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Tubingen:
« small university town on Neckar
 population ~80000
« 30 km south from Stuttgart
-- a capital of Baden-Wurttemberg

University:

* students ~30000

* university is 530 years old !!!
* two faculties of theology ;-)
 strong medicine

* phys., chem., math are small

Our Group (=30 people):

« 2 Profs: R. Kleiner, D. Koelle
1 Assistant Prof.

4 Post Docs

~12 PhD students

~10 Diploma students
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Conventional JJ. (O-junction)
S [y = Jrei® Josephson phase:¢ =6, — 6,
I

[ [ =1I.sin(¢)  +otherterms

L] Unconventional JJ (mt-junction)

supercurrent

j.=1-5000 A/cm?, (Nb-AlO,-NDb)
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E. Goldobin, R. Straub,
D. Donitz,

D. Koelle, R. Kleiner,
H. Hilgenkamp (2003).

LTSEM image of supercurrent
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d(x+dx)— cb(X)=¢TO[‘1’€—IL(J€)L(I)]+H($),

0 — I;(x)+1,(x)=1;(x+dx)+1(x),
l l l l l II(x)=6(x+dx)—60(x) , where
N,
I (x) ! (x+dx) B < B
Ladv) | 1) I (x+ ) 6(x)=7 2 o H(x—xy),
-—fwm'—’ “”\—(:)—' - 2 I
L(x-dx) L(x) L(x—i—dx) qu 30 HA_Mﬂd +9x(x)s
X d)(x))(ll(x) (|)(x+dx)XlI(x+dx) X
dal,
’ E=(}e_J)W-
I=j(x)de9 I€=je(X)de, L=M0d dx,
v Exclude 1,...
O, =uo(H-n)Adx=uoH(x)A dx

. Goldobin et al. PR 66, 100508 (2002)
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g (je_j)zp d,[ﬁOAHx(«x)_ﬁ[QSxx_ xx(x)]
| T >X= ~ 0
S ? \ ] o (I)O r(I)U
Jj(x)=j.sin(¢)+ 2mp ¢+ C Eﬁbrt

M=, by —sin(p)=w_ ' ¢~ y(x)+ OH(x) +\jb:(x),

N, =D,/ 2mred) — Josephson penetration depth ~0.3—100um
w,=\2Zmj. (®,c)  — Josephson plasma frequency ~10-10°GHz
w.=2mj.p/D, — Josephson critical frequency ~1-10° GHz

Y(X)=je(xX)/ ] — normalized bias current density
Q=2mmyAN/ D,

New normalized units:coordinate x to 4;, time t to ,™

E. Goldobhin et al. PRB 6_



a=w,/w.=1/JB, — dimensionless damping | N T N
h(x)=2H(x)/H., — dimensionless field T~
H,,=®,/(muA\,) — the first critical field 0 T

Phase discontinuity points! / AR

O(x,2) = u(x,t) +0(x).

p(x,t) — magnetic component of the phase

Hx — Mgy — sin(u) cos(0) = oy —Y(x) + hy(x).
N——
+1

Goldobin et al., PRB 66, 100508 (2002)
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(b)

supercurrent

coordinate x

d(x) = —4sign(x) arctan (ge_|x|) :
G = tan(r/8) = V2 — 1~ 0.4

coordinate x coordinate x

B 2
~ cosh(|x] —InG)

fe (X)

Xuetal, PRB 51, 11958 (1995)
Goldobin et al., PRB 66, 100508 (2002)






SQUID microscopy on
YBCO-Nb ramp zigzag LJJs

[0 H. Hilgenkamp et al. Nature 422, 50 (2003).



When do the semifluxons appear?

When the semifluxon solution Is
stable?
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The energy of flat phase is 2 per G?
unit of length, i.e. diverges at U= 161 e =8 —4v2 ~2.343
large L.

¢ One 0-n-boundary:
4 always semifluxon
s flux-less flat phase solution (0-x) is unstable (has infinite energy)!

[0 E. Goldobin et al. Phys. Rev. B 67, 224515 (2003)



phase, magnetic field
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coordinate, x

-»Two O-n-boundaries at a distance a:
- semifluxons in T state are formed for a>a,
> flux-less flat phase solution (0—n—0) for a<a..
=» Important e.g. for SQUID microscopy!

[0 Goldobin et al., Phys. Rev. B 67, 224515 (2003)
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[0 A. Zenchuk, E. Goldobin, PRB 69, 024515 (2004).



magnetic field, h




¢ at zero bias we have a static pinned semifluxon.
¢ bias current pulls semifluxons, just like fluxons.
¢ but semifluxons are pinned --> deformation

¢ at bias=2/n 1,~0.64 |, switching to the R-state

l l l l {c) Edward Goldoban, 042002
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Goldobin et al., PRB 67, 224515 (2003).






bias current

normalized voltage u

(c) Edward Goldobin, 01.2004
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¢ The distance between 0-n boundaries a > a,
+ T state at zero bias
¢ current pushes semifluxons to each other => swap

~=0.08
—"1U
A .
_I {c) Edward Goldobin, 04,2002
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Goldobin et al., PR_
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A. Dewes et al., PRL 101, 2_
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junction voltage, [mV]

magnetic flux @ /@
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¢ The distance between corners a > a,

¢ AFM ordered state at zero bias
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¢ The distance between corners a < a,

¢ flat phase state at zero bias
¢ Increasing bias with step 0.1. y,=0.76
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“semifluxons” emerge under the action of bias current

Goldobin et al., PRB 67, 224515 (2003).
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A, Ustinov, Appl. Phys. Lett. 80, 3153 (2000)
‘Goldobin et al., Phys. Rev. Lett. 92, 057005 (2002)
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critical current v,
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critical current 1, (mA)
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critical current (mA)
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¢ Finite length --> image technique:

4 1 real semifluxon + 2 anti-semifluxons (images)
¢ Bias current - Force = SF hopping.

magnetic field (a.u.)

coordinate x

‘Goldobin et al., Phys. Rev. B 67, 224515 (2003).



bias current, mA

semi-integer ZFS

’4 integer ZFS
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voltage across LJJ, mV

Goldobin et al., PRL 92, 057005 (2004)




bias current (nA)
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Goldobin et al., PR
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direct nt/2-vortex omplimentary -3n/2-vortex
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discontinuity, |k/x|
Kogan et al., PRB 61, 9122 (2000).
Goldobin et al., Phys. Rev. B 70, 174519 (2004)



discontinuity k/n
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U (asymm. FM)

magnetic field

s T (symm. AFM)
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Goldobin et al, PRB 70, 174519 (2004)



I L DL L
\ © o o
\ AN M <
\ (I
\ © @© ©
\

\ 3P

AN

"o\

AA®

ERL RN

.—._..__.

S LU W VR
Ly
TN
D........,.,./
mip o\ DN
I -n

__.nn

h Y

o

4

-

L DL L
N ¥ ©
@ < <

LZ/OV CCT 40 Jfey auo ul xnjy

2.0

1.5

1.0

0.5

0.0

discontinuity «/r

Goldobin et al., P



phase ¢/n

3.0

2 —] I T I T
collective state

magnetic field p(x)
o
|

—
I C 1 )
e
] L B N
] collective state a=1 ]
E N\ A =0.1n |]
] 7 N x=0.5n .
] xk=1.0x ]
] ---- k=1.5n H
1 =191 |-
7
-4 -2 0 2 4

discontinuity x/n

discontinuity «/n

supercurrent

1.0 H ot T

1 collective state

discontinuity «/n



bias current / [mA]
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¢ Various types of O-n LJJ: GB, d-wave/s-wave, SFS/SIFS
¢ sine-Gordon equation with discontinuities, semifluxon
¢ Ground state: zero phase (no flux) vs. semufluxon states

¢ Bias current:
A rearrangement,
A emerging,
# half-integer ZFS,
4 oscillators

¢ Arbitrary fractional vortices
4 ground states
4~ energy and stability
4 two vortex molecules
Y



