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KpaTkoe coaep>xaHue

= 1.1. Mopgenb CCAIN c eMKOCTHOWM CBA3bIO.

= - O606bWweHHoe cooTHOoLLEeHMe [Ixo3edcoHa u
cuctema ypaBHeHun ana CAI

= - MeToauKa pacyeTta

1.2. CCJJ mopenb ¢ AMddPY31UOHHBLIM TOKOM
(CCJ1J+DC mopenb)

= 1.3. NapaMeTpuyeckmum pe3oHaHC
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Layered Bi,Sr,CaCu,0,(Bi2212) single
crystals represent natural stacks of atomic
scale intrinsic Josephson junctions.
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— Multi-branch structure
— large hysteresis
— Roughly equal spacing



Experimental IV of BSCCO- R.Kleiner, PMuller, 1992
2212 (Sample Ea, 10K; ED,
S5K) JKyoto: University,

Japan
[ 1 | /
Experimental Ve o BSCCO-2212
(Samiple #1.) K. OKanoue,
K.Hamasaki, APL, 87222506,
(2005)
/
e
/

FIG. 2. I-V characteristics of a self-planarized stack (Sample No. 1) at 25,
40, 60, and 77 K.
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FIG. 1. (8) Fext theee branches of B 1-V chasacterisiic of 2
T:BaCarCoy0y4. o su2p stack with 2 tonal susber of 130 juncrions:
(b] 7-V chasscterisacs of w1 anificial three-junction NWAI-AJD,/ND
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FI0. 3. Comparison of e first thooe branches of the [-V char

aneriesic of 2 BSOCO mesa. The valtages of the second (Uhird)
branch sav: desa divided by rwo (Bree)

FIG. 10 () -V characterisic of 3 BSOCO mesa a Twd2 K
Not all braecher are waced ow. With increasng sumber of resistive
Jeacuons, heating effects couse & backbending of the [-V curve. (b)
Enlargemant of the region indicsed in (3) showing the exremely
regular ssuctores o all besnches. (¢) The same duts os a0 expar
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APPLIED PHY SICS .
A device made from a layered superconductor

emits electromagnetic waves in a freguency

Fi"ing the Te rahertz Gap range for which good radiation sources had

been lacking.
Reinhold Kleiner

t almost every frequency, we have
1 a2 " — T h rt —
W“im‘*ﬂ“'i’ "1 j::l.‘::]'.lt]'dtt: "ﬂ-'"l "lﬂtﬁ"‘t Transistor Laser
electromagnetic mdiation. One cru- ! m w
cial exception is the low terahertz mnge, i i T |
T ¥ . F 300MHz 3GHz 30GHz 300GHz 3THz  30THz 300 THz
where despite intensive r-:::.'-:::.d:-;.h. thers 15 a . M  fm ton inm 0w oum  fm
severe lack of devices such as oscillators and [ e
detectors. With better teraherte technology,
mresearchers could dﬂr‘ﬂlﬂ]‘] new kinds of non- Figure | The terahertz gap. The gap, lying roughly between 300 GHz (0.3 THz) and 30 THz, exists

. . . . . because the frequencies generated by transistors and lasers, typical semiconductor devices, don’t
destructive imaging for matenals testing and e ' o . .
overlap. No current semiconductor technology can efficiently convert electrical power into

medical lil..i:l.jg]'.lJ!-ili-i, and Ty out nowvel AP electromagnetism in that range. But the ‘heterostructure laser’ produced by Kohler ef al.' might, in
1:|'|_'|3.;|;_,|_'|]'_| e studies of materals and molecales, due course, meet the demand for radiation sources at these terahertz wavelengths.

Emission of Coherent THz Radiation
from Superconductors

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,® U, Welp®*

www.sciencemagorg SCIENCE VOL 318 23 NOVEMBER 2007




Emission of Coherent THz Radiation from
Superconductors (1)

23 NOVEMBER 2007 VOL 318 SCIENCE
w.sciencemagorg SCIENCE VOL318 23 NOVEMBER 2007
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Fig. 2. Current-voltage characterstics and radia-
tion power of the BD-um mesa. The voltage
dependence of the corrent (nght p-axt) and of
the radiation power (left y-axish at 25 K for parallel
and perpendicular settings of the filter with 0.452
THz amt-off freguency are shown for decreasing
biaz in zero applied magnetc field. Polanzed
Josephson emission oocwrs near 0.71 and 0.37 W,
and unpolarized thermal radiation coours at higher
bias. The bHad sold line is a smuolation of the
thermal radiation (22}
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Fig. 3. Spedral characterization of the emission.
(A) The polarization ratio—defined as theratio the
radiation power measured at perpendicular and at
parallel filter settings—of the emision peaks is
shown for four mesas as a function of at-off
frequency of the filters. The radiation frequency is
estimated from the filter cut-off frequency at which
the polarization ratio levels off at high frequencies
(22). (B) Far-infrared spedra of the Josephson
radiation. Sharp emission lines are clearly
resobved. The observed line width of -9 GHz
(FWHM) & instrument-resolution limited. The
scaling of the emission freguency with the inverse
mesa width, shown in the inset, demonstrates that
a cavity resonance on the width s exdted.
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Models of JJ systems with capacitive coupling
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MODELS

* CCJJ-model:
-I. Koyama and M. Tachiki, Phys. Rev. B'54, 16183 (1996)

* CCJJ+DC-model:

-Yu. M. Shukrinoy, E Mahfouzi and P. Seidel, Physica C
449 62 (2006).

-M. Machida, 1. Keyama, A. Tanaka and M. Tachiki,
Physica € 331, 85/ (2000).

= CIB-model:
-D. A. Ryndyk, Phys. Rev. Lett. 80, 3376 (1998)



Mopenb CCAll ¢ EMKOCTHOVI CBS3bI0.
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Generalized Josephson Relation

Gauge invariant phase difference:
I+1

B4 (1) =6, (1) - 9.+1<t>—— jdzAz(z t)

d h 06 gu’
P == I2; (D|:¢|___I; szlu :
Aru 2e ot d.d,
Generalized Josephson Relation :
o, 26 2e e
al’tl - = h Vil +;(CD|+1 -D,); Vi = deZEZ(Z,t)
op,,, 2e 2e
GJR: altl - = ” Vi "'?4”/”2 (P —p)
. | Vv
diveE = 4zp:; E=— p = Md q —— M Vi)
h 0. g
GJR: — =V +L(V|+2,|+1 +Vi 2V 1)
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CCJJ model (Koyama, Tachiki, 1996)




Numerical Procedure

a(sing,,, +sing_; —2sing,)

B 1 Trnax N
— Vdt V=>V
| T _T j | |Z_1: |

max min- T
oQ .
R—state: < A >=const,<sing >=0
Op

O-—state: < ~ >= (0, < SIn @ >= const



Time dependence
div (e E) = @ Q=Qp & (Vs 1-Vi)
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ni11b25a1g05-Pri

Current, a.u.

S=>FRi[1,4,6,8,11]=> Ru[5~,7" ] => Ry => R4f3~.6,9"] =>
=> Rs[1,2,4,8,10,11] => Ry[1,4,8,11] => Ry[L, 11] => §

75 1000
Voltage, a.u.

ni1b25a1g05-Pr1
up

niib25a1g05-Pri
up

) H-8-H8--4

Average of phage derivative, a.u.

junction’s number




n11b25a1g05-Pri1

Current, a.u.

§=> Ri[1,4,6,8,11] => Ry[5~,7"] => Ry => R4f3.6,97] =>
=> Rg[1,2,4,8,10,11] => Ry[l,4,8,11] => Ry[1,11] => §

B0

100 125

Vo'lll"t';aga. a.u.

n11b25a1g05-Pr1
down

Average of phase derivative, a.u,

4




Result of calculation

d? PrLi+1
dr?

. d
= (1= aV®)(J/J. = sin(i11)) = 5=

awrage of derivative of phase
oo R R i

2
Current




TABLE I: Branch’s number, slopes and corresponding states
for IVC of 11 1JJ in CCJJ model at « = 1,8 = 0.1 and
v = 0.5.

branch state slope branch state slope
0: S 0 29: R(3,4,5,6,7,8,9) 80.77
1: R(6) 22.27 30 : R(1,3,6,9,11) 83.33
2: R(1,11) 32.36 30 : R(1,4,6,8,11) 83.33
3: R(5,7) 38.80 31: R(2,4,6,8,10) 84.67
4 : R(2,10) 40.34 32: 0(3,5,6,7,9) 84.76
5: R(5,6,7) 42.13 32: 0(2,5,6,7,10) 84.76
6 : R(3,9) 42.99 33: 0(3,4,6,8,9) 86.67
7 R(4,8) 43.19 33: 0(2,3,6,9,10) 86.67
8: R(1,2,10,11) 52.34 34 : 0(1,4,6,8,11) 88.00
9: R(1,6,11) 54.00 34 : 0(1,3,6,9,11) 88.00
10 : R(4,6,8) 55.10 35 : 0M4,5,7,8) 90.00
11 : R(4,5,7,8) 58.43 35: 0(3,4,8,9) 90.00
12 : R(2,3,9,10) 60.22 35: 0(2,3,9,10) 90.00
13 : R(3,6,9) 60.77 36 : 0(,5,7,11) 91.33
14 : R(2,6,10) 60.86 36 : 0(1,4,8,11) 91.33
15 : R(4,5,6,7,8) 61.76 36 : o(1,5,7,11) 91.33
16 : R(3,4,8,9) 62.20 37 : 0(5,6,7) 91.43
17 : R(1,3,9,11) 65.56 38 : 0(2,4,8,10) 93.33
18 : RrR(1,5,7,11) 69.523 39: 0((1,6,11) 94.67
19 : R(3,5,7,9) 70.77 40 : 0(3,5,7,9) 96.67
20 : R(1,4,8,11) 71.43 40 : 0(2,5,7,10) 96.67
21: R(1,2,3,9,10,11) 72.22 40 : 0(3,5,7,9) 96.67
22 : R(2,4,8,10) 72.76 41 : 0(1,11) 98.000
23 : R(1,2,6,10,11) 72.86 42 : 0(4,6,8) 100.00
23 : R(1,5,6,7,11) '72.86 42 0(3,6,9) 100.00
24 : R(3,4,6,8,9) 74.10 42 : 0(4,6,8) 100.00
24 : R(3,5,6,7,9) 74.10 43 : O(5,7) 103.33
25 : Rr(2,5,7,10) 74.67 43 : 0(4,8) 103.33
26 : R(3,4,5,7,8,9) 7T7.44 43 : 0(3,9) 103.33
27 : R(2,3,6,9,10) 78.00 43 : O(5,7) 103.33
27 : R(2,5,6,7,10) 78.00 44 : 0(6) 106.67

28 : R(2,3,4,8,9,10) 79.43 45 : R 110.00




M.Machida, T.Koyama

LOCALIZED ROTATING-MODES IN CAPACITIVELY... PHYSICAL REVIEW B 70, 024523 (2004)
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FIG. 3. (Color online) (a) Voltage distribution (Ref. 21) in the first branch for @=0.10 and @=35.00. The periodic boundary condition is
imposed on the system with N=40; (b) distribution of dP,.| ;/(dk).
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CVC in CCJJ model

20 20

Current - ) Branch number

FIG. 1: The total branch structure in the IVC of 1JJ. The FIG. 2: The dependence of the slope versus branch number
branch’s numbers correspond to the states shown in Table of at different values of coupling parameter.
Ref.13,

Shukrinoy, E Mahfouzi, Physica C 434 (2006) 6-12.



CCJJ+DC model

T ]
fr= 3" Al —siner) = 5]
l":l “c

A= 0 — 1+20 —a 0 .. 0 — 1-|-2() —a 0 ..

_ 1+2a -« 0 -
Lot _Q ¥ —a 142a —-a 0 .
—a 14+2a -« 0 .

.0 —a 1l+aG —« o 0 —a 142
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Current

Yu. M. Shukrinoy, E Mahfouzi and P. Seidel,
Physica C 449, 62-66 (2006)
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The branch structure in IVC in CCJJ+DC model at
different beta




The branch structure in IVC in CCJJ+-DC
model at different boundary conditions
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Equation for difference of phase differences

By subtracting equation (1) for (I)th and (I — 1)th junctions we have
(1 — ¢11) + (1 — aV®){sin(p) — sin(p1-1) + B(r — $1-1)} =0
In linear approximation for difference of phase differences, § = ¢ — (-1, we obtair
i+ (1 - aV®)(cos(p)5; + 55) =0
Expanding §(¢) in the Fourier series

5;{t) - Z 5,;3“
k

and taking into account, that
Ve = 2(cos(k) — 1)

we get

8k + (1 + 2a(1 = cos(k)))(88 + cos(p)d;) = 0.




Equation for difference ofi phase
differences

We consider that in rotating state ¢ = Qf = %‘L"t,
Introducing new dimensionless parameters,

T =w,(k)t

wy(k) = wyy/ 1 + 2a(1 — cos(k))
B(k) = By/1 + 2a(l — cos(k))

1
1 4+ 2a(1 — cos(k))

Qk) = Q

equation (9) can be written as

Ok + B(k)d), + cos(Q(k)7)d; = 0.




Parametric resonance region

Breakpoint position
l<a <2

0.01<B<0.34
1‘;:--:.’::";;:_::7 N = 10

Resonance
region




Charge oscillations near the
breakpoint In the stack with 9 JJ

Jest of the exponential dependence
off charge amplitude.

(b)

g

24250 24260 24270
top
N
eI ‘W\

24500

Yu.M.Shukrinov, F.Mahfouzi, M.Suzuki
Phys.Rev.B 78, 134521 (2008).






The gsd)abdependence of the BPC of the
outermost branch of IVC for stack of 10 1J] at
PBC.

Yu.M.Shukrinov, F.Mahfouzi. Phys.Rev.Lett, 98, 157001 (2007)



(a,b) - The &5 — and d)aPdependence of the BPC at PBC.
(c) - Charge distribution among the junctions in the

stack for different plasma modes.

Junction humber Junction number

Yu.M.Shukrinov, F.Mahfouzi. @ Phys.Rev.Lett, 98, 157001 (2007)



[V C of the outermost branch for the stacks
with different number N of 1JJ" at Yol

and at PBC

periodic
a=1

Yu.M.Shukrinov, F.Mahfouzi, N.F.Pedersen. Phys.Rev.B 75, 104508 (2007).



(a)-Parametric resonance region; (b) - Modeling of the BPC

for plasma modes with k = O and k = 2[0/5 for stack of;
10 133 at PBC; (c), (d)- Modeling of the BPC from
FESONANCE region.

Iy, = B/ 14+ 2a(1 — cos k), (K, 5)

Yu.M.Shukrinov, F.Mahfouzi. Phys.Rev.Lett, 98, 157001 (2007)



CpaBHeHMe pe3ynbTaToB pacyeTa U MoAeNnMpoBaHNS

Junction number Junction number Junction number Junction number




Modeled and calculated 958)a™
dependence of the BPC




The simulated IVC of the outermost branch in
the stack with different number: off jJunctions

periodic
o=3
3=0.3

0.84
Current




The §)aPdependence of the BPC for the
stacks with different number ofi 1JJ.




The simulated IVC of the outermost branch in
the stacks with different number of junctions
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Mojenb ¢ pasbanaHcoM
BETBEW B CHEKTPE
SMIEMEHTaPHbIX BO36YXKAEHA
CBEPXMPOBOAHVKA
(CIB Mmoaenb)
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Collective Dynamics of Intrinsic Josephson Junctions in High-7'. Superconductors

Dmitry A. Ryndyk*

The key point of our theory 15 2 noneqguilibrium nature
of the ac Josephson effect in layered superconductors
[18.20-22]. It means that superconductng layers are in
the nonstationary nensguihbrium state due to the mjection
of quasiparticles and Cooper pairs, and a nenzero imvanant
potential

ile) = oy ~ l:.-ﬁ.l'I:'EJ Edﬂu'ldl:l

15 generated mnside them where ¢y 15 the electrostatic po-
tenfial and #; 15 the phase of superconducting condensate,

pi = ~2N(0) (@, — W) = ——— (@ — ),
4mwrp
N

where W 15 determumed by the elscton-hele charge
mmbalance

el = = f (nL — n' )de, (3)
Ja

where we use the averaged-over-momentum-direction
quasiparticle distribution function s inmoduced by
Eliashberg [26], which describes quasielectron (at e = ()
and gquasihole (at e < 0) energy dismbutions, |e| 13
the quasiparticle emergy. In equilibrium a! = n' =
Al = 17201 — thilel f27)].




CIB-model
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Resonance regions in CIB-model

dx + cos(©)dr + (B(k) — @)Sk

K . kYoo k) _
n(k)3(k) / it BR ) 4 Aghpe BB = 0,
o

nik)+1

Co(k)
W' u (k) onpeaenenst kKak ¥ = 2(1 — cos(k))y n plk) =
2(1 — cos(k))n.

+(1+




CVC at different coupling
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Effect of eta, alpha and beta

00 05 1 15 2 25 3

1

Current Current Current




Superconducting







Comparison with the experimental results

8 1JJ, Bi,Sr.CaCu0O,,, T=77 K,
AV =391 mV, N =8 —> R, = .
S =25um?, d; =12A, 5, =10 —> C' =¢ % /d; = 1.84 pF.
Using these data._, we can estimate McCumber

para.nleter

7 K) == 560.

F=y -

In Zappe model, based on I,/I. = 4/(73. 1”}] at 3. >>

1 we get

I, ~ 13 pA (or I,./1. = 0.054).

This wvalue 1is essentially different from the
experimental one I, =45 nA (or I./1. = 0.188)

A.Irie, Yu.Shukrinov, G.I.Oya, Appl.Phys.Lett, 93,
152510 (2008)




Currents in hysteretic region

inf‘f"l'lmr\rll

Superconducting
current

Yu.M.Shukrinov, I.Rahmonov JETP Letters (2010).
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CVC in CCJJ and CCJJ+DC models.

N9, periodic BC, Ti=50, T{0=1000
T#1=1000, TP=0.05, JP0=0.0001
10=0.1, Imax=5, noismax=1E-8

- o=1,p=0.2

CCJJ+DC

1%0F  ceud+DC

056 058
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