Majorana fermions in a ferromagnetic wire on the
surface of a bulk spin-orbit coupled s-wave
superconductor

Hoi-Yin Hui, P. M. R. Brydon, Jay D. Sau, S. Tewari,
and S. Das Sarma
arXiv:1407.7519v1

Pawet Szumniak
CMT Journal Club 09.09.2014



System - ingredients

_— Ferromagnetic nanowire (single atom width)
L (presumably e.g. Fe, Co or Ni) '

—— ) \{ | } /:'kx 2 MFs at each end

Half-metal regime
1 MF at each end




Assumptions & conditions

e Bandwidth of the electronic states in the wire is expected to be much
greater (orders of magnitude) than the gap in the host superconductor

W >> A (which is in contrast to arrays of magnetic atoms on surface of
a superconductor)

e Strong SO in the bulk of the host s-wave superconductor

e Orbitals of different parity (s & p) both make a significant contribution
to the states near the Fermi surface

U

Proximity induced triplet gap in the wire required for TS



Conseguences

e Spin is not a good quantum number

* Presence of T—symmetry and | — symmetry => pseudospin ¢=#+1

Tk ¢)=¢|=k=¢) 1]k.6)=¢|-k¢)
e General form of pseudospin state
k)= Y {B:,(K)s,k o)+ B?,(k)|p.k o)}
o=T.4

e conventional spin singlet gap => pseudospin singlet pairing state contains
both intra-orbital (s&p) spin-singlet & inter-orbital spin-triplet terms



Pseudospin basis - symmetries

= Y {B:,(k)|s.k,0) + B? (k)|p.k.o)}
o=1,1

Tls, k,0) =ol|s,—k,—0), I|s.k,0) = |s, =k, o),
T|p. k,0) = o|p, -k, —0), Ilp.k,0) = —|p, -k, o),

inversion: = B (k) =B, (-k), B, (k)=-Bf (-k),.
time-reversal: = B ,(k) = o[BI 5(—k)]*, B?f,(k)=co[BY_z(-k)|*

Bé(k) =af +ifi -6, , A A
BP(K) = aP6 -k+ B0 - (6 x k) +in? -k Dr=(B(k) Br(k))



Superconductor-nanowire heterostructure

* Tunneling between superconductor and the nanowire

Huw= > Y {fl ltssr.c +tppro] +He}

rcwire o
* Proximity effect in the nanowire - Self energy correction

X(w,2"iw) = TGom (v, 2";w) T - (tf)l o o SJ

e Green’s function of the superconductor in orbital basis

BL 0\ , . B8 , o wTo + kT + AgTa
(Torh(_k' w) = ( {--:( BT ) Crlnseudo(k- w) ( Uk B ) (Tpscudn(_k~ w) = 92 > f; A2 :
: k k ~ Sk =0



Effective Hamiltonian of the wire

Heﬁ( ) H()( *’)4—2(:1?138’;&0: )

WIIC WIre

Zeeman splitting due to FM Zeeman splitting due to FM

HY (k)= (—2tcosk, —p) 7. +T -0

+ (A + A cos kx) 7.  Proximity induced singlet gap

+ AW gin kyOyTa
Proximity induced triplet gap



Topological properties of the wire
Hamiltonian

e Particle hole symmetry {H\?Vflfre?é} — 0 == o, 7, KK | BDI-
| symmetry class

o ; TC
e Chiral symmetry {Hwﬁfreﬂc} 0 C=oyTy

)

e Toplogical index Q=n number of zero-energy Majorana Fermion end modes

- of 0 Ag,
f:T“lle ) r Hmlle[ ( :1’]_“'1"'.1: 0 ) 1 d arg (det Ak )
U=e a7 Q= — dk dk

O X
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Topological phase diagram of the wire

10
Chiral symmetr ';
I' = erz . Y Y 8
[ in (x-z) plane
f=(u+2t4+1) a 0
e Topological phases — 4
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E/A

LDOS at the ends of the FM wire
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E/A

LDOS at one end of the FM wire
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Conclusions

* Ferromagnetic nanowire
+

e s-wave superconductor with strong SO

e One (odd) or two(even) MFs localized and the same end (protected by
topological chiral symmetry) and accessible for wide range of parameters

e Zero energy peak in the LDOS

e Experimental signatures of ZBPs observed in Princeton Group (A. Yazdani )
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Green functions & Proximity Effect

| BT () ~, B* 0
G{}rb(k-w} — ( (--i( BT ) Cpr‘euclo(k-L’J) ( ﬂk B* )
- k ' k

Y o) = PCus(s.a"; u;)TT

B 0 i 41
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Proximity Effect

e Tunneling SC - FW

A3k

T PR (N 5,0 W T _{ifcm(;ir‘—;r") _ S a'k A ik (z—2")
£, 2 ) /(QW)BT(mb(k, ol I / (Q?T)Bz(k.u,)e




Effective Hamiltonian

e Correction to the bare wire Hamiltonian

H (2,2 = HY (z,2") + S(z, 2’30 = 0)

wire wire
e Correction to the bare wire Hamiltonian

o)

wire

(x,2") =t(z,2")7. + T - 00, 00 ta,0') = —pbs 0 — t(8r.0r 41 + 0z 0r—1)
e Self energy

Y(x, 2w =0) = dt(x, 2')T.
+ A% (2, 2") 7,

g(m ,) ) a-%z

+ X
+d(x,2") - 07,



Topological properties of the wire

Hamiltonian

3 L.
{if_(tl'*.i'f) __ _/ d- ;11 E,ikx(I—If} | Ek

(27)3

3L g
. CEI- JZI S P R Ck
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Sk T A%
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Ag

| | 2 | A2

LB 0T (B )" + 73 B ()T (B (k)" |
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Further assumptions

e Simplifaction
318 (1)]" [B* (k)] + t5[ B2 (k)] T [BP(K)]* = t3(a®)? + t5(8P)2 (K2 + A7) .
tetp B ()] [BP (K)]* + tatp[BP (W) 7[5 (K)]* = 2tatpa® 5P (Gaky + byhz)

. 1~ i ) Bk Ag
2.5 = —AD : ‘ 2 +k
d(l o ) “iF = EA( {0;}:,1:"—1 _ {HI.I’%—I} C £ = / ()ﬂ') ék 4 AQ { —|_ fp( jp) Ul-% + ;‘@2!)} ?
. Pk . Do P 2 2
s / (2r)3° @2+ A2 {te(e”)® +15(87)" (kz + ky)}

~ BE . A
AL —/ ‘ gikza ? {21‘ e SRR E, } ;
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Effective Hamiltonian for the nanowire

He it

wire

(kg) = (=2tcosky — p) 7 + -6 + (A 1+ A cos ;:fx) o + AW sin k6,7,



