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Condensed matter
ohysics In 21 century:
the age of spin-orbit

v spintronics

v Kitaev’s non-abelian spin liguid/toric code

The key issue: spin-orbit + e-e interaction
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Toy d=1 problem B L SO
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E-e Interaction adds a new process:
Cooper scattering (inter-band Josephson coupling)

R} L| Ry 1Ly +hc.

e Cooper channel: spin non-conserving inter-subband pair tunneling
possible due to Spin-Orbit only




SDW 1nstability

e Easy limit: Eg >> guB >> ockF
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Hcooper = U (2kr) ( ) cos[V8mO;] K;>1relevant!

Thus 0, is frozen, hence ¢, fluctuates wildly - remember [¢,0]=10(X-y).

e 2k, component of spin operators: S5, ~ cos|[V2n¢.|sin[V 25ds] — 0

S, ~ cos[V2mg] cos[v/2mb,] — 0
but S5, ~ cos[V2n¢.|sin[v2m0,] — cos[V2mf]

Ising order Iin the spin sector!



Spin chain with uniform DM term
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*Magnetic field can now be absorbed
— /D2 + W2(M% + M) — —19,¢

*Transverse to field (t) components oscillate
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The final Hamiltonian
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Phase diagram of Heisenberg+uniform DM chain

Lesson:
ordered phases below

this line are stabilized
by spin-orbit+Zeeman field

+ e-e interaction
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hx /D Gangadharaiah, Sun, OS, PRB 2008

Garate, Affleck 2010
Povarov et al, PRL 2011
Karimi, Affleck 2011
Smirnov et al 2015
Wen Jin, OS unpublished
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Kohn-Luttinger mechanism: Superconductivity from repulsion
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More recent history
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Superconductivity in the repulsive Hubbard model: An asymptotically exact weak-coupling
solution
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Effects of longer-range interactions on unconventional superconductivity
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Superconductivity from repulsive interactions in the two-dimensional electron gas
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LETTER

Emergent BCS regime of the two-dimensional fermionic
Hubbard model: Ground-state phase diagram

Youjin Deng®?, Evgeny Kozik>*#, Nikolay V. Prokof'ev?* and Boris V. Svistunov*%->
Published 15 June 2015 « Copyright © EPLA, 2015



Hamiltonian

Hy = Z anf(k)clockol (free part)
koo’
H =U Z c,Ichlxckwckn (interaction part)
kikoksks

Diagrams to U2 order:
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Hamiltonian

Hy = Z anf(k)clockol

koo’

Hy=U Z C'LTCL;C"NC""T

kikoksks

Diagrams to U2 order:

triplet channel

(free part)

(interaction part)
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The effective interaction is, for q=k -k’
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Uesi(q) = U*N(q),

where [1 is the polarization operator. In 3D, this has a singular part

Msing(q) ~ (2ke — q) In |2k¢ — q



Two dimensions: one-sided singularity

2k 2
UL ~ U?pg Re\/l — (f)

k/

—k k qg < 2k; always

—k’



Zeeman field produces superconductivity

Partially polarizing the electron spins solves this problem! (Kagan
91, Raghu & Kivelson 10)
-

==y

U;B;g)‘(q) ~ U2Re\/q2 — (2kg )2

 Spin-up electrons experience effective attraction mediated by spin-down electg?cns
q > 2kt

. Spin-down electrons remain in the normal state q < 2ks 4

. “One-sided” superconductivity
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Basic solid state: spin-orbit interaction is unavoidable

'DEG ———— —— | E

HSOC’ — CVR(:ZCQ;O'y — /Cy()'x)

General set-up: arbitrary H but Zeeman energy >> Spin-orbit energy

> N

y H quantization axis along
the magnetic field
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Coexistence of magnetic order and
two-dimensional superconductivity

at LaAlO;/SrTiO; interfaces

Lu Li", C. Richter?, J. Mannhart? and R. C. Ashoori'*

A two-dimensional electronic system forms at the interface
between the band insulators? LaAlO; and SrTiO,;. Samples
fabricated until now have been found to be either magnetic
or superconducting, depending on growth conditions®*. Com-
bining high-resolution magnetic torque magnetometry and
transport measurements, we report here magnetization mea-
surements providing direct evidence of magnetic ordering
of the two-dimensional electron liquid at the interface. The
magnetic ordering exists from well below the superconducting

transition to up to 200K, and is characterized by an in-plane

magnetic moment. Surprlsmgly, despite the presence of this

magnetic ordering, the interface superconducts below 120 mK.
This is unusual because conventional superconductivity rarely
exists in magnetically ordered metals®®. Our results suggest
that there is either phase separation or coexistence between
magnetlc and superoonductlng states. The coexistence sce-

nario would point to an unconventional superconducting phase

as the ground state.

Superconducting Interfaces Between Insulating
Oxides

N. Reyren’, S. Thiel’, A. D. Caviglia’, L. Fitting Kourkoutis®, G. Hammerl’, C. Richter?, C. W. Schneider?, T.
Kopp?, A.-S. Riletschi’, D. Jaccard’, M. Gabay*, D. A. Muller?, J.-M. Triscone’, J. Mannhart®’
+ Author Affikations

«" To whom correspondence should be addressed. E-mail: jochen.mannhart@physik.uni-augsburg.de
Science 31 Aug 2007

Vol. 317, Issue 5842, pp. 1196-1199

DOI: 10.1126/sclence. 1146006

Superconducting and Ferromagnetic Phases in SrTi103 / LaAlO;
Oxide Interface Structures: Possibility of Finite Momentum Pairing

Karen Michaeli, Andrew C. Potter, and Patrick A. Lee
Phys. Rev. Lett. 108, 117003 - Published 12 March 2012



Expectations

PHYSICAL REVIEW B 83, 094518 (2011)

Superconductivity from repulsive interactions in the two-dimensional electron gas

S. Raghu'? and S. A. Kivelson'

" Weak but nonvanishing spin-orbit coupling will generically
change this situation, since superconductivity will be induced
in the minority fluid by the proximity effect as soon as the
majority fluid becomes superconducting. In 2D, this induced
superconductivity will generally track the fundamental order
parameter. 7




1. Switch to band basis (spin is not conserved)

k? -
E(k) = %O'O — H -0+ agr(kyo¥ — kyo”)
k, k,
OH H

() = magsind
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2. Project the interaction into band basis

keep U?, Uoz%
drop U?, U?ap

Hest = Ho + Z Z gxu(k, k,)aT—k',Aal’,)\akeﬂa—k,#’
A kK

where the full interaction matrix, g.(k, k'), is given by

2
&, (k, k') = Uaka:‘hI;f”‘C)‘C" (cos @ — i€y cosdsin @)

U2r|_ k — k’ Kohn
X (cos ¢y’ + i, cosd sin @) ’\é )5Ap, Luttinger
ferm

where () = %1 is the helicity of the spins on each band.

m A = u: Intra-band interaction, which is repulsive.

m A # p: Inter-band interaction (momentum space Josephson
coupling), which is attractive.



2. Project the Iinteraction into band basis
(via Schrieffer-Woltf transtormation)

II <0 /\‘ /\‘ R >0
KL process Repulsion
O(Ua3)

J <0
Josephson exchange

Ry >0
Repuslion .
O(Ua%) OUag)



Mean-field

order parameter 2.k =Y gk k) (@ wuan,)

dispersion Eer = /(51— )2 + 185 (K)]2

Two solutions of selt-consistent equations

“Coupled” phase

A1(k) = Aj(cos gk — i cosdsin ¢),
As(k) = As(cos @ + i cosd sin ¢y)

“"Decoupled” phase

Aq(k) = Aj(cosd cos @k + isin ¢y),
As(k) =0



Aq(k) = Ai(cos @ — i cosdsin ¢y ),
As(k) = Ap(cos ¢k + i cosd sin ¢)
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“Decoupled” phase
Aq(k) = Aj(cosd cos @k + isin ¢),

As(k) =0
<0 /\‘ s R, >0
KL process A ,’ ’ Repulsign
O(U?) ' O(Uay)
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"Decoupled” phase has lower energy
“Coupled” phase suffers exponentially from intra-band
repulsion Ri 2
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‘coupled”

chirality of the order

parameter
IS opposite to that
of the band

Pairing symmetry

For out-of-plane fields (§ = 0):
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Experimental probe: angle-sensitive specitic heat
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Unexpected bonus: finite-momentum pairing

When the field has an in-plane component, the Fermi surfaces are
displaced from their centers along directions orthogonal to H:

k, k,
OH

|

c.f. D. F. Agterberg and
R. P. Kaur, 2007

Can be seen from 2-particle problem: W) = "o 3(k)aj. g 12 .q.2/05)
Ak

Turns out that Q@ = magsind is energetically favorable.




Conclusions

m The Kohn-Luttinger mechanism creates a superconducting
instability from purely repulsive electronic interactions

m Magnetized 2DEGs with SOC condense into a p-wave
superconducting state via the KL mechanism

m |n the small spin-orbit regime, the majority band always
superconducts, while the minority band never does — this is a
spinless “half-superconductor”

d=1: spin-orbit stabilized phases
d=2: spin-orbit only relieves degeneracy
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