CMT Journal Club on September 10, 2013

Tobias Meng

Majorana Fermion induced selective equal spin Andreev reflections

James J. He', T. K. Ng', Patrick A. Lee? and K. T. Law'*

! Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China
2 Department of Physics, Massachusetts Institute of Technology, Cambridge MA 02139, USA

arXiv:1309.1528 (out Monday, September 9)

Montag, 9. September 13



Abstract

Majorana Fermion induced selective equal spin Andreev reflections

James J. He', T. K. Ng!, Patrick A. Lee? and K. T. Law'*

' Department of Physics, Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China
2 Department of Physics, Massachusetts Institute of Technology, Cambridge MA 02139, USA

In this work, we find that Majorana fermions induce selective equal spin Andreev reflections
(SESARs), in which incoming electrons with certain spin polarization in the lead are reflected as
counter propagating holes with the same spin. The spin polarization direction of the electrons of this
Andreev reflected channel is selected by the Majorana fermions. Moreover, electrons with opposite
spin polarization are always reflected as electrons with unchanged spin. As a result, the charge
current in the lead is spin-polarized. Therefore, a topological superconductor which supports Majo-
rana fermions can be used as a novel device to create fully spin-polarized currents in paramagnetic
leads. We point out that SESARs can also be used to detect Majorana fermions in topological
superconductors.
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System and idea in pictures

(a) Bulk States
(a) Electron of one spin species:

® can be reflected as hole with same spin

(b) Bulk States

O

®

| :
Bulk States

(b) Electron of other spin species:
always reflected as an electron of this spin
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—ffective Hamiltonian for N/TS junction

MF

Hr=Hp + H,,

Hp = —vp Z f;I—OC;O wg(x)axwa($>d5€a
act/| |

H, = ty[a1(0) + bipy (0) — a*¢1(0) — b*1)] (0))].

y=+"and TeR and a2 4 |p|2 = 1.
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—ffective Hamiltonian for N/TS junction

MF

Hr=Hp + H,,

Hy = —ivp > [T 291 (2)0¢a (x)de
aET/] f

H, = ty[a1(0) + bipy (0) — a*¢1(0) — b*1)] (0)].

Coupllng toMF ~ =~ and TR ano al? + \b\Z _1
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Reminder: Andreev reflection

e Normal metal / superconductor interface: Andreev reflection possible

N S

f I- -::::::3-'35-':"
?:‘\"I”’E

.- ~
.'-_".—"'l,‘\‘

incoming electron of spin 0 — hole of spin &

® Important for instance for Andreev bound states in dots, crossed Andreev
reflections (entanglement), ...
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Spin selectivity of the Majorana bound state

e Majorana only couples to half of the modes in the normal lead:

H, = ty[ar(0) + bipy (0) — a*¢1(0) — b*1)] (0)].

¢ Define K.T. Law, P. A. Lee, T. K. Ng, PRL 103, 237001 (2009)

Wy) =alyy) +blYy) = | 1,7)
Wq) = =0 |Yy) +a”|vy) =1 1, 1)

(ziigsz(gézi) S A E—
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Spin selectivity of the Majorana bound state

e Majorana only couples to half of the modes in the normal lead:

— \Ifg decouples: junction = like hard wall, normal reflection only
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Scattering of electrons at Majorana

e Scattering matrix for incoming electron of energy E in state |\Ifl> = | T, ﬁ}

Incoming electron

v/
(410) e () (30)
/7

outgoing hole
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Scattering of electrons at Majorana

MF

Incoming electron

v/
(410) e () (30)
/7

outgoing hole
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Scattering of electrons at Majorana

incoming electron

v
(iigj):rjm(g?;)<$igg>

outgoing hole

»~We call this phenomenon Majorana-induced selective equal spin Andreev reflection

(SESAR)*
(a)‘ Bulk States (b)Q Bulk States
—, o - MF o
¢‘ =1 | ) 3
F Bulk States ME Bulk States
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Towards more realistic setups

So far, couping between Majorana 7y and wire modes energy independent:

a
— — const.

H, = ty[atpy(0) + bipy (0) — a*hL(0) — b*1p] (0)]  with

MF

v $

What about more realistic setup, e.g. Rashba wire + superconductor?

Does Majorana couple to electron spin || same 71 for any incoming energy?
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Rashba nanowire + superconductor

e Setup: Rashba nanowire + proximity coupling to s-wave superconductor

k2

2m

Hyp(k) = [(

,u)a()—l—V 0 +agrkoy)|T, —Aoy,T,.

PR RN

e System: semi-infinite TSC wire + normal metal / ferromagnetic metal lead
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Rashba nanowire + superconductor

e Setup: Rashba nanowire + proximity coupling to s-wave superconductor

k? -
Hip(k) = [(Zm /L)O'();V°O'—|—04TR]CO'y)]TZ—AgyTy.
magnetic field Rashba SOI proximity induced SC

PR RN

e System: semi-infinite TSC wire + normal metal / ferromagnetic metal lead
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Rashba nanowire + superconductor

e Setup: Rashba nanowire + proximity coupling to s-wave superconductor

spin space particle-hole space
k2 . \ l
Hip(k) = [( o ,u)a();V -0+ ozTRkay)]Tz — AgyTy.
magnetic field Rashba SOl proximity induced SC

TN NG N/ .

e System: semi-infinite TSC wire + normal metal / ferromagnetic metal lead
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1) Analytics @ O(a%,)
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Majorana mode

e Majorana mode present if ,magnetic field > superconductivity*
k2
Hip(k) = [(% —M)00+V 0 +arkoy)|T, —AoyT,.
with sz > ,u2 + A?

¢ Majorana mode ansatz

3 — —
_ ] ¢i@ —)\Z-ac ¢4_l) —)\456
2 (5)ren( %)

e Parameters defined by using that the Majorana has zero energy: )\Z- solve

2m

A2 :
(— + ,u) + (arA /\)2 — VZ2 — 0.
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Majorana mode (2)

ZS b o
_ ] _}7; —)\Z-ac = —)\456
V(x)ilﬁz(gbi)e ‘|‘54<_¢4)6

A=A =)o +0

A3 = Mg —0

A= Mg+ 0

Ao = V2m (V2 — A%)/4

qg; = ()\22/(2m) V,, —A — ozR)\z-)T for 1=1,2,3
da = (N2/(2m) + Vo, A — aris)”
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L ead modes

* | ead Hamiltonian: HL — (k:2/2m1; — /L)O'()Tz

e Decompose lead modes

/! "

Incoming spin up electron outgoing mode: electron & hole, spin up & down

o O O =
S
>
—
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Soundary conditions

* At boundary: wave function continuous (\V ¢ = general SC wave function)

Ur(z)|z=0 = ¥s(T)|z=0

JoVs(2)|z=o0,

e Current continuous: J, WU (x)].—0

T — 8H1D(k)‘ | o —z(’)r/m —’iCMR
r — ok k——10, — iCVR _Zaw/m Tz-
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Andreev and normal reflection

e Solve boundary condition equations, find scattering matrix to order O(a

T
e Scattering matrix for an electron (WT(k) ) to be reflected into a hole (QT( ?T)

W (k) U (—k)
VZ—\/VZQ—A2 A
_ 2V, 2V,
The(vz) — A Vz—l—\/VZQ—AQ
2V, 2V,

e Scattering matrix for an electron @ng) to be reflected into an electron
!

7aee(‘/z) — The(_vz)eiX(k)v where eiX(k) — Z;ZZ;Z?S;Z
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Andreev and normal reflection at O(a%)

(b) Bulk States

e Result with }Q
o

Bulk States

. si.n(H) c9s(gp) A | o V. + V2 — AZ
n = (Sm(ci)siler;(go)) : COS(Q/Q)z—N, ,  sin(6/2) e = NG

TheSo = S5 and re.Sg = 0. So-mode reflected as hole

TeelUp = Gixﬁo- ﬁo-mode reflected as electron
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2) Numerics
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Numerical model

e Tight-binding model

Hs = Yiv00 —t0higtsivte + (Voo — i+ 26)0k;, ¥sio
_%@Rg¢gig¢3i+1,—a -+ Awgwwgi_a + h.c.

HL — Zfi<0’o' _t/w},igwlfi—l—l,a o M%wwua + h.c.

Hy= Y _topf, Ysio + h.c.
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Andreev and normal reflection in topological regime

e Numerics vs. O(ao ):

Teesn

Teeun

\m1]<1

-
—

0 =0.1017
¢ = 1.9857

ﬁforOzRZQ

m1 g’n
mo ﬁn

)

(b)

7
~ a
D 0.85

0.95,

0.8¢

0.75¢

0.7

—
-
z
0.9t =2
. ”, 4
el
~,

— zeroth—order

~ — /] =
and TpeS, = m7 S,

and ’Fheﬁn =0

mi| <1

_) ]
* U, always reflected as electron of same spin

)

imo| = 1

5 6

° §n partially reflected as hole of same spin, partially as electron of same spin
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Majorana and spin-polarized leads

e Setup: (a)\\/ \\\/f/

N

w
w o

RN
[6)]
N

(difdV)/(e/h)
o -
'oi g = on o

(di/dV)/(e*/h)

o
3]

0 0.5 1
eV/A

topologial trivial

oo
od==————
[
—

|
o
o

e Normal leads spin H to spin mode coupling to Majorana, 00 =~ (:

most incoing electrons undergo equal spin Andreev reflection
width of conductance peak = coupling strength = large
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Majorana and spin-polarized leads

2 3.5
( b) —86=0
_ ——80=r/4 3
=15 —80=n/2 | —.2.5
I <
Nq_) —00=31/4 N o1
~— ()]
N —80=n N
S >'1 5t
= 2
SJ | 3 1
ﬁ 0.5/
g O 1 1 .
0.5 -1 -0.5 0 0.5
eV/A e V/A
topologial trivial

e Normal leads spin H to spin mode coupling to Majorana, 00 =~ (:

most incoing electrons undergo equal spin Andreev reflection
width of conductance peak = coupling strength = large
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Conclusions

Conclusion— In short, we show in this work that MF's
induce SESARs. As a result, topological superconductors
can be used as novel devices to generate spin-polarized
currents in paramagnetic leads. The SESARs can also
be used to detect MF's if spin-polarized leads are used.

Bulk States (b) Bulk States @) \ \\/ \/
. Q D MF }§ \j/z \/ \/\/ I

Bulk States Q Bulk States
MF MF

* . . .
selective equal spin Andreev reflection
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