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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)




Energy of the system:

®o
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@l + E;(¢,90) + Ep(9o)
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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 |,




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




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




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




- Dynamics of magnetization along IVC and
ferromagnetic resonance



Magnetization dynamics along
I\V-characteristics of JJ.

System of equations

s

m, = 1+1a2 {—m m, +Grm, sin(at —rm ) —a[m m; + Grmm sin(wt—rm )
m, = Th o {m,m, —a[m m; —Gr(m; +m;)sin (ot —rm )]}
m Sk {-Grm_sin(wt —rm ) —a[Grm m, sin(et —rm )—m,(m; +m’)]
il = — [I -V - sin(qo —rm ) + 4 sin(mt)],
at [, Y
dg

-V
dt
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Ferromagnetic resonance, w=1
At G<<1, (my, m,) <1

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

e

: 1 - . —a_ . a ) \
m, = ~{-m, +Grsinot—am,}  m () = ———=sinwt —————coswt
] 1+« r )4
, 1 : )2)
m, = —{m, —a[m, —Grsin ot]} Q. = (w+l) +a’w’ )
§ 1+ a - J;)‘ )
Gr’ o+1 Gr’ aw aGrim( 1 |1 R
W, = and «, = — I, () = 9)9)9)
- 2 Q, - 2 Q, 4 Q Q. )
: 15} 02r <
15} 0_3; 0.15; <
g §E>o.2- 0.1 \
05 “f 01} 0.05 :
05~ o5 05 i 15 T %

\'

I. Rahmonov, A. Mazanik, Yu. M. Shukrinov, K. Sengupta
In preparation, 2019
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G=1,r=1, a=0, ©=0.4, B;=25

116=1,7=1,1=0.35
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G=1, r=1, a=0, 0,=0.4, =25

2

G=1,r=1,1=0.45
@,=0.

G=1,r=1,1=0.45
@,=0.

G=1,r=1,1=0.45
w,=0.

1 1 1
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G=1,r=1,1=0.39
(l),_—=0.4
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Topological features: Changing direction of
precession by changing of current direction
the IV-characteristics

(3)1?_ I=0.46 1. down (b)1i 1. down
: . 2.up f 2.up

0.5 1 = 0.5F "\1
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Transformations along
I\V-characteristics




G=1,r=1,
®»=0.3715

G=1,r=1,
without radiation

G=1,r=1,
without radiation

1=0.380

G=1,r=1,
without radiation







Devil’s staircase in |
Superconductor/Ferromagnetic/Supercond to
Josephson Junction



Devil’s staircase and its importance

V +sin(@) + B¢ = I + Asin(wr),

p=V.
(N-1)+(1/(1+1/m))
3.4f ©=0>ad A=08 N o O o
The position of the steps follow: ©0—60 (N1 Vm)
—
13/2 —— N-(1/(1+1/m))
| - ‘ n=1 — n=2
3.2 19/3 ‘ N-l b N-172 D
. S 1 1%tlevel
- 25/4 V=IN+t———— | Q devel N-(1/(2-1/m)
nt ~ e ‘
3 3"evel

0.64 1 0.66 where N,n,m,p,... are positive integers.

Yu. M. Shukrinov, et al,

PRB 88, 214515 (2013) b -
20 pppos oA

= [ w5 40/ —= —ﬂ'f'",‘m
N -

28l 285+

i

0575 0.58 0,5'85|0.559 0.595

26
M. Maiti etal.,PRB 92, 224501(2015)



RCSJ
&2 sin 0 sin (4w?dﬂ_fz(my_) . (4«9.1‘&;1;(5]& )
I/ =— - b
c 1674d? L. L, M. (t)M,(t)
Do di(y.z1) . Do d*0(y, z,t)
2rRI?  dt 2rI0 df?
LLG

dM
(1 +.3L-2)E — (M x H, + 2%

M| (M x (M x He)])

The effective field is calculated from

1 0E
T wOM
ES = —g—ﬁﬁ(y.zi)I-F EJ [1 — COS {y:z:t)] 2

EMr — —I’Hﬂ_ﬂ-f:(t)._
Eq.e = —vM,(t)H,. cos(wt) — vM,(t) Hq, sin(wt)

M. Nashaat, A. E. Botha, Yu. M. Shukrinov., PRB Vol. 97, No. 22 (2018).

= ES ‘{'EM' ‘|‘E{1c-

V/
H Y
° H,
I X
‘ I
L,
\ S ?
dl

(H, cos ot, H . sin ot, 0)

S. Hikino, et al.
SUST, 24(2), 0




O Energies
H,. H, E

O Magnetization

O Time and Frequencies

t = Twe, we = 27I0R/ D, , Q:Ld_/wc, Qa = wo/wc,

 Magnetic fluxes

2 2
=4"T Lyd|M]| o =4'” ld| M| » Non-linearized LLG
‘}f’sy 3 .4
?, P,
b = 4172;3‘*{"1&6”: > linearized LLG

,‘I)D 28




linearized Scheme

Q AP P
_Zcxﬁg COS(ﬂt) - (l — M ﬁg) S1 ||., )

LNumerical Scheme

y =

d;:l:_(lf‘;z)(mxhewLa[mx (mxhe)]),

2 |
02 02 {28
(1-m8) +25 (1-m) +4a°g

1]

Ay=e€g¢2,cos0(t)/3,m =1—a? and i = 1 a?
h, = h,ecos(Q) €, + (hee sin(Qt) +T;jescosf) &,
+ (1 +Tjescosf) e, )

Resonance frequency: 5
and )
Q, =+Qo, A, =0, Y
sin (¢sim;) [ Siﬂ(fﬁsjmi)] a =U{ VITAs 95
Ijj = —— [cos(¢ps;m;) — —————| 44, Q. =70, &;% 0. o)
1= @) [0 T T my | v i
Q, =+Y=F0,, A =0, WO
here i=y, j=z and a#0 _ J/(-an2+hy) 2
where i=y, J=z an {QT = £ Y0 D0, Ay # 0. ‘\
0,= :
5, = { 0:if h. =h,+h,, |
1:if h. =h,+h,+h, M
sin (¢s,m.=) sin (¢5-m,) db 05~ sin (psmy) .
I/IS: syllez sz1Tly sinf + — I/Ic_ Y Sln9-|-
(Psymz)(dszmy) dt (Gbsmy) "

M. Nashaat, A. E. Botha, Yu. M. Shukrinov., PRB \Vol. 97, No. 22 (2018).
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Manifestation Of FMR

Numerical Scheme

Linearized Scheme

[ 0,72, ©,=05,0=0.4]

I8J=0-02\A\| | L L

M. Nashaat, A. E. Botha, and Yu. M. Shukrinov, PRB Vol. 97, No. 22 (2018)



Manifestation of Devil’s staircase structure |
I\VV-characteristics of S

M 1F

(a)

The position of the subharmonic steps
follow continued fraction formula:

—{Ni
\

M. Nashaat, A. E. Botha, and Yu. M. Shukrinov, PRB Vol. 97, No. 22 (2018)
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Locking conditions

sin m do (T
I/10 = (bsmy) sin 6 + (7)
DTy dT
1)
02
a3
. If ,
Syncronization Even integer +2(m-n) Q
Posibilitics [P  siep [P 2(mint]) Q
He=H,¢+H
+2(m-n) Q
+£2(m+n+1) Q
Even integer [ (m-n)/(k-1)]2
+ £[(m-n)/(k-r+1)]Q
If : [ (m+n+1)/(k-r)]Q2
— Odd lﬁteger _)i[(m+n+l)/(k-r+l )]Q
H=H,+HytH, Fractional £[2(m-n)/(1-2(k-))]Q2
steps £[2(m-n)/(2(k-r)+1)]Q
£[2(m+n+1)/(2k-r+1)]Q
[

m,n,k,r are integers

M. Nashaat, A. E. Botha, and Yu. M. Shukrinov, PRB Vol. 97, No. 22 (2018)

+[2(mn+1)/(1-2(k-1))]Q2




Interaction of superconducting
current with nanomagnet

- -

z \\il'L &
I

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




O Energy of nanomagnet

g, =K(M)-M -B,

K(M) is the magnetic anisotropic

B, is the external magnetic field o
O Energy of weak link
g, =—E,cosy where y is the gauge invariant phase
dy _ 2eV(t) V(1) is the total voltage.
dt h

Q In the presence of the external voltage V,

7/:?/0+7/A\ :’quxr O
/ _ _ 472_ r3 ‘ ‘)/o}.:- o). .)) .]:
SO0 )

vector potential |~ & 2
created at point S o;

— E (Bxr) vector potential r from the
A = 2 created by the nanomagnet

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

dy, _ 26V, (1) P, ;
dt h




O Dynamical equations

LLG

dm, QpF 2
= m [hy (m: — amymy) — h, (amzm, + my) + ah, (m2 + m?2)]

d Q

% — ﬁ [—hg (amxmy + mz) -+ hz (mz amymz) + ah’y (mI + mz)]

dm, QF T2 2 D
r (1+a?) ah; (mz + my) — hy (mz + amym;) + hz (my — amxm;)] /

_ Qoack 9 2 k = 2 L
D = 1+ pa (mz +my) D, /L2 +a?

where € = G k, the components of the effective fields read

h, = 0,

hy = my,
: h, = h,—ekin,, hy= e[sin(w;t — km.) +WJLI
S —————

Effective field due to tunneling current through the weak link




Phase dynamics

O Voltage biased (VB) junction

I(t) = sin[Vt — km,] + V — kd;"”’
1 Tma:
Iov = T L I(t)dt.
O Current biased (CB) junction
I =sin[Vt—km,]+V — kd”:"

1 Tmaz
Voo = 5 / V(t)dt.
Tma:c 0




FMR

- G=0.3, k=0.01 | ( G=0.3, k=0.01 1
a)] . (b)
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(a) VB- junction, (b) CB-junction. The numbers indicate the value of a.
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Effect of G on the FMR for ;
(a) VB- junction, (b) CB-junction. The numbers indicate the value of G

M. Nashaat, I. Rahmonov, K. Kulikov, M. Sameh, Yu. M. Shukrinov.,
In preparation, 2019




Reorientation of easy axis (capture Kapitza pendulum features
Q Increasing the value of G= g,/gy,, K =0.05, a = 0.1
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Conclusions

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

We have demonstrated variation of magnetic precession along IV-
characteristic of RCS junction.

External radiation fix a character of precession along Shapiro step.

Kapitza pendulum features in JJ+nanomagnet system is
demonstrated.

Coupling between spin wave and Josephson phase in SFS junction
through the Josephson energy and gauge invariant phase
difference between the S-layers leads to Devil’s staircase structure.

The position of the subharmonic steps follow continued fraction
formula similar to SIS structure.

The structure of the subharmonic steps can be tuned by changing the
frequency of the constant magnetic field, junction dimension and
Gilbert damping.
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