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dc Josephson effect:

I(¢) = I.singp (1)

ac Josephson effect:

a9 _ 2ey
dt h

(2)

Brian Josephson Ivar Giaever
mE W
From (2) it follows that ¢ = 22 Vi+ ¢, .

J h ffect : .
osephson efiec Thus, /; oscillates with frequency

_ 2e 1 v 2
supercenductor — :|lP1| exp (i6)) |‘P| —|‘P | f= o /? I ) 0 I 5 (3)
tunnel harrier W : s ~ - . .
i Y, = || exp (i6) where ©, = 2.068 x 10 1 Wb is the magnetic
current 1 flux quantum. |
superconducting phase difference: @ = &, — &, - Josephson junction is a quantum dec }1
voltage - to - frequency converter 1
BV — 483.59767 MHz :
v . |
| =—+ BV +sing I 1
d 4 Effect of damping ! i
) |
V =——, where r=at, :
dr )
1
2el 1 |
w,=——" and f=——

" hC ~ ®,RC




Superconducting quantum interference

- _ device (SQUID)
Nonequilibrium effects in Josephson

junctions Voltage Standard .y

Models of JJ systems:
CCJJ, CCJJ+DC, CIB, SBP

Intrinsic Josephson effect
R. Kleiner, P. Muller, 1992

(———3 Radiation effects
o Chaos in Josephson Junctions
Phase Dynamics of Long Josephson

Shunting of Josephson junctions
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Junctions _ _
Charge Density Waves Josephson junction as g_enera_to of
_—_—— coherent electromagnetic radiation

i
s o i

LTI _ _ Quantum computers
Detector of Majorana fermions

o ’ﬁ—% JJ as a single photon detector

Spintronics (interaction of superconducting
current and magnetic moment)




Simulation procedure for phase dynamics
and IV-characteristics

Time, t,
0 Tp 2Tp == Tf 2Tf ...
e " e
ﬁ | t, - recording time;
+8l 4= — == - -~ — | ;I'_p n-usrLebpeirnog‘ir;i;ps

Y

doy
dt
dv,

| dt

J\

in time;
{l N - total number of
time steps;
77777777777777 — Tf - size of time domain
t =t TP+TF (I-1) /3], Ti-initial time for

averaging,
tN=Tf/Tp, O<t<iN,

ol - step in current;
Tp =0.05; Ti=50-500;

I, - initial current value
for time dependence
Tf =250 - 25000;

recording;

=V, - a(V,+1 +V =2V, )

= | =sing, — B, + Asin(wt)

2 div (egy E)
Q=Qo a (V}41-V

Qo=¢¢q Vollp

2E-07

1E-07 |

Charge

AE-07}

2E-07L

! | !
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I\VV-characteristics and dynamics under radia
In the underdamped and overdamped cas
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Phi-O Junction



Mechanism for the ¢, - Josephson junction
realization.

Very special situation is possible when the weak link in

Josephson junction is a non-centrosymmetric magnetic

metal with broken inversion symmetry !
Suitable candidates : MnSi, FeGe
ot thin ferromagnetic films on the substrate.

Josephson junctions with time reversal symmetry: j(-@)= - j(P);
i.e. higher harmonics can be observed ~j sin(ng) —the case of the m junctions.

Without this restriction a more general dependence is possible

1(0)= JoSIN(P- 9o).

Rashba-type spin-orbit coupling -

n is the unit vector along the asymmetric potential gradient.

A. Buzdin, PRL, 101,107005 (2008)




Phi-0 Josephson Junctions

— b - - .,
F = alyl? +y|Dy| + S W1t —eit - (R x [wDw) +y* O]}

Di = —i6,; - ZeAi
> . dy
atp—yﬁ+ leha =0

Y = Aexp(qix) + B exp(qzx)

’a ’a
j=4'*3]’|1"-"-|2 ]—,—EZSin((p+2£L)EXp -2 ]—/—EZL

j(@) = jesin(p + @o) Ej~ —jccos(e + ¢p)

A. Buzdin, PRL, 101,107005 (2008)




Energy of the system:

®o

Etﬂt - ZH

@l + E;(¢,90) + Ep(9o)

Es(@, @q) = E,r[l — cos(@ — @o)]

_KV MZ : (IJDIE — Eﬂ
2 \Mj I 2 vr M

Landau-Lifshitz-Gilbert equation:

dM a
“Z =y [MxH_]+—[M x

dM
it ]

S
M,

____________ . ]
/ /Mym :
4 .,z
/F

zZ,n

A. Buzdin.
Phys. Rev. Lett
101, 107005 ( 2008) . .
F . Konschelle, A. Buzdini)
Phys. Rev. Lett.l)A

102, 017001 ( 2




System of equations for magnetization dynamics

e

m, = ﬁ{—mymz +Grm, sin(wt —rm ) —a[mm; + Grm m sin(ot—rm )]

m, = —1+1a2 {m,m, —a[m m; —Gr(m; + m;)sin(wt —rm )]}

m, = ﬁ{—Grmx sin(wt —rm ) —a[Grm m, sin(wt —rm )—m, (m; +m’)]

-

Matueally, we may expect that the most interesting situ-
ation corresponds to the case when the magnetic anisotropy
energy does pod exceed oo much the Josephson energy.
From the measurements [ 18] on permalloy with very weak

anisoiropy, we mav estimate & —~ 4 % 107° K- A~ On F KonSChe”e A BUZdin

the other hand, pvpical value of L in 5/F5 junction is L -

10 nm and zind /€ - 1. Then, the ratio of the losephson Phys Rev. Lett. 102,
over magnetic energy would be E; Ey — 100 for T, -

10 K. Maturally, in the more realistic case of strobger 017001 ( 2009) .
anlaodropy, this ratio would be smaller, but it is plansible

fo expect a greal variety of regimes from £,/ Ey < 1 o

E fEy 3 |,




Phi-0 Josephson Junction: Analytical Results |

- Magnetic moment precession around z-axis

e

m, = 1+1a2 {=m,m, +Grm, sin(ewt —rm ) —a[mm; +Grmm sin(ot-rm )}
im, = 1 - ~{m,m, —a[m m; —Gr(m; +m;)sin (ot —rm )]}
+a

m, = 1+1a2 {-Grm,sin(wt —rm ) —a[Grm m, sin (ot —rm ) —m, (m; + m})]}

At G<<1, (m,, m,) K 1

{ m, = —m, + Grsin(wt)

Grw cos wt (i1 sin wt
'jrh'."! = My Mz =

1 — w? and My = 1 — w?
- Second harmonic :
Its monitoring would reveal the dynamics of magnetic system

{ _ ) Gr sin wt
sin wt + Gr’ sin 2wt + ...
2 wi-1

E—— | ">



Phi-0 Josephson Junction: Analytical Results |

1

l+ o
1

am, = 1+a2{mxmz —a[m m? —Gr(m; +m;)sin(wt —rm )]}

m, =

—{-m m, +Grm, sin(wt —rm ) —a[mm? + Grm,m_ sin (ot —rm )|}

M, = ——{-Grm,sin(et - rm,) —o[Grm,m,sin (et - rm, ) —m, (m; +mo)[}

- Effect of damping: a damped resonance at w --> 1

s

m, = - ~{—m, +Grsin ot —am, } > —o 0 +o
1+10‘ m, (t) = —=——sinet - ——=co
m, = 1+a2{mx —a[m, —Grsin et]} ! !
_Grreo+l and a_G_FZ@ , A
T T 2 Qi + 2 Qi Qi:(a)il) +a @

- Effect of damping: a dc contribution to the Josephson current

: : +
1(t) = | sinot + Icusmza— IC%COSZa)H |, ()




Generation of magnetic precession at fixe
Josephson frequency
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Dynamics of magnetization components without sign

r=0.1, G=50r,
0=0.10, ®=5

0 50 100 . 150 200

Yu.M. Shukrinov, I.R. Rahmonov, K. Sengupta, A.Buzdin,
APL, 110, 182407, 2017




Magnetization reversal



Transition dynamics in the system under
rectangular current pulse

do
Lyuise = woo + sin(p —rm,,)

1—\ 5l A=15
0.5f Eq} |AV2 toeA2
NOT 0.5} At=6
S t,=25

55 24 26 28
G=10, r=0.1

1: o=0
2: 0=0.01

o
18]
1 1 T

1 tmax
sin— [[ V(tYdt' — r|my(tmax) —my (tmin)]‘ =1
21)

min




Trajectories of magnetization in transition re
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Yu.M. Shukrinov, I.R. Rahmonov, K. Sengupta, A.Buzdin,
APL, 110, 182407, 2017




Magnetization dynamics under
rectangular pulse signal in the
system at different values of ;
dissipation parameter Transition dynamics of the
superconducting cufrent

[ G=50, =© 5n o 720
r r=01, | |
[ A=2, 115
o5k Af=10, ,
. =25
— | 0=0.07
Of
-0.5F “
[ — 0 S
0 20 40 , 60 [ B 0 20 t 40

t

Yu.M. Shukrinov, I.R. Rahmonov, K. Sengupta, A.Buzdin,
APL, 110, 182407, 2017




Different A, y Egﬁre"t G . 82‘1‘1e6ent r

G=10, r=0.1, A=1.4,dt=6 A=14, dt=6,
dt=6




Transition dynamics under electric current
pulse of the Gaussian form

15 20 25t 30 35

0=0.01
G=10,r=0.1

/ _ 4 1 (t—tp)* e |
pulse — a\/ﬁeXp = 7 ..
V =1.5-0.00075t,

g=k =0.057=0.01

L.Kai, E.M.Chudnovsky,
PRB, 82,104429 (2010)




Dynamics of magnetization components without sign

r=0.1, G=50r,
0=0.10, ®=5

0 50 100 . 150 200

Yu.M. Shukrinov, I.R. Rahmonov, K. Sengupta, A.Buzdin,
APL, 110, 182407, 2017




Reminiscent Kapitza Pendulum Features
of Phi_0 Josephson Junction







Dynamics of magnetization components, r = 0.1

> I 20m
Tl 10m
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t‘ﬁéo‘ : 0 50 100 1 150

T

Yu. M. Shukrinov, A. Mazanik, I. R. Rahmonov, A. E. Botha and A. Buzdin.
Re-orientation of easy axis in Phi-O—junction,
Europhysics Letters, EPL, 122 (2018) 37001




Dynamics of magnetization components

(b)
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Yu. M. Shukrinov, A. Mazanik, I. R. Rahmonov, A. E. Botha and A. Buzdin.
Re-orientation of easy axis in Phi-O—junction,
Europhysics Letters, EPL, 122 (2018) 37001




The frequency - G-diagram
for averaged m_y shown by color.

100
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100 15

An increase in G makes orientation of m_y along y-axis
stable, but that the frequency dependence differs from
characteristic Kapitza pendulum behavior.




The system of equations. describing the dynamics of the
magnetic moment in the angular variables m. = cosf, m, =

sin f cos ¢, m,, = s sin @, can be written as

< -

gb __ cosf
1+a?

Gr 1

g lcos Bsin ¢ — avcos @] sin [wT — 7sin 6 sin @),

_ a sin 260
0 = —m‘|‘

lavcos Osin ¢ + cos @] sin [wT — rsin @ sin @)

Gr
L 1+a?

Let us make the replacements

0— 0O +¢,
o — D +n.

Here © and @ describe slow movement, while & and 7 are
coordinates for fast-varying movement. Conditions for £ and
n are discussed in the Supplement. We consider 8 = 0, ¢ = O,

where averaging 1s taken over the period of the fast-varying
force T = %‘T




Kapitza method

The system of equations for slow movement has a form
(. 2
_cos®  (Gr)ra 1 O o
b= 1+a?  2w(1+a?)? sinG){COb O sin @
—acos @] {1 —sin*Osin” P},
N . asin26 (Gr)*ra
O = 2(1+a?) ™ 2w(1+0?)?
} B/ i 2
+cos @] {1 — sin® Osin® P}
There are some equilibrium points of the system following
from © =0,P = 0.
The first pair is located on the equator

Oy =7/2,Pg=7m/2 and Oy =7/2, Dy = 37/2

Yu. M. Shukrinov, A. Mazanik, I. R. Rahmonov, A. E. Botha and A. Buzdin
Re-orientation of easy axis in Phi-O—junction,
Europhysics Letters, EPL, 122 (2018) 37001

..

‘acos O sin §




Linearization of after substitution ® = ®y+0¢, © = 5+ 06

gives
06 = =00,
{5’9 _ 50. 1)

1+ 2

[t’s clear that 00 ~ el+a . 50 these points are unstable
We find that the equﬂlbrlum points at &y = 7 are described

by equation
—1+ /14457
T )

SiI @0 —

where 3 = %, which can be approximated as sin©y = (3

at small 5. It has two solutions in the interval 0 < 6, < .

\/ 2
Note that at &y = =¢ we have sin ) = - 21;% which leads

to the negative sin @07 but © is always positive. So, there are
not any stable points at ¢y = %W
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Demonstration of equilibrium points

Arrows show stable points, other
two are unstable.

Yu. M. Shukrinov, A. Mazanik, I. R. Rahmonov, A. E. Botha and A. Buzdi
Re-orientation of easy axis in Phi-O—junction,
Europhysics Letters, EPL, 122 (2018) 37001




Comparison
of theoretical and numerical calculations

Thin lines - theoretical
Diamonds - numerics 1, ©=70
Circles - numerics 2, ®=70
Gradients - numerics 2, ©®=20
Squre - numerics 2, ®=0.5

50 100 G 150

Yu. M. Shukrinov, A. Mazanik, I. R. Rahmonov, A. E. Botha and A. Buzdin
Re-orientation of easy axis in Phi-O—junction,
Europhysics Letters, EPL, 122 (2018) 37001




Conclusions - |

© Reversal magnetization at different parameters of electric current puls
and JJ is shown.

® Reminiscent of Kapitza pendulum features in phi_0 Josephson junctio
IS demonstrated.
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