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SF proximity effect and FFLO states

What happens when the Cooper pair 1| penetrates into F?

In F the sum momentum of the pair 1| cannot be zero.

Kes # Key Keq - ke ~h, h - exchange field, ggh>A,

nonzero pair momentum

Non-uniform superconducting order parameter in F
Y=Y, cos(Qr),

Q is wave-vector, Q ~ h/v,

spatially nonuniform states

Yix
W Fulde, Ferrel
3 % I
o \T T ? T Th ’ (1964), 100004 &
Uﬂ\_/ > Larkin, 17 ;
S F | Ovchinnikov § 1005
= ] ;
QX:TC' ; [_lj{x} (1964) e 1 _ 0-state | .;i\ . O-state
v I B
\\ OBl =7 o1 st T
> 0 4 8 12 16 20 24 28 32
S F\.—S “O”-State p 1M «0”-state

i ' I=1_sing I=1sing
N ¢ 1o e sl



Prehistory: Long range proximity effect
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Cooper pair inthe dirty limit

Normal metal
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Cooper pair in the dirty limit

T~Tc — linearized. Strong scattering:
in superconductor /<<§ => T_1; <<1, in the ferromagnet: /<<¢; => Hr; <1
h - exchange magnetic energy, T - scattering time A P
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Josephson spin valves

Controllable Josephson effect
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FSF spin-valves
0

Transport experiment: T, for FSF and SFF 5 b,
structures with misaligned magnetization
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Helical magnets based SSV

A
Spiral magntization in Ho
J. W. A. Robinson,
J. D. S. Witt, M. G. Blamire
Science 329, 59 (2010) =>
Long-range Josephson effect
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Proximity effect with a spiral magnet
Usadel equations

For the spiral magnetization with the vector of the spiral Q = (0,0,Q), Q = 2x/A

(DV2 —2w|) f. = —27A+2isgn(w)h - f;,
(DV?—2w|) fi = 2isgn(w)h fa.

The linear transformation

f+ =(—fa+1fy)exp(iQz), f- = (fz +1f,) exp(—1Q2)

Yields (DV? —2w)f, = ih[f-— f:]
(DTE — 2:&1’)@% — DQ? — Ew) fo = —-2i1hf.,
(L‘r‘rﬂ + :@Q&% - DQ? - :m,r) f_ = 2ihf..

The eigenvalues:
2 2 1.2
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ko — \/k2 + QQ T. Champel, M. Eschrig.
kn = +/h/D 0 “ Phys. Rev. B, Lett (2005-2007)
| p— 9 D ki — (1 - l)kh A. F. Volkov and A. Anishchanka,
w— V w/ K.B. Efetov. Phys. Rev. B (2005)




Spiral superconducting spin valve

MnSi family compounds (CoSi, FeCoSi, MnGe, FeGe, MnFeGe)

Cubic and complex noncentrosymmetric crystal lattice => DM SO interaction
Magnetic spiral may be realized in 3 equivalent directions (111), (1-11), (-1-11)
A~18nm (MnSi)>>¢;
The spiral direction may be switched => LRTC switch => T_ change
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Properties of the spiral spin valve

Switchable reentrant
superconductivity

T, oscillations <= short-range
triplet comp. oscillations,
Remains LRTC

Exchange splitting h~100 meV
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Magnetic switch

magnetic field (short pulse) — spin precession (torque)

Q

torque ‘ H

Junction
plane

—
~ .
= !

H always lies in the plane of the interface



Josephson junction

*Q is switches to the uniform
magnetization
«Josephson current changes

W [ A -Ground states are well defined

*One layer: easy to fabricate

j=Jsing = % S Im[fa 0 fe — (F "0+ [170-54) /2.

w>0
. New type of superconducting memory element,

. better compatible with other Josephson devices

T. Champel et al. PRB 72 (2005), PRL 100 (2008); A. E. Volkov et al. PRB 73 (2006)
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Critical current density




Critical current density: temperature induced 0-pi transitions
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The magnetic switch is possible not only between small j, and large |,

But also between 0 and 11 states on the same junction
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Advantages of spiral SSV as a memory element

* simple structure (bilayer, where M may be bulk for a spin-valve)
*T. change may be appreciable ~ 1K
« J. change may be of few orders of magnitude

* half-select problem solution

* N. G. Pugach,
M. Safonchik, T. Champel,
: Tunnel o
Fenomagmuc< ol M. E. Zhitomirsky, E.
electrodes Lahderanta, M. Eschrig,
o 4 b and C. Lacroix. Appl. Phys.
Low resstance stase High resistance stae Lett. 111, 162601 (2017)

* N. G. Pugach,
M. Safonchik, JETP Lett.
107 N5, 320 (2018)
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Towards superconducting spin valves

Triplet superconducting spin valve
High grade of complexity:

« additional AF pinning layer

SC

EM * additional non-magnetic
1 separation layer

FM,

S. Oh et al., Appl. Phys. Lett. 71, 2376 (1997)
Alternative concept:

« Single magnetic layer with
controllable intrinsic non-

collinear magnetization
N. Pugach et al., Appl. Phys. Lett. 111, 162601 (2017)
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Experimental approach

Growth of MnSi single crystals for the use as non-collinear magnetic substrate

Preparation of [111] oriented flat (~ 0.5 mm) samples

Deposition of thin Nb film (T, = 9,25 K, §;; = 39 nm)
using MBE

—
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First results

Reference: Nb film (20 nm) on diamagnetic CoSi
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First results

Nb film on chiral magnet MnSi

20 nm Nb film 30 nm Nb film
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