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Introduction: Terahertz EM wave

Important applications range from DNA diagnosis to security check

vibration modes of proteins and DNA molecules in the THz range.

THz imaging
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Ref. K. Kawase,
Optics and Photonics News
Oct. 2004, p.38

much of current THz research revohves
around spectral specificity and trans-
mizsion properties. The THz frequency

Eﬂih

= mare selective than X-rays and Is
therefore mone sensitive to the nature of the materials 1t passes through. Here, a red
pepper and 3 prawn are presented alongside thelr THz Images. [Yulchl Oshima, RIKER_]
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Introduction M. Tonouchi, Nature Photonics, vol. 1, 97 (2007)
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Superconductivity: a macro quantum state

Wave function of junction system: Hy =E  + ‘]O(l//n+1 + Wn—l)

AY A
I I R B
N-n n # of Cooper pairs n-1 - n n+l
Analogy with hoping particle: position x number n
guantum conjugate quantities momentum k phase y
Superconductivity:

Bloch theorem: hoping on uniform 1D lattice broken gauge symmetry

. <fixed phase of w.f.
. ikv
Vi =D V.8 E (k) =E+2J,c0sK | < coherent condensate of
’ many states with different
number of Cooper pairs




Josephson effect

Group velocity

hd(n) _ OE (k)

dc Josephson relation:

| =1_sin ~sink
Bl dt ok
ac Josephson relation: Force equation: voltage V
A d E ,—E, =2eV
VA4
——L =2eV
dt
THz oscillation
position X number n
THz <:> n
f =0.483 xV[mV] momentum K phase y
mV

Continuous radiation possible in principle



BSCCO as Intrinsic Josephson Junctions

| Discovery of BSCCO-2212 | Evidences of Josephson effect
H. Maeda et al. Jpn. J. Appl. R. Kleiner et al. PRL 68, 2394 (1992)
Phys. 27, L209 (1988) R
I o

v: 80~1000 (MA) | ey

S+D<<1

ab

weak screening €
. superconductivity
Courtesy of K. Kadowaki | IN the nano scale




Introduction

1 New breakthrough: L. Ozyuzer et al., Science 318, 1291 (2007)

O EM radiation at 0.6THz O energy enhancement of 3 orders
> |
501 T =40K
% w = 80 um
— 40+
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BSCCO erystal

1 Key experimental results:

(1) frequency and voltage obey the ac Josephson relation

(1) frequency of radiation follows the cavity relation: A_, =2w

(111) coherent state along the c-axis < radiation power~N2

(1V) radiation in narrow regime of voltage - cavity resonance



Basic equations for multi junctions

Coupled sine-Gordon equations P,: gauge invariant phase difference

AP = (- cA?)sin P +0°P + o, -J,,) <= ‘o

Aro A
A(Z)Ql =Q, +Q; —2Q, P = 0c7e

ac Josephson relation: o0.P =E
GL relation for junction: 0 P = gS(J T J|X)+ B/

Total current: JP=sinP + BE’ +0.Ef

Sakai et al. (1993);
Kleiner et al. (1994)

B o Koyama et al. (1996);
VxB=J div] =0 Bulaevskii et al. (2006)

Maxwell equation Current conservation



Mesa sample as a cavity

parameters

Neumann-type [
boundary condition ext

6,P=0

L,=80um
L,=300um

L,=1pm

¢ =4.44x10°
S =0.02

g. =10

A, =200pm
y =500

Small mesa thickness: L,/Ag,=1/300<<1

=>» tangential magnetic field is vanishingly small =» establish a cavity

Refs. Bulaevskii & Koshelev: PRL (2007)



New solution: Kink state

Form of solution:

f
P(x,t)=at+ Acos%sin(wt +o)+ f,P*(x) o (_1)[I/2]

ac Josephson term Josephson plasma term coupling term

Why cos(kx) ?

eigen function of Laplace equation satisfying b.c. 0 P |edge

E’=9,P, B'=0,P

. \i NN




!'- Emergence of dc supercurrent

Expansion of sine of sine in terms of Bessel function

exp(izsin at ) = i J_(2)exp(inat)

N=—o0

sinft + f,P* + zsin(et + ¢)|= >3, (2)sin|(n+1)et +np+ 1,P*]

N=—c0

Physics of Shapiro steps: appearance of dc component
CSG equation for the solution
—(z/L) Aglh sin(at + @)+ f,0°P° =
o -1, — Ao’glh sin(wt + @)+ ABwog,h cos(at + @)
+1-aA®) 373, (Agh Jsin|(n+1)et + nep+ f,P°]

n=-2,-1,0

" X
10 (X) = COS L

up to fundamental frequency: sin(ot) & cos(mt)



Eigen state of operator A®

difference operator A®
A(Z)QI =Q,,, + Q. —2Q,
Eigen state of period 2-layer for A?) Sin(fI PS) g

f=(=])  +-+-+-+  ADsin(f,P*)=—4sin(f,P°)

Eigen state of period 4-layer ;

f,:(—l)[”z] T A(z)sin(flPS):—ZSin(f,PS)

For the two states the CSG egs are decoupled (=3 A® COS(]‘I PS): 0

They are stable, and observed in simulations frequently.



n phase kink

. . . g (x)=cos 2
differential equation for Ps 10 L

0°P* =qgcos@d ,(Ag,)sin P (1)

boundary condition:  0,P” |4, =0 width of kink: 1/\/E

w Phase kink

0.3 0.4



Phase difference evolves with time linearly in accordance
with the ac Josephson relation.

Static part P,: © phase kink

P’/

Texture of superconductivity phase along c axis
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dc supercurrent

- . 72X
IV characteristics gn(x)= cos =

=ﬂa)—sm¢j J,(Agpp) cos P*dx = (i + A?/4) (2)

O the kink Ps permits pumping large current and energy

Coupling between dc driving and transverse plasma

O cf. Koshelev and Bualevskii

(a) (b) <o | (©) : :
. = = L The new kink state builds up
i === |- i i

- strong coupling automatically.
= ‘y L bAng Y
Sy P'g"- i#lla|$"rf

Y L, | S W,
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V characteristics: current step at cavity voltage
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Cavity mode C'= C/ \/g

W = Lﬁ —7.854 <>~ 0.6THz

cavity —
X

V =¢,/2Je,L =1.225[mV]

ac Josephson relation holds

negative differential resistance

cf. ZFS in single junction

Small A approximation: take linear terms in (3) & (4)

Joxt = PO

1+

(1)

(@ = (x/LRS + (o) _

A. Koshelev, PRB 78, 174509 (2008)

m 1 LX m S
15 :L—on 0.5 COSP°dXx =~ 2/7



Pyonting vector at the junction edges
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taking the mesa in the experiments

P=2000 x L, x L, =6 mW

parameters

L,=80um

¢ =4.44x10°
S =0.02

&, =10

‘Z‘ =1000
0=r/4

optimal value upon Z variation



Metaphor

Zligzag Staircase Wedged Blocks

+m Kink
—7 Kink




Kink state: (1,1) mode of rectangular mesa

1 Solution:

P(x,y,t)=at+ AcosLﬁcosLﬂsin(a)t + @)+ f,P3(X, )

X y

1 2D phase kink: (@2 —I—@Z) =g cos¢l ,(Ag,;)sin P°

o7 (x, y) = cos(mx/L, )cos(zy/L, )

@ = \/(”/Lx)2 "'(”/Ly)2

-y K. Kadowaki et al.
1 | Physica C 468,
04 B 634 (2008); and
preprints




XH and S.-Z. Lin, PRB 78, 134510 (2008)
Kadowaki group: conf. talks; preprint; poster
XH and S.-Z. Lin, in preparation

Cylindrical geometry

C

Pi(r.t)=wt+ AJy (%p) cos ¢ sin(wt + ) + f1P°(r)

fi1 = 1.8412/a
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Summary Thank yOU I

We found a new dynamic state in Josephson junctions — &°

© kKink in superconductivity phase

o

This is a device converting large dc energy into THz radiation.
the basic principle is the Josephson effect.

feeding grass to get milk, pumping water to get oll

efficiency<10%, dissipations inevitable, no free lunch !

Our theory explains all the important features of experiments so far.

The theoretical picture is based on large-scale computer simulations

Intuition very limited for highly nonlinear sine-Gordon systems



