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Proximity effect - basic facts

N-S

Holm et al, Z. Phys. (1932):
vanishing of the resistance of the
S-N-S system (Josephson effect)

Cooper, PRL (1961):
first microscopic theory of the N-S system

Andreev, JETP (1964):
Andreev reflections

F-S

pair breaking = short superconducting
proximity effect

de Jong & Beenakker, PRL (1995):
suppression of the Andreev reflections

Clogston, PRL (1962):
Eer > A/v/2 = no superconductivity



Some remarkable experiments

superconducting transition temperature Lazar et al., PRB (2000)

Fe/Pb/Fe

resistivity 4+ AC suceptibility S749 (R)




differential conductance Kontos et al., PRL (2001)

Nb/PdNi/Al>,O3/Al
planar tunneling spectroscopy
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density of states Cretinon et al., PRB (2005)

Nb/CuNi
scanning tunneling microscopy (STM)

CuNi thickness (nm)




Superconducting electrons

INn an exchange field - FFLO state

AelQr
Acos(Qr)
F-S

Fulde & Ferrel, Phys. Rev. (1964)

Larkin & Ovchinnikov, Sov. Phys. JETP (1965)
Demler et al., PRB (1997)

Proshin & Khusainov, JETP Lett. (1997)
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Dh ase d lagram |zyumov et al., Phys. Usp. (2002)

properties of the FFLO state

spatially dependent order parameter A(7)

non-zero pairing momentum in the BCS theory

spin polarization

almost normal Sommerfeld specific heat

almost normal single-electron tunneling characteristics
unusual anisotropic electrodynamic behavior
spontaneously generated current

sensitivity to disorder
strong dependence on the shape of the Fermi surface



Andreev bound states

Bohr-Sommerfeld:
—(a1 + a2) Fop + B(w) = 2n7

0: = w/A = *cos (—Aéjf(%))

de Gennes & Saint-James, PL (1963)

1= 0+ @y
,-I

— (0 +0p)+Pp=2nm —(oy+0y) +B+m=2nm T == w/A = isin(%)
2
Hu, PRL (1994)

I-F-S
wno () = ocos((7() + oln/Er) /2)

Kuplevakhskii & Fal‘ko, JETP Lett. (1990)

— cos(1(9)) = 1 — 2c08(2/2)
— o=4=1
- §F — TLUF/Eea:



splitting of the zero-energy states

self-induced Doppler shift:

w—wtxo=wxevpA

below T* = (£/\) Ts



linear current response

total current: 0O:
= p(SF) =
J — Jdia + Jpafr’a = Jpara =0atT =0

diamagnetic:

T .
mc = sharp peak at Er

= overcompensation of the diamagnetic response

= instability: 6F = —JdA < 0O

= spontaneous current

_ Spontaneous
current




Self-consistent theory:

negative U Hubbard model

M. K., B. L. Gyorffy & J. F. Annett, PRB (2002); EPJB (2003); Physica C (2003);
PRB (2004); Physica C (2005)

U~ -
H = 555 [tij + (g0 — 1)0ij] ¢ Cjo + Ziggifishi—o

e (|7 A
- hopping integral: t;; = —te f
- Coulomb interaction: U; =0 (FM) and U; < 0 (5C)
- site energies: &, = 2Eeeo (FM) and g = 0 (SC)
- magnetic field: B = (0,0,B.(z)) = A= (0, A,(x),0)



SPHFG equations

%Eemanm I T— —Ananm O O
—An(snm lEeménm + T—I— 0 0
— 2
Hnm(ky) 0 0 —%Eex%m —TI_ Apdnm
0 0 An(Snm _%Ee:pénm _I_ T—I—

Ty = (teos(hy % eAy(n)) + 1)8um + tonnta

- principal layer technique Turek et al., Electronic structure ..., Boston (1997)

- finite temperature method Litak et al., Physica C (1995)

(0) =

AN

2N—-1
Z ReG(wV)e(QV—i—l)ﬂ'i/QN
v=0

w=a<e(2”+1)m/2N—1) ., N=p0c/2 ; c>W/2



self-consistency and the Ampere’s law

electron concentration:

nn = 254 Re {Tr(Grn(w,, ky))er+1)mi/2N}

my, — %Zknye {Tr(énn(wy, ky)$3)e(2y—|—1)7m‘/2]\[}

SC order parameter: A, = UpZy, (cny (ky)enr (ky))

B = 2%, Re {G2(wy, ky)e@HDmi/2NY

current in the y direction: JH(n) = Jyp(n) + Jy (n)

Ty (n) = 5 2yusin(ky — eAy(n))Re {Tr(Gn(wy, ky))eZHDm/2N

polarization of the current: AJy(n) = Jy(n) — Jy (n)

AJy(n) = %Zky,,sin(ky —eAy(n))Re {Tl’(@nn(wy, ky)$3)e(2u—|-l)7m'/2N}

Ampere's law on a lattice: V X V x A7) = poj(7F)

Ay(n+1) —24A,(n) + Ay(n — 1) = —poJy(n)



Current carrying ground

pairing amplitude




Andreev bound states zero-energy bound states (ZES):

- splitting of the ZES




spontaneous current




spontaneous magnetic field

d(n) = Ay(n+ 1) — Ay(n)




density of states vs temperature

T < T, = spontaneous current




ground state energy

AE = FEj;— Eg <0 = true ground state




Effect of the normal metal

slab (F-N-S)

M. K., J. F. Annett & B. L. Gyorffy, cond-mat (2005)

U~ -
H = 555 [tij + (g0 — 0)0ij] ¢ cjo + Zisgifishi—o

- hopping integral:
- Coulomb interaction:
- site energies:

- magnetic field:

e (|7 A
tij = —te j;z ©
U =0 (FM and NM) and U; < 0 (SC)
€ic = 2Bepo (FM) and g, =0 (NM and SC)
B =(0,0,B.(z)) = A= (0,4,(2),0)



pairing amplitude




spontaneous current

ground state energy




Conclusions

F-S

oscillatory behavior of the pairing amplitude
zero-energy Andreev bound states in FM
spontaneous current and magnetic field

true ground state

F-N-S

pairing amplitude in FM: xpNs =~ XFS
difference in the GS energy: |AEpng| > |AFERg|
NM # transparency of the interface



