directly proportional to the strength of modulation which is determined by the coupling
parameter, g7,
= 91 _2 [y L 8

V= e =1 ), dres(ra/Lio() ®
where v is the total damping parameter, v = v, + Vedge +Vhot- Unfortunately, our recent analysis
shows that this simple state is typically unstable with respect to the alternating along the c axis
deformations.

4.2. Alternating state

More interesting possibility has been found recently by numerical simulations [5]. It occurs
that the resonance promotes the formation of an alternating coherent state, in which the
system spontaneously splits into two subsystems with different phase-oscillation patterns. The
analytical solution describing this state was also found.
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In this state the phases have static coordinate-dependent contribution, which alternates from
layer to layers, see Fig. lc, ¢n(x,7) = wr+(—1)"a(x)+Relf(z) exp(—iwT)], where a(x) has a
kink near the center where it rapidly varies from 0 to 7, similar to the static soliton of the sine-
Gordon equation. The width of this soliton shrinks with approaching the resonance. Due to this
contribution, the average Josephson current density acquires a self-generated modulation given
by g(x)=cos|a(z)], which varies from 1 to —1 in the narrow region near the center. This leads
to quite efficient excitation of the resonance cavity oscillations described by the average phase
O(x). The amplitude of the mode is again given by Eq. (8) with g; ~4/7. The oscillating electric
and magnetic fields are almost homogeneous in all the junctions. The formation of this state
promotes efficient pumping of the energy into the cavity resonance leading to strong resonance
features in the current-voltage dependence.

5. Summary

In summary, we analyzed properties of the dynamic resonance state in mesocrystals of layered
superconductors. For a mesa fabricated at the top of a bulk single crystal, the resonance is
mostly damped due to the leaking of radiation into the crystal. The energy may be efficiently
pumped into the resonance mode via formation of the inhomogeneous alternating state.
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