Triplet proximity effect in FSF trilayers
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e Long-range triplet superconducting component at noncollinear magnetizations
[Volkov, Bergeret, Efetov (2003)]

e Odd in energy, even in momentum [Berezinskii (1974)] = survives in the dirty limit

Dy _ o
o d, <& = 5T is there superconductivity at all ?
CS
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How the triplet component is generated
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Quasiclassical equations in the dirty limit

Dd2F

The Usadel equation: W F+ AGs — i (ﬁﬁ* + ﬁﬁ) =0,
2 dx? 2
where [ = (f“ fTT) : H=h (02 sina + 03 cos «)
fio fi
T A
The self-consistency equation: Aln = WT; (m — f“>
The boundary conditions:
outer surfaces SF interfaces
dﬁf dﬁs dﬁf PsEs Ds(f)
— =0 S — ETE — ) S —
dx S dx s dx 7 pE¢ S 21T
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The solution can be represented in the form F= fooo + f101 + f303

The Usadel equation in components:

Dd? fy .
5 g2 — wpfo—thfscosa =0,
D d? :
Eﬁle—wnfﬁhfsa sina =0,
D d? . :
5%‘];3 — wnfs —thfocosa — hfisina+ A(z) =0

2w, 2wn, h T -
The wave vectors: ks:’/;):’ kf:“DLf’ kh:”D—f’ k’h:\/k’?—l—sz’i

The solution in the left F layer:
ﬁf = (' (iogsina 4 o1 cosa) cosh [k (z + ds + dy)] +

+ C5 (0 cos a + 107 sin . 4+ 03) cosh _Eh (x +ds+dy)

+ Oy (Gpcosa + id1 sina — 53) cosh |k} (z + ds + dy)
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We can consider only one half of the system with the following boundary conditions
in the center of the system:

dfo _
dx

dfs _

=0
dx

07 f1:07

Effectively, we obtain the following problem:

wn >0
D, d?
DOl vt a=o,
df3(—ds) dfs(0)
S — _ds ’ —
§ dax Wf?’( ) dax 0
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All information about the F layers is in the function WV:

(Im Vh)2
W = ReV;
CVh ¥ i A(Q) + RV

o) ks&s tanh(ksds) + Vi [sin® a + tanh?(ksds) cos? o

Q) = :

k& [Cos2 o+ tanhz(ksds) sin? oz] + V;tanh(ksds)
v, — _ Yks&s tanh(kydy) V. — Yk tanh (kndy)
J h

1 + ’kafff tanh(kfdf)’ B 1+ ’Vbzhff tanh(%hdf)

e T.(«x) is a monotonically growing function; T is largest in the antiparallel case
e The dependence of T, on « disappears if d, > &

o 7. does not depend on df if df > &5
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Numerical method
The fundamental solution G satisfies the equations

D,d*G(x,y
9 dECQ ) — wnG(may) — —5(37 T y)a
dG(—ds,y) dG(0,y) _
I W) G—dy), S =0

and can be readily found:

ks/wn " Ul(aj)UQ(y)v L
sinh(kads) + (W/ksEs) cosh (kads) )| va(z)vi(y), v

AN/

Y
where vi(xz) = cosh(ks(x +ds)) + (W/ks&s) sinh(ks(x +ds)), wva(x) = cosh (ksx).

0
The solution of the Usadel equation:  f3(z;w,) = / G(x,y;wn)A(y)dy
—d,

As a result, the self-consistency equation takes the form

A(z)In :; =2rT. [A(x) — G(w,y;wn)A(y)dy]

wn _ dS
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Thin S layer (d; < &), collinear magnetizations

A(x) = const = the Usadel equation is readily solved

In the parallel and antiparallel cases at h > 7T, we obtain:

Tcs 1 Vhfs Tcs 1
1 — — _ _
hp T ev (2+ 2 dsTCP) v (2)

TCS _ 1 Wfs Tcs 1
N ar =Y (f ; dsTcAP) v (z)

The critical thickness:

dP dAP
f = 2¢C V3|, _20 — 2, C =~ 0.577
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ds < & h>»7le, kndg>1, ~, =0, arbitrary angle

ds
The superconductivity exists if Qecfykhff <=1

S

The equation for 1.

Tes 1 971 1 (o 1
In -2 = - - T
T Qw(2+2ﬂ'Tc) +RY <2+2ch) ¢(2)’

where
1 sin? o
Q:_+ 1 ) R:]-_Qa
2 2+/sin*a — 4cos? o
_do 2 \/ 4 2 _
Ql,g—d—ﬂ'Tcs 1+ cos“a =+ Vsin"a—4cos?a), do = Ykn&s€s/2

The critical thickness:
sin2 o

dsc(@) — 4/2¢€ cos a (1 + cos? o + \/Sin4 a — 4 cos? oz) 24/sin? a—4 cos? a

do 1+6082a—\/sin4a—46082a
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Odd triplet superconductivity in SF multilayers
[Volkov, Bergeret, Efetov, PRL 90, 117006 (2003)]

The Josephson current is entirely due to the long-range triplet component if

ds < &s, ]f;zl L &p < dy

Under these conditions the superconductivity exists if

Lt ambnsy  _ds oy

4eC~k
© hgf(1+27bkh§f)2+1 Es

ds
o At 7, = 0 (perfect interface) this yields:  2e“vkpé; < = < 1

S

ds
o At v, = 1. 20 <« 22«1
b gs
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