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Andreev equations
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and neglecting the second derivatives of U and V', we find
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Andreev equations



Andreev reflection
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Consider € > |A] The reflection process k — —k is prohibited
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From the continuity of the wave functions at the interface:

a=V/U, c=1/U



Andreev reflection
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Andreev reflection

For the sub-gap energy e < |A|, there are no states below the gap in the S
region, thus the wave should decay for z > 0. The wave function on the right is
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The coefficients are

However, now
a* =1

The Andreev reflection is complete since there are no transmitted particles.



Andreev states: SNS structures
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Comnsider energy € < |Al. A particle that moves in the normal region to the
right, will be Andreev reflected from the NS interface into a hole. The hole will
then move to the left and is Andreev reflected into the particle, and so on. It is
thus localized in the N region having a discrete energy spectrum.
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Andreev states: SNS structures

The wave function in the N region is ( 1( ”

k., > 0

in the right superconductor x > d/2 ( (";(‘I’) ) = dye*5@

Continuity at the right interface ae =€

Continuity at the left interface g™ ? = Zpi¢/2
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Andreev states: SNS structures
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Combining the both trajectories we obtain: | € = +hw,
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Normalization of the wave function |Al? is determined from
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Employing the continuity of the wave functions |A4[? =
we find that in the right region
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Calculating the integrals from —oc to —d/2 then from —d/2 to d/2 and from
d/2 to co we find
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Andreev states: SNS structures
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Andreev states: SNS structures

if a state with € > 0 belongs to k&, > 0 == state with —e < 0 belongs to —k, < 0.

Short junction Long junction
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Andreev states: supercurrent through SNS
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Current carried by the bound states
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Current carried by the continuous spectrum states ¢ > |A| is zero

Case I. Short junctions.
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N~ is the total number of states per unit volume with v, > 0 and all possible
ky, and k. flying through the contact of an area S.
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Andreev states: supercurrent through SNS. Point contact.

Point contact — is a junction where two superconductors are connected via a short and narrow constriction
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How to find C? To find ' we note that while p can be both p < pp and
p > ppr, the energy only assumes positive values. In our case the integral

fi dp/27h = 2 since there is exactly one state per unit volume for a given
phase difference ¢ for p < pp and one for p > pp. Therefore,

() 2“?}! F ( F’FJ + (F ‘ h)J TL_E-T.-'JL'

/ de C C' = Qﬂ'h’f,}.‘



Andreev states: supercurrent through SNS. Point contact.
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Andreev states: supercurrent through SNS. Point contact.
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The supercurrent through the point contact. Curve (1) corresponds
to a low temperature T" < T, curve (3) is for a temperature close to 7.

Low temperatures:
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Andreev states: supercurrent through SNS. Long junction.
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Andreev states: vortex core states.

In the cilindrical coordinate frame (1, ¢,z) A = |A(r)]e'®
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where j is the azimuthal quantum number. It should be the half integer 1 =
n 4+ 1/2 since the wave function has to be single valued.
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Andreev states: vortex core states.
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Andreev states: vortex core states.

Neglecting the second derivatives of g, we obtain:
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Andreev states: vortex core states.

Match the solutions at r = r.
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Andreev states: vortex core states.
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Caroli, de Gennes, Matricon, 1964
The energy spectrum holds for 1 <& kp&.

For larger u energy approaches q:ﬂﬂ

Since g = n + 1/2 the lowest energy is nonzero: there exists a minigap wy/2
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Problems to Section 2

2.1 Find the deflection angle of the trajectory during Andreev reflection process

2.2. Derive the expression for Andreev bound state energy spectrum in SNS structure at £, < ()

2.3. Find the energy spectrum and the wave functions of the short SNS junction at ¢ < |A|

2.4 Find the wave functions for an SNS structure at € > |A|
Prove that these energies do not contribute to the Josephson current through the SNS structure
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