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Outline

Proximity effect in ferromagnet-super conductor (FS)
structures:

oscillating nature of the order parameter in F
Current-phase relationships in Josephson in SFS—unctions.

Towards the engineering of SFS structures with predetermined
properties

Towards the fabrication of SFS structures with reliable
parameters



Proximity effect 1in normall metal -
superconductor (NS) structures

Andreev reflection at SN interface
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Proximity: effect n ferromagnetic -
super conductor (FS) structures
Andreev reflection at SF interface
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Proximity: effect n ferromagnetic -
superconductor (FS) structures
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Phase jump at SF interface dq<<‘.ng
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0 - p transition due to thickness oscillations in F
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0 - p transition due to phase jump at SE interface
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Current-phase relations in more complex geometry:
ballistic SFcF S junction

SFcFS constriction —0

0,0 0,5 1,0 15 2,0 2,5 3,0



Towards the engineering of SES
shructures with predetermined properties

<<(D b

CJ - conventional "0" Josephson junctions
UJ - unconventional "pi"” or "0"+"pi" Josephson junctions
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Inductance estimations

o Variable thickness bridges

| =0.1 mm

Width of electrodes 1 nm
Width of terminals 0.1 nm

Inductance L (pH)
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IndUctance esiimailions

o Variable thickness bridges

| =0.1mm

W - the width of electrodes

D =0,1 mm - the width of terminals
d - the distance between terminals
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Il EslimaLiens

e LI << F,
e |.£ 005F4L, L» 1pH
e [.£ 0.05mA
e j. £ 5kA/cm?



Towards the fabrication of SFS structures

Withireliabl e parameters

 Problem N 1.
Small decay length
e Problem N 2.
Magnetically dead
layer ddead = the
scale of interface
roughness or

mutual diffusion of
S and F materials
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e Th. MlUhge et al., Phys.
Rev. B 57, 6029 (1998)

e The roughness parameters
of 34 A. The magnetically
‘‘dead’’ layer arises dueto
an intermixing of Nb and
Fe at the interface

* Xpo» 12 A.



Nb/Co multilayers

 For Nb/Coand for V/Co, MS
continues to drop toward d-, » 7 A,
where it becomes zero in both
systems. The threshold value d, »
7 A may correspond to the

M (emwcm )

o R ol formation of the nonmagnetic
0 o tomL — (magnetically " dead" ) interface
o layer. (Y. Obi et al. Czech. J. Phys.
L e 46 721 (1996), Physica C 317-318
1000 o s, L% 149 (1999))

5

e d,»3A,S F Leeetd,,
J.Appl.Phys., 87, 5564 (2000)

e d,»6A,S F. Leeetad,,
® Na.l-scrics JApplPhyS, 89, 6364 (2001)
2 Mo 2-senes

e do,»24A A Ajanetd.,
J.Appl.Phys. 91, 1444 (2002).
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Fig. 1. Magnetization as a function of &, for {a) Nb,/Co and (b]
W/ Co multilayers. Different symbols correspond to different sam
nle series.




C. Strunk et al., Phys.
Rev. 49 (1994), p.
4053. J.S. Jang et al.,
Phys. Rev. 64 (1996),
p. 6119

ds, (A) XGd » 10 A de » 155

FIG. 2. Ferromagnetic ordering temperature Te,,;. vs Gd layer 20
thickness dgy for two series of Nb/Gd multilayers with dy, =
400 and 500 A.




Stirateqy

Interface roughness, magnetically dead layer
thickness and decay length in ferromagnetic
are in the same scale!!! Therefore we have
to

 fabricate interfacesasflat asit is possible
and avoid mutual diffusion;

 use ferromagnetic with large decay length -
small exchange energy - weak
ferromagnetics

Ssing™ (D/(2 aT+iH) 2




[EX1SHi1Ag SelUNGRS

V. Ryazanov et a, 2001a,b
T. Kontos et al., 2001,2002;

Y. Blum et a., 2002;

C. Surgerset al., 2002.

Nb/Cu,_ ,Ni,/Nb X » 54%
Pd, , Niy aloy with x » 10%
Ni in NbCuNiCuNb JJ

Pd, , Fe, aloy with x » 10-20%



Materias with intermediate atomic
_CQDQQDI@Q.D.ND/Cul NIL/ND

The Nb/Cu,_Ni./Nb structures was historically the first in which transition from
O-phase to p phase state was demonstrated on the temperature dependencies of
the Josephson junction critical current(x 0.54)

* Xgyni = 7.6 N,
e g»0.15

e H»130K

e 5 »0.3

1710 %N

10,65 % Ni
—— 15 MO-CM

0O 30 &0 90 120 150 1BQ 210 240
T

Fic. 3. The resistivity of Cu-Ni alloys from 4.2-250°E.
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Curie

of ferromagnets with relatively small

concentration of F material Pd/IN|
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T'c e OF TEromagnets with small
concentration of E material, Pt/Co

* Tcyie IS proportional to X2 for
concentration

. : 0.66a % CoEXE1la %Co
v : and proportional to x for higher

A EXFERIMEMT

concentrations of Co.

e Critical concentration equals to
0,271 at % Co.

 Atx<x.PdCoisa
paramagnetic, while at large Co
concentrations PtCo films are
hard magnetics with the
magnetic moment oriented
perpendicular to a substrate
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Curne

of ferromagnetswith small

concentration of F material Pt/Fe

In small concentration region
up to 1% T, depends on
atomic Fe concentration X as

Teyie »1,6° 10°3(x-0.076)
and characterize by spin
exchange integral H » 0,14 eV.

At larger concentrations
(between 2% and 8%) T .
also depends linear on X as

T »20(x-0.01).

Curie



Materials with intermediate atomic
concentration_
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Viaiemaiswithnntermediaie aiomic

— concentriation NizAl
A3B(o:Ao:B)
Ni Al (L1

* de Boer et al.
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* NizAl formsasingle-crystalline
layer and can exhibit a
heteroepitaxial relation of being
deposited on Nb

 Theintermetalic NiAl, easily
oxidizes, forming a continuous
coherent Al,O; film (about 5 A

t h i Ck) B




Surface oxidanonief NizAl

aI I OW tem per atures the TABLE II. The 1 ML oxygen coverage: point defects present [23] and the composition of the upper NiAl layer (including oxygen)

for different configurations and their surface energy Ay (in eV/cell) relative to the energy of configuration A.

I I Point Upper Ay
Configuration defects layer Ni-rich Stoichiometric Al-rich

film is amorphous N T "
(locally ordered), at NiALO; B g B
.  Vn - Ni,AlLO; +0.53 (+0.58) +0.18 (+0.31) —0.51 (-022)
hi gher tem per atures Vai + Niai + Al NiiALO: ~0.61 (~0.28) ~0.96 (~0.54) ~1.65 (~107)
\{%{I + Ai'?‘[i-'_l Ni, ALO; ~0.72 (—0.78) — 107 (- 1.05) ~1.76 (—1.58)
I 7 Nisl + Aly Nij Al:Os ~1.87 (—1.39) ~1.87 (- 1.39) ~1.87 (~1.39)

(abOUt 1300 K) It : Ve _ Ni; ALO, ~1.92 (- 1.73) —2.27 (-2.00) 296 (

ordered and takes on the
structure of two O-Al
bilayers, terminated with
an Al layer on the
Interface and with an O
layer from vacuum.

The NiAI-ALL,O,
interface is atomically

A Gpat Magn ] G

sharp without any Sov 14 s oo

Intermedi ate phases.



Deposition et NizAl e N sustEe

* The nucleation mode is induced by a positive surface energy
balance, when Dg= ¢,+q,-d > 0, where g»2.08 Jm? isthe
Ni Al thin film surface energy for a monolayer, g,»1.2 Jnm? is

the interface energy and g»3 Jm? is the Nb substrate surface
energy. A three-dimensional epitaxial island growth

corresponding to a should be achieved during
the deposition process.

» The surface energy mismatch, G4=2|(a,-g)/(9.+g)|, is equal to
0.36. The critical value defined for the formation of a

superlattice structure is Gg= 0.5. Therefore, the growth of a
superlattice structure is energetically favored.



Stimmary.

Physics of unconventional JJ :
- oscillating order parameter in a ferromagnet

- p/2 phase shifts at the SF interfaces in SFSjunctions
- generation of triplet superconductivity

are well understood to predict the mode of operation of
SFS devices.

This knowledge per mitsto pose the problem of engineering of
Josephson junctions with predetermined properties.

Ni Al looks very promising for SF/FStunnel junction
fabrication.

Pt based ferromagnetic alloys can beused for weak link



