w Bogoliubov Laboratory of
Theoretical Physics

Peculiarities of Buzdin and Chimera Steps in the
IV-Curve of Superconductor
Ferromagnetic ¢, Josephson Junction

M. Nashaat

BLTP — JINR (Russia)
Cairo University (Egypt)

In collaboration with

K. Kulikov, E. Kovalenko, J. Tekic,
. R. Rahmanov, Yu. M. Shukrinov

20-25 October 2024




d Outline

rovsnnnm 10 [E] 01 B unnan)

. Introduction to Josephson effect

. Anomalous Josephson Junctions

Dynamical equations for ¢, -JJ

. Shaprio, Buzdin and chimera steps in ¢, -JJ




[\
frssnns 11 ] 00 mannsun)

B. D. Josephson Phys. Lett. (1962).
DC supercurrent

I-:critical current

AC current
V = E@ lnV
" 2edt w,=483.6 MHz
B 2t ] i
EI = I sin cFOVt +80] i

W.C.Stewart, Appl.Phys.Lett.12,277(1968)
D.E.McCumber,J.Apple.Phys.39,3113(1968)
J. A. Blackburn et. al., Physics Reports, 611, (2016).
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Resistivity and capacitively shunted junction(RCSJ)

. ho.  hCj
! I=Icsm5+ﬁ8+2—e]8+1noise

+

B. D. Josephson Phys. Lett. (1962).

DC supercu rrent y : R Lais| . L. R:isthe normal resistance.
> T "~ C,: natural capacity of the JJ.

I, =1 sin[8]I | o
“E-s-— s 3 B:S+ 8 +sind + Lyyise =1
I-:critical current =

McCumber parameter

AC current g, = 2elR*C :
o o Shapiro ste
y_ D do luv. P P
= 5.7 w=4836MHz _, _
Zedt ST > I+ 1, sin[wt] -

oo I 303
= Igsin| X e +8]: nh

= IcSIN |/— I 10 — -
L________EO_ ______ (i_: Df -~ o VO T 2e ®, o
W.C.Stewart, Appl.Phys.Lett.12,277(1968) A 2 B n=1,2,3 T

D.E.McCumber,J.Apple.Phys.39,3113(1968) o o1 01 e o
J. A. Blackburn et. al., Physics Reports, 611, (2016). S. Shapiro, PRL, 11(2):80, 1963




Josephson energy Ic g = hlc/(2€)

M\\/

Is = Iysin(6) G.S:0=0

B. D. Josephson Phys. Lett. (1962).

C. D. Shelly et al.,
SUST, 30 095013 (2017)




C. D. Shelly et al.,

SUST, 30 095013 (2017)

superconductor ferromagnet T
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L,=L72 | Ly=LR2
- E o

V. V. Ryazanov et al., PRL. H. Sickinger et al., PRL. 109,
86, 2427 (2001) 107002 (2012)
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Iy = Ip1sin(d) G.S:6 =+¢

+ I 9 5111(20) 0<p<m
I I[] bln (5 'J'T G So=m (p = arccos(— Toa Yfor Iy o> I()Tl)
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Josephson energy Ic g = hlc/(2€)

D. B. Szombati et al., Nat. Phys.
12,568 (2016)
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Iy = Iysin(6

G.S:0 =0

:({QO

w-J

I(6) = 1_sin(6 - )

S. V. Mironov et al., PRB. 104,
134502 (2021) = Y junction

Slide from D. Koelle (2018)
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==, Anomalous @-JJ

= 4arLE; ~ 0,01r (Ballistic regime -SFS)
(hvp)?

N\ Diffusive ) £ < W, L (po
_ W
~MSr A e
4 o N E,
Quasi - ballistic W<t<L L

= gugB/2 Zeeman energy, (B=100 mT)

Barrier length (150 nm).

\‘/\/\/\'d IW ‘ | VF

Fermi velocity (3.2x105 m/s)

Ballistic

Rashba coupling ( 0.4 eV A)

e

{:mean free path, W:width, L: length

Po

T

= tm*?E,(aL)? ~0.0028n (Diffusive
3n6D

elastic scattering time (0.13 ps )

2

D=§ tvi | diffusion constant (40 cm’ /s)

m*

= 0.25 me effective electron mass

EPL 110, 57005 (2015).

Rev. Lett. 101, 107005 (2008).

regime -SNS)




. i ) =W Po | =4arLE; ~ 0,01n (Ballistic regime -SFS)
: IW e (hvp)?
r TN E, = =
2 | = 81gB/2 Zeeman energy, (B=100 mT)
\ Quasi - ballistic / 15,78 £ I .
<t<iL, L | Barrier length (150 nm).
\/W\-—’ IW £
r N vg | Fermi velocity (3.2x105 m/s)
7\ Batistic J ap | Rashba coupling (0.4 eV A)
// IW £>=W,L
/o » N Rev. Lett. 101, 107005 (2008).

{:mean free path, W:width, L: length

= tn*?E,(aL)® =0.0028n (Diffusive regime -SNS)
3h6D

T elastic scattering time (0.13 ps )

Po

D=§ tvi | diffusion constant (40 cm’ /s)

A
4
X
F

Po

r |\/|y/|\/|o

I

ICSin (‘P'(Po)

r

strength of spin-orbit.

Rev. Lett. 101, 102, 017001 (2009).

P, Zhyd/VF

. _ .
m = 0.25 me effective electron mass @, (t) | -2rBx,(t)/d,,

I Ic(hx) sin (@Q-@,)

EPL 110, 57005 (2015). d,, | Domain wall width

Yu. M. Shukrinov. Phys.-Usp. 65 317 (2022). B | SOC constant

Phys. Rev. B. 100, 054506 (2019)

Phys. Rev. Lett. 123 207001 (2019)
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dt

1 OE -
H off = = , * E:total energy. * Y:gyromagnetic ratio.
VF 5'\/' * V.:volume of ferromagnet. * A: Gilbert damping.
Magnetic anisotropy Ac. M.E JJ - Energy
Mz A . A _ M}’ ~
Heff—ani = Kan_zez Heff—ext = Hp sin(wgt) ey Heff—]] - TE] sin| @ — 1 —= €y
M My

K,,: anisotropic constant
M ,: saturation magnetization
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e, Dynamical Equations

3 LLG equation  dM o dM
; = yMxH,_ +—| Mx—
dt M dt
1 oE 0 -
H off = = , * E:total energy. * Y:gyromagnetic ratio.
VF 5'\/' * V.:volume of ferromagnet. * A: Gilbert damping.
Magnetic anisotropy Ac. M.E JJ - Energy
Mz ~ . ~ _ . My ~
Heff—ani = Kanmez Heff—ext = Hp sin(wgt) €y Heff—]] - TE] SIn{ @ —7r M_O €y
0
K,,: anisotropic constant
M ,: saturation magnetization
>tot/w, & w=2wlR/ P,
.. > w,=0/w, & Q=2ev/h
U Normalizations > 0,20,/ w. & m=M/M, i:xyz
> h = Heff/ K,,Vi & G= Kiiv G can be <<1 or >>1 (20-100)
dm @

prals L+ o) [m xh + a(m x (Mxh,g ))] LLG equation




Dynamical Equations

. a -
1 LLG equation E:_(1+;2) [mxheﬁ +a(m><(m><heﬁ))]
[ RCSJ equation \/ = [| + Asin(awgt) =V (t) +rm, —sin(p— rmy)]

¢ =V(1)

Initialize: 1=0, V=0.

Start iteration on Current

Start iteration on time

i- Solve the coupled Eq.s
ii-Check that ||[M(t)| = 1.
iii- Find V(t), m,(t), i=x,y,z.

__1 (Tyhde (av)
W) = Iy 5 Gt &m0,

The final Voltage and m;(l) are the
initial for the next current step.

After reaching maximum current we
reverse current ( 0--> I™3 --> 0)

MC

o



Dynamical Equations NS

 LLG equation am_ o : [mxheﬁ +a(mx(mxheﬁ))_
dt (1+a%) -
0 Res) equation Vi =[ 1+ Asin(ayt) —V (t) + rm, —sin(p—rm,) |/ 4

o

-0.5¢
0.2 [

p = rt iteration on tim
J Some features of ¢,—JJ ¢ =V (t) Startiteration on time
ive di - - Magnetization trajectory :
Negative differential resistance o 0 B oso @1 Lo i- Solve the coupled Eq.s
Gol VA, 2 £ € ii-Check that | M ()| = 1.
Sl ] ’ L I 0) iii- Find V(t), m(t), i=x,y,z.
oal | ol om0 1 o,
:“ d =y [ =v. 1 =u. av
-1\, [ oy wmoy weay s = e S e
02F ¢ 10.04 0 ol C O'D
. y \_S/ 1 2 _13 The final Voltage and m;(l) are the
0 . Ty 0 i Om 1 - Om 1 ™ O'm, 1 initial for the next current step.
03 04 , 05 06 PRB 99, 224513 (2019) T Reversal
0.5 =50,1=0.1, t(0--> M >0
0.5k 100 : A2, AL10.1,-25 reverse current ( 0--> )]
80 0.8 “0:-
> 50 06 _ E : 0=0.07
0.48f 3 4, 04 APL, 110, 182407 (2017).
20

1 i
0.5 I 0.55 0 50 100 150 200 10 — 10—
PRB 106, 014505 (2022). EPL, 122 (2018) 37001. Yu . M. Shukrinov, Phys. Usp. 65 317-354 (2022)




Manifestation of locking step

; I, = Asin(wpt) : 0.3
r SOC p 0.486

>
0.484

T

T

0.482

0.48F

0.486

0.484}

Position of locking step 0 4801

PRB 106, 014505 (2022). 0.48F
0.48 0 5 0. 52 ' 0. 54

m—-nn—ll-m

rm, lvg,/vp 4h.L/(hvg) BE/(KV) 0.01-0.1 2eRI//A~GHz ~mA ~pVv 8x10°A/m 0.5




==, Buzdin step

H =h. s Locking of Josephson oscillations by the magnetic
ac — "ftac Sln(th) . .
component of external radiation (MCR).

) oa@ L )t g () dysoo
EE}' LT ~T OB N\ A ~"
Ll L = 1o 0.08f | > 10
0.2— 'IO_5 mmax -0‘48
A=0,hR=1,r=0.5,G=0.01, -1 1% - 1-0.01
a =0.01, w; = 0.485, w; = 0.5; . 0 0.04f | o at
0 05 1 048 035
(a) 0.15}(b) °° o
m3'®*as a function of V ; (b) and (c) 0.06) _ S o :4 =
The time dependence of Vand m, , “| D = " |0.485 70, Z0.05
and the corresponding FFT analysis in I 50.05- E: :
the center of the bubble, respectively. 0.04¢ !
0 0

" Frequency

0.48 ' 0.49
\%

~ Frequency

Yu. Shukrinoy, et. al., PRB 109, 024511 (2024)



=i, Chimera Step
Two different mechanisms of locking. (a) I (b) x
_ 0.485:' C ‘5 %S/‘E > 0'49; /EEEh
I, = Asin(mRt) H,c = h, Sln((‘)Rt) > % _0E02 > /Cy S ‘006
f ; 0.48F N 048

| ii ,’ i — _ B :
I C :u" \}“1" ,--"/_ :.\\i:.‘lﬂ—-*n. !'f*-;ﬂw:rﬂo 04
0475t 1 % O N
_ ,,.._..-..-.._.._.._..f' 10.01 047y - S -l ]
S.- r=0.2 ‘ >~ 1=0.4J0.02
oS 0492 0.454 049 0%
Area 0.1%0.1 pm? The effects of both radiation components, h, =1, and A = 0.01.
1, 10 pA
R L& e V= L,,u: permiability, e: permitivity.
w 30 GHz L.A 2R vie
c h — Y lc * w.:charateristic frequency of the]].
Power ~ 1010 Watt R 132w, | Se * R:resistance of the]].
W, 15 GHz  S:areaof the]].
M, 8 x 105 A/m
Y 1.76 *10'! Hz/Tesla

Yu. Shukrinoyv, et. al., PRB 109, 024511 (2024)
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=it Manifestation of two dynamical states in @,-junction

Manifestation of chimera step in the IV and m}'** (1), m3* (1),
mjy" (1) under external electromagnetic radiation with A =0.005

and hR = 1. (b)
0.4852:—
> | i
_ - 0.4848| |
1 i g e A Y &
: lo2 % T e
0.8 1 P
: i _ g . 0.03 ,;'
> 06/ | E ' ' |
[ 10.1 0.02 I —
0.4} B oMl |
f £ .
02 n -002 [RECEETE) E—— "'—___’ i
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1 R — e
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M. Nashaat, et. al., PRB 110, 024510 (2024)
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=it Manifestation of two dynamical states in @,-junction

Manifestation of chimera step in the IV and m}'** (1), m3* (1),
mjy" (1) under external electromagnetic radiation with A =0.005

Magnetic hysteresis

and hR - 1. (b) [ T ‘ (a) [ r=0_2 ]
0.4852f 0.04 10

> | 14

, _ : 0.4848| | P

(@) i IE'OS ] 0.04 q
1 : i

i g ]

0.8f,

: 0.03
> 0.6}
: 002
04 o >
B E 0
0.2} 0.02]
- 7 i ‘:‘ % < 5__
0502 04 06 08 1 S |
| X 0l
& > | 4
£ ' | ' | 0.05} )
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M. Nashaat, et. al., PRB 110, 024510 (2024)




ESEARCH

2 0.05 (a) i see (b)
E > l.l..]..]_,l..].‘l..lll]]lll
E o T ——
e d
? mav
0.05 | g om , ,
10000 11000 12000 _ 13000 __ 14000 15000
0.05{(b) t 9.05[(c)

-0

11050  t 11100 9057500 ¢ 14550

d +
0.02—() m,
g0
0.02

002 0 002

m

(a) The change in the m, component dynamics in
the case of the transition m; - m,; along with
moving average; (b) and (c) show m, (t) before the
transition (state m;,r ) and after (state m,, ); (d) and
(e) magnetization trajectories in the planex -vy.

M. Nashaat, et. al., PRB 110, 024510 (2024)

=8 Manifestation of two dynamical states in @y -junction FACN

MMCP

Switching between dynamical states

Magnetization dynamics for m, under rectangular pulse
signal (a) decreasing current; (b) increasing current;
(c)decreasing current with two successive pulses, the
dashed line shows the moving average during these
switching process

14 (b) 1

_ 0,05 ) u

: | ;

= EO B

© Mo 20.05 :
(3)055000 t 8000 6000 n —0
905 - mmav P1 P2 - 1
g = l |

E 0 %
> HIR i ]

E G RR

-0.05 0

6000 8000 t 10000




‘8= Manifestation of two dynamical states in @y-junction &N
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Phase shift between dynamical states

> 005}(a) i see (b)
E > |
; O i . (2) 5 i
3 g e ¥ _
-0.05 | 8 , y , , o | T T T
10000 11000 12000 13000 14000 15000 - | o | A Y
0.05[(b) t 9.05[(c) X0 - N | ot Ve
VT LA L U
_0_0511050 t 71700 0.05 TI500 : TAEED I Y T T YT YT r PP vy vy Y r Py vy vy v yvevyvy] :
(d) n -5t .Is. .14..13...1211.
0.02} m, 0.49 0.491 0.492 0.493
£ o} |
-0.02} /
¥ 3
0.02 r?1 0.02 Pair Is(1) V(t)
X P, PC P PC
(a) The change in the m, component dynamics in I¢.r 0° 1 0° 1
the case of the transition mj; - mj; along with I;(d) Ii 176°  -0.888 179°  -0.898
moving average; (b) and (c) show m, (t) before the ij I 177°  -0.932 181° -0.931
transition (state m;) and after (state m,, ); (d) and L’f,fé{d} 175°  -0.872 179° -0.876
(e) magnetization trajectories in the planex -vy. ﬂf,fé 0° 1 0° 1

M. Nashaat, et. al., PRB 110, 024510 (2024) (Ps): Phase shift in degree and (PC): Pearsons correlation




Shapiro Step & Manifestation of dynamical states
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(a) 0.7F g
: {0,067
> 0.6} | E _
05 ™ 10086 0.4!
: - ’ 0.05F
o1f g ol
mE>'0ﬁ 0.05F  \Y/ O\ O\ N
01t o 4140 4160 ¢ 4180 4200
I 1=0.47 1=0.491
I A EEGEEEr \% I v
0.05F |- m,| 0.05} m,
E i : ﬁ
= | = |
0 """" 1 T Oll
048 052 056 05 1 05 1
' I ' Freq. Freq.

(a) Enlarged part for Shapiro step with two loop calculation, and mgF (1), m§” (1) at A= 0.4 and h, = 0.
All panels are done at r = 0.4, w = 0.485. The green hollow arrows indicate the value of current at which
the time dependence are calculated. (b) Temporal dependence and FFT for V (t) and my(t) component at
| =0.47 and | = 0.491 for increasing current direction (see hollow arrows in (a)) .

M. Nashaat, et. al., PRB 110, 024510 (2024)




Buzdin step & Manifestation of dynamical states
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b
(b) 0.6}
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E o7
005 o T
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1=0.492 '1=0.493
0.05| A n
H. | y E ¥
049 0491 - 0492 0493 o— L 1 .1 oL 1 [ 1 .
I 0 1 2 0 1 2
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(a) Enlarged part for Shapiro step with two loop calculation, and mgF (1)) my” (I) at A=0and hg = 1. All
panels are done at r = 0.4, w = 0.485. The green hollow arrows indicate the value of current at which the
time dependence are calculated. (b) Temporal dependence and FFT for V (t) and my(t) component at | =
0.47 and | = 0.491 for increasing current direction (see hollow arrows in (a)) .
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Conclusions

O Unique locking phenomena in the superconductor-ferromagnet-
superconductor ¢, Josephson junction under external electromagnetic
radiation are demonstrated. Shapiro step  Buzdin step

. : . . Electric Magnetic
O Unlike the Shapiro steps where the magnetic moment remains constant component component

along the step, in Buzdin and chimera steps it changes though the

system is locked. ' ‘
Josephson Magnetic
O Implementation of two types of dynamical states of magnetization is oscillations moment
demonstrated which have a phase shift of = in the synchronization Y v
region of magnetic precession and Josephson oscillations. Magnetic Josephson
moment oscillations

O Transitions between these states with increasing and decreasing bias
current show hysteresis, which is reflected in the bifurcation diagram chimera step
and as spikes in the current-voltage characteristics
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