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Breakpoint in CVC
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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
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FIG. 2 {color) a) The IVC of a small underdoped Bi-2212
mesa st 1o = 56K . Thin lines are multiple integers of the
last branch divided by N = 34 and demonstrate perfect pe-
riodicity of the branches. Pansls b) and ¢) show the voliags
jumps between branches as a function of the branch numbsr
and the bass temperature, respectively.

V.Krasnov, Phys.Rev.B 72 (2005) 094503



Pancake stacks

Artemenko&Kruglov 1990, Buzdin&Feinberg 1990, Clem 1991

London penetration depth A

Pancake-vortex stacks

=200 nm
CuO,-bilayers



Fluxon in long junction

+
fluxon (Josaphsan vortex)

there Is an exact solution

X— Iy
plr) = 4arctan |exp 3 ]

J

corresponding to a fluxon

/\ H(r) = By, 2exp [(x — xg )/ A

TugAdy 1+ exp [2(x — 9]/ A

Oy [T dp(r)

2r J_. dr

dr = dy
JulT) = Jesinpla




Macroscopic Quantum Tunneling

FIG. 1: (Calor online). Left: the equivalent cireuit of the
RCS) model. Right: the mechanical analog of the ROS]1
modal: the tilted wash board potential in the energy-phase
apace for I = 0.6145. Arrows indicate three possible particle
trajectories after thermal escape for different quality factors.
For the lowest ) the particle get’s retrapped in the next po-
tential well, while for highest ¢ it will continue to roll dewn
the potential, leading to switching of the 1J from the super-
conducting to the resistive stats.




Macroscopic Quantum Tunneling

The TA escape rate _ pld) ep [_AUsU ]]

Alls = (44 2/31E 50 [1 — T /T where E 5 = (i/2e)1.q 18 the Jossphson energy.
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Here ~(T) 1= the thermal correction with the charasteristic parabolie dependence In~ = T%; and in the case of strong
damping (@) = 273071 — Q*(8In(2Q) — 4.428)] and s(Q) = 5[ + Q']
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Macroscopic Quantum Tunneling in a d-Wave High-T Bi,Sr,CaCu,0g, ; Superconductor

K. Inomata,"** S. Sato," Koji Nakajima,' A. Tanaka,” Y. Takano,” H. B. Wang,” M. Nagao,” H. Hatano. and S. Kawaata®
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FIG. 3icoloronline).  Standard deviation ar(I) of P (Igy ). a1
were calculated by & = ({(I,%) — Tew )2, The two sets of
data were taken from the same sample by reducing the oxygen
content. The solid lines show the theoretical fitting of the thermal

gk " . reglon. (1) starts to saturate below the crossover temperatures
1 ’;"T"k'_"'*' ] = [12.27]. The experimental 7= of the measured samples ae
-« 26K ; arcund | K. falling within the shaded crossover region calculated

. 42K theoretically. The inset shows the escape temperature T, vs T
The dotted line corresponds o T = T,..

v (Jsw) (sec!)
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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

Transistor

electromagnetic mdiation. One cru-
cial exception is the low terahertz mnge, i i i | |
. e h _— fe s 300MHz  3GHz 30GHz 300GHz 3THz 30THz  300THz
where despite intensive Tﬁ!ﬂ:d.'l'li.-]'.l. thers 15 a . i  fom fon fmm 0w fowm iy
severs lack of devices such as oscillators and .
detectors, With better terahertz technology,
rsearchers could -Ijtﬁ-'ﬂl.l.'l]'.l new kinds of non- Figure 1 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 magime for matenals testing and 1 5 Y e P ) .
= = overlap. No current semiconductor technology can efficiently convert electrical power into

medical diagnosis, and carry out novel spec- electromagnetism in that range. But the ‘heterostructure laser’ produced by Kohler ef al.' might, in
trosconp 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 1291
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Fig. 2. Current-voltage characteristics and radia-
tion power of the B0-um mesa. The voltage
dependence of the current (rght y-axis) and of
the raciation power (left y-axish at 25 K for parallel
and perpendicular settings of the filter with 0.452
THz at-off frequency are shown for decreasing
bias in zero applied magnetic field. Polarzed
Josephson emission occwrs near 0.71 and 0.37 V,
and unpolarizd thermal radiation ocours at higher
bias. The bladk solid line is a simulation of the
thermal radiation (22,

Emission of Coherent THz Radiation from Superconductors
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Fig. 3. Spedral characterization of the emission.
(A) The polarization ratio—defined as the ratio 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) Farinfrared 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 is exdted.
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Gauge invariant phase difference:
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CCJJ model (Koyama, Tachiki, 1996)







Resistively and Capacitively Shunted Junction Model
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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-
tential and #; 15 the phase of superconduciing condensate,

pi = ~2N(0) (@, — W) = ——— (@ — V),
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 energy. In equilibrium sl = n' =
Al = 1/2[1 — thilel f27)].
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where j{r) 13 the external current mn J, units, v (1) 15 the
external voltage m V, wmts, uir) = l-'I!II[r],-’i-"i., dielr) =
‘IFI:.-'].I'IIF.:': and o = Tgie, |E = mzf’lmp Efﬂr.l"z}]."f
(dod ). @, = 2eRJ.[H, m = (Bmedl.)/(fiegS), & =
(eVe /AF, T = wet. These equations may be considered
as & good phenomenclogical approxmation at all tempera-
tures. In the lmt 5 — O the gquasiparticle confmbunon
can be neglected (if the voltage 15 less than 2A and pawr
braking 15 forbidden), so that ¢ = 0 and we have the
equations for ¢ and g smilar to that obtamed m Eef. [20].

|
oo L 1 L a9 1 .
000 1.00 130 2.00 0,00 050 1.00 1,50 200

S Je

FIGz 1. The cwrent-voltage charzcteristic of most amsotropic FIZ 2. The cument- m‘olﬂf;e characteristic of less anisofropic
struchre with J. /5 ~ 107 Afen? (o = 100, @ =100, y =  shuchwe with L /85 ~ 0% Afend (o = 100, B =10, 5y =
0.1, £ =21 Multipls branches are clealy obsarved. 10, § =2). Cellective switching takes place at J = J,._
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LOCALIZED ROTATING-MODES IN CAPACITIVELY... PHYSICAL REVIEW B 70, 024523 (2004)
: : ' 4.0 : ~
0.8 (a) (b)
o 00010 ¢ e o500 ,
e m =500 E = = 0=500
Py 3.0
06 - l
~a N=40 .= 3, N=40 3
%o 4! | | g 20
boY " | u g
=, | & /
202 B | W ™10 F
> B I " I‘ .'.
@ q .| ‘ - " % / ‘l"‘
Iebbeeeees  Beseesdis 000000000000 0000000000
10 20 30 10 i 30
Site Index / Site Index /

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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TABLE I: Branch’s number, slopes and corresponding states
for IVC of 11 1JJ in CCJJ model at &« = 1,8 = 0.1 and
¥ = 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 : 04,5,7,8) 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(1,5,7,11) 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 : 0(1,5,7,11) 91.33
16 : R(3,4,8,9) 62.20 37 : O(5,6,7) 91.43
17 : R(1,3,9,11) 65.56 38 : 0(2,4,8,10) 93.33
18 : R(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 : o@,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 : R(2,5,7,10) 74.67 43 : O(4,8) 103.33
26 : R(3,4,5,7,8,9) 77.44 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 : o(6) 106.67

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

20 an

Current ] ) Branch number

FIG. 1: The total branch structure in the IVC of [JJ. The FIG. 2: The dependence of the slope versus branch number
branch’s numhbers correspond to the states shown in Table of  at different values of coupling parameter.
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Shukrinov, F. Mahfouzi, Physica C 434 (2006) 6-12.
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The branch structure in IVC in CCJJ+DC
model at different boundary conditions

N=10
a=1
=02
Periodic

0.5
Current




The branch structure in IVC in CCJJ+DC model at

different beta




CCJJ+DC model

05
Current

Yu.M.Shukrinov, F.Mahfouzi.- Supercond.Sci.Technol. 20 (2007) S38-S42




Lecture 2

Breakpoint in CVC of Layered
Superconductors




CCJJ+DC model

J = Od—‘; + J! sin(¢p) +

d

0.56 0.58

N=10
B=02 -

0.5
Current




M. Machida, T. Koyama, and M. Tachiki, Phys. Rev. Lett. 83, 4816
(1999).
D. A. Ryndyk, Phys. Rev. Lett. 80, 3376 (1998).



Q=Qy a (Vi11-V)
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Time dependence of charge oscillation on the

layers at periodic boundary condition at | = 0.575
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I\VVC of the outermost branch for the stacks with
different number N of 1JJ at y=0 and at PBC

periodic
a=1
B=0.2

Yu.M.Shukrinov, F.Mahfouzi, N.F.Pedersen. Phys.Rev.B 75, 104508 (2<IO7).
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The aS—dependence of the BPC of the outermost
branch of IVC for stack of 10 1JJ at PBC.

Yu.M.Shukrinov, F.Mahfouzi. @ Phys.Rev.Lett, 98, 157001 (2007)
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at PBC.
(c) - Charge distribution among the junctions
In the

2 4 6 8 10

Junction number Junction number Junction humber Junction number

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



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 obtain
&+ (1 — aV®)(cos(p)§ + 58;) =0
Expanding §(¢) in the Fourier series

5(t) = T 8,
k

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

we get

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




Equation for difference of phase
differences

We consider that in rotating state p = Qt = %W,
Introducing new dimensionless parameters,

T=w,(k)t

wy(k) = wy/1+ 2a(1 - cos(k))

B(k) = By/1 + 2a(1 - cos(k))

l
1+ 2a(1 - cos(k))

k) = Q

equation (9) can be written as

o + B(K)Sx + cos(Q(k)7)8; = 0.




Parametric resonance region of the
eguation

Breakpoint position

/ l<a <2
0.01<B<0.34
N=10
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(a)-Parametric resonance region; (b) - Modeling of the BPC for

plasma modes with k = 7t and k = 271/5 for stack of 10 1JJ at
PBC,; (c), (d)- Modeling of the BPC from resonance region.

Yu.M.Shukrinov, F.Mahfouzi. Phys.Rev.Lett, 98, 157001 (2007) I
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Modeled and calculated a8—
dependence of the BPC
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The observation of the breakpoint region suggests the excitation of the pngitudinal
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Lecture 3

1.Fine Structure of the Breakpoint Regic
2. Temperature Dependence of the
Breakpoint Current



CCJJ+DC model

Yu.M.Shukrinov, F.Mahfouzi.
- Supercond.Sci.Technol. 20 (2007) S38-
S42




div (egp E) = p

The "time dependence" actually consists of time and bias curint
variation.

We solve the system of dynamical equations for phase differenges at
fixed value of bias current | in some time interval (O, T,) of dimgnsionless
time t = to, with the time step 6 t, where tis a real time. This ilkerval is
used for time averaging procedure

Then we change the bias current by o I, and repeat the same [ o‘cedure |
for the current 1+8 | in new time interval (T, 2T.). In our simuldions we
put T.=250, 6 t=0.05, ¢ 1=0.0001 and tota'inrecorded time was @alculated
as t+1 (lo -I)/6 |, where |, 1S an initial value of the bias current f@r time
depena1 ence recordlng \



Time dependence of charge oscillation on the

layers at periodic boundary condition at | = 0.575
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Fine structure in BPR
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Creation of LPW with k=107/11 at
the breakpoint for N=11, a=1, 5=0.2
and periodic BC
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LPW In the breakpoint region for
N=11, a=1, b=0.2 and periodic BC




LPW In the breakpoint region for
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Temperature dependence
of the breakpoint current




In the simple parallel resistance model
single junction resistivity p,(T) at subga
voltage region Is given by

Py (T)=psg *+pc(T)
where pg, Is the temperature independgnt
tunnel resistivity of the junction, and

pc(T)=a exp (b/T)+cT+d is the empirichl
Heine formula of the c-axis resistivity with
a,b,c,d as fitting parameters.




Temperature dependence 2

Estimating the tunnel resistivity by p,, = A{0)S/eDI(0), the energy gap A from the expression 2A(0)/kT. = 6

E N x T LT,
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. Mechanical analog of a Josephson junction: I

driven underdamped pendulum

|
, V LAV
f=1.sinp+ G +C Ty

I,
Rl XK ==c
lf (a)

extarnal torque T

T-T,

rotation freguency < {;1 =

B4+ o+ Mglsing =T




l Mapping between Josephson junction and I

— mechanical pendulum "

Josephson junction mechamcal pendulum
phase difference angle from vertical
voltage V = &5 /(27) angular velocity
critical current /.. restoring constant A g/
conductance i1 damping coethicient ¢
capacitance (' moment of inertia A/[*
bias current [ external torque T

Josephson plasma frequency f,, oscillation frequency fo = /g/1/(27)
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