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1- Relevant Materials

2- Superconductivity with Rashba spin-orbit

3- FFLO-like state in magnetic fields

4- Abrikosov, Fractional, Skyrmion vortices (arXiv:1403.6655)



2D Superconductors

A
Ohtomo, Hwang, Nature 427, 423 (2004).

2D electron gas at LaAlO; and SrTiO; interface

Superconductivity in the 2D electron gas
Reyren et al, Science 317, 1196 (2007):

Many 2D superconducting materials:

MoS,: Science 338, 1193 (2012)
Pb on GaAs: PRL 111, 057005 (2013)
KTaOs: Nat. Nano 6, 408 (2011) il

All these materials lack spatial parity symmetry and allow for a
Rashba spin-orbit interaction



Microscopic Model
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Free Energy: Broken Parity

GLW free energy: constrained by symmetry:

hz
f=—aly | +8ly | +%(VW)(VW)*

Broken parity symmetry allows a new term (Lifshitz invariant)

i -Bx[y(Vy)*+y*(Vy)] = -Bx],,

=y =y, G=-meixB

=finite momentum pairing solution in a uniform magnetic
field when |¥] is uniform (this state carries no current)

= finite momentum pairing guaranteed with in-plane field

DFA, Physica C 387, 13 (2003) and Kaur, DFA, Sigrist, PRL 94, 13702 (2005)



Finite Momentum Pairing
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Phase Diagram
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Theory of y,and v_,
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U (1) x U (1) symmetry!

General feature: (W QX) " (W ;X ) " (W_QX ) i (WjQX ) ‘
N—-m+ p—K =0 caugeinvariance N=m

N—m — p+ K = 0 Translational invariance p=K



Fractional Vortices
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Consider (1,0) vortex:

i =inmly, (V) —v. (WQ]—?(W o PA
T, P+, P

Fractional Flux vortices have line energies that diverge as logR

(1,1) vortex has usual flux @, and finite line energy

Two kinds of (1,1) vortices: Abrikosov vortices and Skyrmion vortices



Abrikosov/Skyrmion Vortices
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Q_—j(n -0,Nx0 n)dxdy

Q is hon-zero (integer) when the two components
have different core positions (Skyrmion)

Q =0 when the cores coincide (Abrikosov)

Which defects are stable in field a c-axis field, fractional
vortices, Abrikosov vortices, or Skyrmion vortices?



c-axis Field

. HY ——
l|:|1.'-.'.ul:.|
i it HS? (mira) ——
pLM oLy =
LY ]
]
-
e b Mulple-CF phase
™ormal stnto
- Single-f) phasc _I_I_H_H"""w
EI 2 2 1 2 2 2 1 2 2 2 1 2 2 2 1 2 2 2
0.2 0.4 0. .E 1

T/T:

For parameters investigated GL theory is valid since 1/ (] << &,



Results
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Fractional vortices near the boundary




Boundary Fractional Vortices

- Stable because condition that no current
flows through boundary.

» Can be implemented by image fractional
anti-vortex.

* Fractional vortex anti-vortex pair does not
have divergent line energy

* Fractional vortices stay near boundary
because line energy grows with log L, L =
vortex separation



T=0.1410
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Skyrmion vortex lattice at high fields



0.150

0.141

0.124

0. 100

Moderate Field: Temperature Evolution
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Conclusions

» 2D superconductors with Rashba spin-
orbit coupling has finite momentum phases
with in-plane fields.

* Inclean limit, FFLO-like phase exists that
supports fractional vortices, Abrikosov
vortices, and Skyrmion vortices.

* Microscopic weak-coupling theory shows
fractional vortices are stable near
boundaries and Skyrmion vortex lattices
appear when c-axis fields are applied



Results in-plane field Rashba Spin-Orbit

Barzykin and Gorkov, PRL (2002); DFA, Physica C (2003);
Kaur, DFA, Sigrist PRL (2004); DFA and Kaur PRB (2007);
Dimitrova and Feigel'man , PRB (2007). Yanase and Sigrist
JPSJ (2007); Samokhin, PRB (2008); Mineev and Samokhin
PRB (2008): Zhang et al. Nat. Comm. (2013)

Michaeli, Potter, PRL (2012)

Survives to high Fields in disordered 2D Rashba
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Josephson detection of helical phase

= The Helical phase can be unambiguously detected by a Josephson
experiment
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P

. >
junction

sin (70/ @)
7D/ D |

Fraunhofer
pattern

I =1;sin(y,)

For this field in the plane,
2 no Fraunhofer pattern




If one superconductor has single-q phase order
parameter (say 2). The Josephson current will
exhibit a Fraunhofer pattern for field in the
plane.

| = T sin(qL) v, =lyie' H v, dyjle?e
" gL 7q 2

R Broken Inversion
d=-2menxH

Inversion Symmetric

For verification of helical phases by Josephson
experiment, uniform | ¥ | and in-plane A are required.



Enhancement of Pauli field

* Pauli field for spin-single’r case is strongly
enhanced (also found by Bulaevski):

Spin singlet pairing:
Paramagnetic limit diverge for T=0:
Spin triplet pairing:
No limitation if g Ild
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Experimental Results
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Red dots are non-centrosymmetric materials
with a Rashba spin-orbit.

They all surpass the Pauli field.

Critical field determined by vortex physics
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