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Majorana fermions at the edge of superconducting islands
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We investigate the properties of electron states localized at the edge of a superconducting island placed on
the surface of a topological insulator in a magnetic field. In such systems, Majorana fermions emerge if an odd
number of vortices (or odd multivortex vorticity) is hosted by the island; otherwise, no Majorana states exist.
Majorana states emerge in pairs: one state is localized near the vortex core, and another at the island edge. We
analyze in detail the robustness of Majorana fermions at the edge of the island threaded by a single vortex.
If the system parameters are optimized, the energy gap between the Majorana fermion and the first excited
state at the edge is of the order of the superconducting gap induced on the surface of the topological insulator.
The stability of the Majorana fermion state against a variation of the gate voltage and its sensitivity to the
magnetic field allows one to experimentally distinguish the edge Majorana fermion from conventional Dirac

fermions.
DOI: 10.1103/PhysRevB.92.075432

I. INTRODUCTION

The possible realization of Majorana fermion states in
condensed matter physics is attracting considerable interest
in recent years [1-8]. This is partly due to the non-Abelian
anyonic statistics of Majorana fermions, allowing the realiza-
tion of topologically protected quantum gates [9]. Topological
quantum computation requires the braiding of anyons [10].
Majorana braiding might be realized by the controllable
manipulation of the pairwise interaction between separate
Majorana fermions [11-13]. The decoherence caused by the
tunneling between Majorana fermions sets an upper limit on
the time of the elementary operation, while the energy of the
excited states determines the lower time limit of the elementary
operation [14]. Many attempts have been performed to find
Majorana fermions in different systems. Recently, possible
observations of Majorana fermions in quantum nanowires
[15,16] and atom chains [17] were reported.

The interface between a topological insulator and an s-wave
superconductor (SC) is a promising system for the possible
realization of Majorana fermions [18-22]. Such proximity-
induced superconductivity is a mixture of s- and p-wave
correlations [18,23]. Being topologically equivalent to the
p-wave superconductivity, it supports Majorana fermions [24].
However, specific features of this superconducting state, in
particular, quasiparticle linear dispersion on the surface of
the topological insulator, are of importance for the structure
and robustness of the Majorana state and requires adequate
analysis. Majorana fermions may emerge at the vortex core in
the proximity-induced superconducting region on the surface
of the topological insulator. However, the minigap separating
the Majorana fermion and the Caroli-de Gennes-Matricon
(CdGM) levels in the Abrikosov vortex core [25,26] is very
small (about 1073K). In order to increase the robustness of
the Majorana state, Ref. [21] proposed to make a hole in
the superconducting layer to pin the vortex and to remove
the CdGM levels. These ideas were further elaborated in
Ref. [27].
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Majorana fermions could also localize near boundaries
of the superconducting region. However, such states have
attracted much less attention than the Majorana fermions near
the vortex core. In Refs. [3,28] it has been shown that the
edge Majorana fermion localizes at the interface between
p-wave superconductor and a topologically trivial insulator if
an odd number of vortices penetrates the superconductor. Edge
Majorana modes were studied theoretically [29] in a finite-size
heterostructure made of a SC, a ferromagnetic insulator, and
semiconductor with strong spin-orbit coupling. It has been
argued in Refs. [30,31] that Majorana fermions can arise at the
edge of a semifinite SC placed on the surface of a topological
insulator in a magnetic field.

Significant progress with making superconducting islands
on the surface of insulators or metals has been achieved in
recent years. Observations of vortices and multivortices in the
Pb superconducting islands [32—-34] and regular structures of
the Nb superconducting islands [35] have been reported. These
systems are of special interest for possible implementation of
the Majorana fermion surface codes for topological quantum
computations [36,37].

In our previous works [21,27] we investigated the Majorana
fermion in the core of the vortex pinned by a hollow channel
in an s-wave superconductor placed on the top of a topological
insulator. This channel removes CdGM levels in the core of
the vortex in the s-wave superconductor making the Majorana
fermion robust [21].

In this paper we consider a different system: a thin
cylindrical s-wave superconducting island of radius R placed
on the infinite surface of a topological insulator in a transverse
magnetic field B (see Fig. 1). If the island traps a vortex, two
Majorana fermions are induced, one at the vortex core in the
center of the island and the other at the island edge.

This paper studies the Majorana states localized near the
edge of a superconducting island. Edge Majorana states exist
only if the vorticity / threading the island is odd, and disappear
if [ is even or zero. The energy splitting between edge and
vortex core Majorana fermions decays exponentially, when
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FIG. 1. (Color online) Proposed experimental setup for the de-
tection of edge Majorana fermions. A superconducting (SC) island
of radius R (blue) is placed on top of a topological insulator (yellow).
An external magnetic field is perpendicular to the interface. The black
circle at the center of the superconducting island represents a vortex.

increasing the radius of the island. We will demonstrate that
the edge Majorana fermion is robust: the gap between the
Majorana fermion state and the edge excited state is of the
order of the induced superconducting gap. This makes the
edge Majorana state promising for experimental observation,
and, possibly, manipulation.

The presentation below is organized as follows. In Sec. Il we
derive the Bogolyubov-de Gennes equations for our system.
In Sec. III we investigate modes with zero energy for different
number of vortices in the island. In Sec. IV the system with a
single vortex is considered. In Sec. V the obtained results are
discussed, and conclusions are presented.

II. BOGOLYUBOV-DE GENNES EQUATIONS

A. Microscopic model

Our system is shown in Fig. 1. It consists of a thin cylindrical
superconducting island of radius R placed on the surface
of a topological insulator. The entire heterostructure is in
a magnetic field perpendicular to the topological insulator
surface.

To study the microscopic properties of such a system we
will use the formalism of Ref. [19]. The Hamiltonian can be
written as

H=Hn+Hsc+ T +T1, (1)

where Hyp describes the topological insulator (TT), Hsc de-
scribes the s-wave superconductor (SC). The term 7 accounts
for the tunneling from the TI to the SC, while T represents
the opposite processes: tunneling from the SC to the TI. The
corresponding Bogolyubov-de Gennes equations are (after
settingh=e=c=1)

Hryyrn + Tlse = oy, (2)

HscYsc + Ty = wysc. 3
The terms Hry, and Hsc can be written as 4 x 4 matrices in
the Nambu basis
Hr = [iv(o - V,) = U(r)]t; + v(o - A)7o,
(Vg — A7)’

Hsc = —| E
e |: F+ m

}Q+N@M+ﬂ%m%

“
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and T = t,7(R —r). In these equations, R = (x,y,z) is a
point in the bulk of the SC, r = (x,y) is a point on the surface
of the T, o;,; are the spin and charge Pauli matrices, A’, A”
are the real and imaginary parts of the order parameter in the
s-wave superconductor, v is the Fermi velocity of the electrons
on the surface of the TI, EF is the Fermi energy in the SC, U (r)
is a gate voltage applied to control the Fermi level in the TI,
and A is the vector potential of the magnetic field. The wave
functions 1, sc are four-component spinors

IpTLSC = [uTau\va\Lv_vT]T' (5)

It is easy to check that H satisfies the following charge-
conjugation symmetry condition

E = o,7,K, (©)

where K is the complex conjugation operator. Consequently,
for every eigenstate ¥ of the Hamiltonian H with a nonzero
eigenenergy w # 0, an eigenstate Ei/ with eigenenergy —w
exists. The latter symmetry is robust: small disorder does not
destroy this property.

B. Effective Hamiltonian

In this subsection we will derive the effective description
for the wave function of the electrons on the surface of the TI.
To this end we exclude ¥s¢ from Egs. (2) and (3) to obtain

(Hrr + )Y = oy, @)
Y =T w— Hse) ' T. (8)

We are interested in the bound states with energies lying within
the superconducting energy gap, |w| < |A|[. In this case, the
self-energy matrix X was calculated in Refs. [19,21]. For the
low-lying electron states with wave vectors k near the Dirac
cone apex M in the Brillouin zone of the TI, k &~ M, the
self-energy is equal to

AT, — 0T

Mo = A —éUT,, ©)]

where 7j is the 2 x 2 unit matrix. This expression for X is
independent of A. Such an approximation is valid for weak
magnetic fields, which is assumed to be the case everywhere
in this paper. The parameter A has the dimension of energy. It
characterizes the transparency of the interface between the TI
and the SC: when A ~ Eg (A < EF), the barrier is transparent
(nontransparent). The value §U = O(X) is the shift of the
chemical potential of the TI due to doping by the carriers
coming from the SC.

Using Eq. (9) we can rewrite the Bogolyubov-de Gennes
equation (7) in the form

Heipm = oy, (10)
where the effective Hamiltonian Heg equals to
Her = [iD(@)(0 - Vi) — U(@)]T; + (@) - Ao
+ A(w)t, + A”(w)ry. (11)
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The renormalized parameters of the effective Hamiltonian are

v IA2 — w?

() = —— 12
v A2 — @2 + A (12)

N (U +8U)|A]Z — o2

U(w) = , 13
() TN (13)

_ Ak

Alw) = (14)

VIAR =+

It is also convenient to define the renormalized coherence
length:

By = WAL — @

VIAP —o?
= . 15
AL § . 5)
If the Hamiltonian parameters are independent of r, then the

eigenstates of the effective Hamiltonian obey the inequality
|w| > A1, where the quantity Arpp satisfies the following

equation:
A A—A
= T (16)
A A+ ATy

The physical meaning of Ay is the proximity-induced super-
conducting gap on the surface of the TI.

C. Equations for the effective wave function

Further, we assume that the island radius R is much larger
than the SC coherence length &g¢.

R > &sc a7

We are looking for solutions of Eq. (10), which correspond
to bound states. The energies w of such eigenstates are
smaller than the proximity-induced gap Ary, in Eq. (16). If
an Abrikosov vortex with vorticity / is trapped in the island,
the order parameter A(r) can be expressed as

A(r) = |A(r)| exp(—il0), (18)

where r and 6 are the polar coordinates, and [A(r)| — |A],
when r >> £. If the island radius R is large, R > &, |A(r)| can
be approximated as

|A()] = [A[O(R — 1), 19)

where ©(r) is the Heaviside step function. In the geometry
shown in Fig. 1, the vector potential can be written as
A, = A, =0, Ay = A(r). This choice of the vector potential
corresponds to the magnetic field

ld(rA)

= 20
Tp dr (20)
Let us introduce a spinor F'
Y1 = exp[—if(t, —0,)/2 + ipnO1F*(r),
Fr= (8 =10 @

Here u is the total angular momentum of an eigenstate. The
transformation Eq. (21) is well defined only when
[+1

j=nt— (22)
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is an integer. In other words, when the number of vortices /
is odd (even), the angular momentum p is an integer (half
integer).

Substituting Eqgs. (11), (14), and (21) in Eq. (10) we derive

l_ﬁ<di+2/m;l+1 —A(r))fz“
+IAIf — @+ D) fl =0,
fd 2u+l-1 i
w(E_—Zr +A(r))f1
—|Alff —(@+O)f) =0,
(d 2u—-Il+1 i
“)(E-’_T-’_A(r))f“
+IAIf = (@—=0)f =0,
(d 2u—l-1 "
lv(dr 2r A(r)) 3
—Alff —(@—=0)f} =0. (23)

Equations (23) have the following symmetries: (i) u < —u,
faifi, fi<ifs, U<o —U, and (i) A(r) < —A@),
fi < fo, f3< —fa, | < —I, u < —p. Therefore, we can
consider further only w,A(r) > 0.

III. ZERO-ENERGY SOLUTIONS

If w,U = 0, the system of Eqgs. (23) decouples into two sets
of equations

d 2 +l -
“’(dr wAl= L 4 ))f{‘ Al =0,
d 2 —l+1 (24)
”’(_* . +A(r>)f FIALfE =
dr
and
d 2 +l+l
m(d—r i —A(r))f2 +IAIfE =0,
(25)

,~<d 2,u—l—1

u xR
r P —A(r)>f3 —|Alfy, =0.

The parameter |A| is zero outside the SC island area according
to Egs. (19) and (14). It is also zero at the center of the
vortex core. In this paper we are mainly interested in the states
localized at the edge of the island and the details related to
the states in the vortex core are not of importance here. Then,
for simplicity, we approximate the vortex core of the vortex
with vorticity / by a cylindrical hole with a radius about the
coherence length &.

A. System without vortices

Let us assume first that there are no vortices in the island.
The magnetic field localizes a zero mode near the edge of
the island. However, we show that this mode is not a robust
Majorana fermion.

In the absence of vortices, the SC order parameter A is
nonzero in the SC island and the solutions of Egs. (24) and
(25), which are regular at r = 0 can be expressed in terms of
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the modified Bessel functions 7,,(x)

fl—C1€XP<—/ A(V)d") 1/2( )
0
. " ’ ’ Ar
fa=—iCiexp <—/0 A(r )dr) u+1/2<—>
" o Ar
f2 = C2 exp </ A(r )dr )IM+]/2(T>,
0
. " o Ar
f3=iCrexp </0 A(r )dr)lﬂl/2<7>. (26)

Outside the island, where A = 0, the solution of Egs. (24) and
(25) becomes

fi = Ay exp / A(r’)dr’>r“—é,
0

/ A(r’)dr')r;",
0

= Ayexp A(rYdr ) A1,

-
(
(i

fs = Asexp ( / A(r’)dr’>rﬂi. 27)
0

The functions f, and f3 diverge when r — +o00; then, A, =
A3 =0 or f, = f3 =0. Matching solutions at r = R, one
completes the derivation of the wave function.

These eigenfunctions correspond to the w = 0 Landau
level, whose states are weakly corrected to account for the
presence of the superconducting island. They are not Majorana
fermion states, and a weak perturbation of the Hamiltonian
may shift their eigenenergies away from zero value.

B. System with vortices

In this subsection we study a system with vortices. Since
we are mainly interested in edge states and a relatively small
SC island, we assume that the magnetic flux captured in the
SC island forms a multivortex with vorticity / and further
assume that the SC order parameter in this vortex behaves like
a Heaviside step function A(r) = A®(r — £). This simplifica-
tion neglects the CdGM states inside the superconductor and,
thus, it can significantly affect the Majorana state localized
near the vortex core. However, the edge-localized Majorana
fermion is fairly insensitive to the details at the center of the
island, because its wave function decays quickly away from
the edge.

Under these assumptions, the solutions of Eqgs. (24) and
(25) outside of the island » > R, and inside of the vortex core
r< § can be expressed as

fi=Crexp <— | A(r/)dr/)rw';,
0

fo=Caexp (— | A(r’)dw)r’z‘—ﬂ,
0

(28)
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f2=Crexp ( | A(’”)dr’)r‘”—”z"
0

f3 = C3 exp (/ A("’)dr’)ﬂ‘”z"
0

where C; are constants (for r < £ these constants may be
different from the constants at » > R). The functions f, and
f3 diverge when r — oo, and also f; diverges when r — 0.
Then, as it follows from Egs. (25), a regular solution exists
only if f, = f3 = 0 in the whole space.

Inside the SC island a wave function can be expressed
as a sum of two distinctly dissimilar solutions of Eq. (24).
A solution of the first type is localized near the vortex

core:
’ " ’ )L Ar
f] = Czexp (—/ A(F )dr)rzKM_1/2<7>,
0

r A
fa=1iClexp <—/ A@rdr' )I’ZK;L-H/Z( r).
o v

Here C{’z are constants, and K, (x) is the modified Bessel
function. Since K, diverges at x = 0, the function f; can
be normalized only if u < (I + 1)/2. Using the symmetry
between positive and negative w, one can generalize this
inequality for arbitrary pu:

and

(29)

[+1
| < 7 (30)
If u violates this condition, then Eq. (29) does not define a
valid eigenstate.
Unlike Eq. (29), which describes eigenfunctions localized
at r = 0, a solution of the second type grows toward the edge
of the island: for » < R one can write

, r , , 1 Ar
fi=Ciexp|— A(r)dr’ |r2L,_1p| — ),
0 v
. / r I A’r
f4=—lclexp <—f A(V)dr)rzlu+1/2< ),
0 v

where I, is the modified Bessel function of the second kind.
Outside the island (r > R) the eigenfunction is defined by
Eq. (28). Most of the wave function weight is localized away
from the island center. The value of r, where the weight is
concentrated, grows as || increases. In the limit |u| — oo,
the wave function is virtually unaffected by the presence of a
superconducting island at the origin. Thus, for large |u| the
eigenstates described by Eq. (31) become indistinguishable
from the states belonging to the w = 0 Landau level of the
Dirac-Weyl electrons.

Majorana fermion states correspond to i = 0 solutions. In
finite systems these states appear in pairs. In our case, one
Majorana fermion is localized near the origin and another is
localized at the edge of the island. Inside the island their wave
functions are given by Eq. (29) and Eq. (31). Outside the island,
Eq. (28) must be used.

To demonstrate the Majorana nature of the u = 0 solutions,
let us calculate the first-order corrections to the energies of the

3D
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states Eq. (31) caused by a nonzero, but small, U:

Swy, = UC2nG,

2u —2u
B e (A
r>R R R
2 -2
et (HE
r<é& E é:

+ / drrl+1872f0r A(r'ydr’
E<r<R

x(lﬁ—l/z(ﬁ) _ Iﬁ+1/2((i))>, (32)

v
13—1/2(M) 1;3+1/2

>

v v

where Cj, are wave function normalization constants. For
states localized near the vortex core of the vortex, we have
a similar result with the modified Bessel functions 7,41/,
replaced by the modified Bessel functions K, +1,.

It follows from Eq. (32) that, if © = 0, the correction
vanishes identically. Moreover, one can demonstrate that the
@ = 0 states are invariant under the action of the charge-
conjugation operator &, Eq. (6). Thus, these eigenstates are
topologically protected mixtures of electron and hole states.

For all other values of w this correction is nonzero. Thus, the
zero-energy states with u % 0 are not topologically protected
from the local perturbations of the chemical potential. In
particular, the robustness of the zero-energy modes against
variations of the gate voltage may be used to distinguish
Majorana states from conventional Dirac fermions.

Finally, we would like to remind that, since u is an integer
only for odd [, see Eq. (22), we must have an odd number of
vortices on the island to generate Majorana fermion states.

IV. SINGLE VORTEX

In this section we study a system with a single vortex, [ = 1,
which is the simplest in terms of a possible experimental
realization. We start with the case U = 0. According to
Egs. (31) the wave function of the zero-energy state with u = 0
localized near the vortex core is

. , N ’
I/IU = Bue_l%e_for A(r )dr/g_f()’ %dr

—1

where we used the explicit expression for the modified
Bessel function of half-integer order. For the edge zero-energy
eigenstate, the wave function is [see Eqgs. (29)]

1
0

Yo = Boe lie o AU ol Bar L (34)

—i
Here B, and B, are normalizing coefficients, which we choose
real. Applying the particle-hole-conjugation operator =, we
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obtain that B, = ¥y by direct calculations. Hence, v,
and v, are Majorana fermion wave functions.

A. Zero-mode splitting

The hybridization between the vortex core and the edge
Majorana fermions can, in general, split the degenerate zero
level. The splitting is zero in the case U =0 (see also
Ref. [14]). If U # 0, the degeneracy is lifted, and Majorana
fermions at the vortex core and at the edge form the two
usual Dirac states. The wave functions of these states can
be written as ¢+ = (Y, Fiv.)/2. These functions satisfy
the particle-hole symmetry of the Bogolyubov-de Gennes
equations, B, = ¥ _. If we denote the splitting energy as
2E,, then, the wave function v, corresponds to E, while
¥_ corresponds to —E, . Let us assume that U is small. The
first-order contribution to the energy splitting becomes

E, = U(E”+|Tz|1/’+)~ (35)

It is reasonable to assume that the applied magnetic field is
smaller than the upper critical field, that is, [, > £, where [,
is the magnetic length, which satisfies [, = B~!/2, in the units
used here. In this case we can neglect the effect of the magnetic
field on the wave functions near the vortex core [25]. Further,
if the SC island is not large:

R < Ip, (36)

then, using Egs. (33), (34), and (35) we derive an estimate for
the energy shift £ in the form

£, o b [—R/E(0)] 37)
—=——exp[— .

T

One can now see that Majorana fermion states are robust

against chemical potential variations if the radius of the SC
island is large, in the sense that

R>am=§. (38)

This condition suggests that the growth of the tunneling
parameter A improves the isolation of the two Majorana
fermions from each other, which is a desirable property for
reliable Majorana state detection.

B. Excited states

Now we calculate the energies of the excited states localized
near the SC island edge, assuming that both Egs. (36) and (38)
are valid, and U = 0. It is implied for simplicity that the
magnetic field penetrates the island uniformly, so, A(r) =
r/212. In this paper, the states localized near the vortex core
[21,26,27] are not discussed, because, when the inequality
Eq. (38) is valid, the vortex core states do not mix with the
edge states, and may be neglected.

Whenw # 0,U = 0,] = 1,and A = 0, the system Eq. (23)
decouples. As a result, for » > R we have two independent
systems of equations: one for the electron components fi »,
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another for the hole component f; 4:

. d n+1 r u "
(4 _r B _o,
w(dr + r 21§>f2 @fi

. (d H r n n
IU(E—?—Fz—l}%) | —of, =

212>f4 wfs =0,

iﬁ(% R 27,%) Y —off =0 (39)

Note that after the transformation f;' — if, " and f§' —

if, ", the first two equations and the second two equations
exchange places. Thus, we can solve only the equations for
f1.2. Substituting f>, one derives for fi:

a’ft  1d +1 L
a1 f1+f1(“ —“———+U—)=0.

dr? r dr
(40)

Solutions of the latter equation can be expressed in terms of
the Tricomi confluent hypergeometric functions, traditionally
denoted [38] as U (a,b,z) (do not confuse it with the shift of the
chemical potential U = U(r), which is a function of a single
variable). As a result we have

f,,(, A m r2 U U)zllz + 1 r2
=iArfexp|—— -2, = ),
‘ P\7a2 202 T

f” lA u r? vl a)zl}% 42 r?
= —Arfexp|—— - —, = .
2 =3 P\7a2 CE TP

Ifr > lia)/ D, these wave functions decay as follows:

r2 Pw r2
— ). fA=Cci —— ) @2
41;) £ o exP( 41,3) (42)

consequently, they are normalizable. The second linear-
independent solution to Eq. (40) diverges when r — o0, thus,
it is not included. Near the edge (r & R) we can approximate
the functions in Eq. (41) as

" . wr wr
1= zCJM<T>, = CJM+1(T>, (43)

if the condition [ w/? >> 1 is satisfied. Later, we will show
that this condition is similar to the initial assumption [, > R.
The asymptotic behavior given by Eq. (43) may be guessed
from Eq. (40). Indeed, near the island edge, r 2 R, the terms
r? / (412‘) and (u + 1)/ lg are much smaller than the remaining
two, and may be omitted. After this simplification, equation
(40) transforms into the Bessel equation.

In the region r < R, we can neglect the effect of the vector
potential since R <« [,. We introduce the following linear
combinations [21]:

Ciff gl X
Y{‘:if2“+f3“, qu

(41)

fl'=1iC exp (—

44)
=ify — f1,
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where X, obey the differential equations:

axy  1dxt 1 A w\
+ - - + ~ T 5 X] = 07
dr? r dr [Z(@)]?  or r?
a’xy  1dxk 1 A u?
- - —— 4+ = |XxXf=0, “5
dr? r dr ([;(w)]2 or + r2> 2 “3)
where ¢(w) = +, (46)
VIAP - o2
and Y » can be found according to the relations:
Y“:E ﬁ_éxl‘_ﬂxﬂ
! dr g F2) 47
u AT ng A P
=— “xh—Exr).
2 w( dr + 52 ro!

As it follows from Eqs. (23), which are regular at » = 0, the
solutions for X , can be expressed in terms of the Whittaker

functions [38]
Cl’z 2r
Xlll,Z = WM‘YLZ,M <m)’ (48)

|A|
A=+ —F—7——.
2V A2 — w?

Matching functions f; at » = R and using asymptotic
Egs. (43), we obtain a transcendental equation for the eigenen-
ergies w of the subgap excited states:

(M(;IM N M(;”L ,u—i—1/2+a)~J,L+1>
‘M, , R oJ

where (49)

;Motl,u.
(Mz;lu M(:tz[l, /J,—l/Z_C()JM l)
My, TMey, R vJy,
/ TN\ 2
=(M‘;”* _ Ma _é>. (50)
KMOC],/L é‘Maz,M 5

In this expression the Whittaker functions M, ,(z) are taken at
z = 2R /¢ (w), the Bessel functions J,(z) atz = wR /v, and the
prime means differentiation over z: M, (z) dM, ,(2)/dz.
An equation similar to Eq. (50) was derlved in Ref. [21], and
later corrected in Ref. [27].

Each solution of Eq. (50) for the excited states can be
characterized by a pair of quantum numbers: orbital number p
and principal number n. A similar classification scheme was
used in Refs. [21,25]. Our numerical analysis shows that the
lowest excited state, localized near the edge, corresponds to
u =1 and n = 0. The energy of the first excited state wp; as
a function of R is plotted in Fig. 2 for different values of the
barrier transparencies A/ A.

As one can see from this figure, the function wg;(R)
decreases when the island radius R increases. This function
has a plateau at low R when the excited state approaches the
edge of the continuous spectrum, that is, when wy; is close
to Ary. The numerical results at large R/€ and A > A can be
approximated by the particle-in-the-box formula

3 & v
~ —Al= ) >~235—. 51
o1 1 (R) R (51
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FIG. 2. (Color online) Normalized energy of the first excited
state (u = 1 and n = 0) as a function of the normalized island radius
R/§ for different barrier transparencies A, BR?> = R*/I? < 1, and
according to Eq. (16), A = 20A corresponds to A =~ A, Aq &~
0.75A,if L = 2A; and A1 ~ 0.54A,if L = A.

It follows from the results shown in Fig. 2 that the energy gap
between the first excited state and the Majorana fermion is of
the order of the energy gap A inthe SCif A 2 A and R < 10§.
Thus, it is not necessary to have an ideal barrier between the TI
and SC for a reasonable robustness of the Majorana fermion.
For example, if the island radius is R = 7& and A = 2A, we
obtain w9 ~ 0.3A, which is much larger than the CdGM level
spacing ~A?/Eg for the vortex core states [25] (here Ef is
the Fermi level of the SC). The SC island radius R ~ 5& is
optimal for the stability of the Majorana state if . 2> A.

In Fig. 3 we show the dependence of the energy split
E,, Eq. (37), between edge and vortex Majorana fermions
as a function of the island radius R/& for different barrier

AY

R/E 10 12
FIG. 3. (Color online) Normalized energy split E., Eq. (35),

between edge and vortex Majorana fermions as a function of the

normalized island radius R/& for different barrier transparencies

A=A and 2A, shift of the Fermi level U +8U = 0.1A, and

different magnetic fields VBR =R /1, = 0.003 (black) solid line,

R/1, = 0.01 (red) dashed line, and R/, = 0.03 (blue) dash-dotted
line.
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transparencies and magnetic fields. Comparison of the results
shown in Figs. 2 and 3 demonstrates that the splitting between
two Majorana states is small (E; <« A) and the Majorana
state is rather stable (wg; =~ 0.3 — 0.4A) under realistic values
of parameters.

V. DISCUSSION

Below we discuss possible generalizations of our conclu-
sions beyond the constrains assumed in the previous sections,
as well as connections of our results to that of other workers.

We study the Majorana fermion near the edge of the s-
superconductor island on the top of the topological insulator. In
our case, the edge is a boundary between the two-dimensional
(2D) proximity-induced superconductivity and gapless surface
of the topological insulator.

One of the important parameters of the system studied is
the island size. The applied magnetic field induces a vortex in
the SC island and localizes a Majorana state near the island
edge. However, if the island radius is comparable to the length
scale £(0) = v /A or Egc, the stability of the Majorana state
deteriorates: first, due to the interaction of the edge and core
Majorana fermions and, second, due to tunneling of the CdAGM
excited states to the edge. Therefore, in a small island there
arises a rather peculiar picture of the CdGM states [39]. Thus,
the condition (38) is necessary for the existence of well-defined
Majorana fermions in the system.

An island of large radius may affect the distribution of the
magnetic field in its vicinity. For our calculations we assumed
that the magnetic field is uniform. This is true if R is much
smaller than the effective London penetration depth Ag in
the SC island: R < A, or. However, even if this condition is
violated, our results survive, provided that the magnetic field
is not too strong

BR*=R*/I} < 1, (52)

that is, the magnetic flux through the area of the island is
smaller than the flux quantum.

The latter inequality is the condition ensuring the validity of
our results. The main nonperturbative effect of the magnetic
field is the stabilization of a vortex in the island, while the
inhomogeneity of the magnetic field in the range r < [, may
be studied perturbatively. Indeed, the generation of Majorana
states at the vortex core and the edge depends on the parity of
the vorticity quantum [, and is completely unaffected by the
details of the magnetic field distribution.

Moreover, it can be shown that the relative correction to the
energy of the first excited state due to total screening of the
magnetic field from the interior of the island is of the order
of R§ / l,f. To evaluate such a correction dwg;, we assume that
the magnetic field vanishes for » < R. Then, following the
procedure presented in the previous section we find

5 [ 2nr2drytioy - (RE\?

ey = — <A -

2; [y 2mrdryty I;
R? E

§
— 2 , 53
li R <K woi (53)

50)01 =

~ o1

if the conditions Eq. (52) and A = A are valid. For a large
island R > &, this correction to the energy is small even if the
magnetic field is quite strong R ~ I,.
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The case of stronger magnetic field or larger SC island,
R/I, > 1, requires a separate consideration. However, as
before, Majorana fermions may exist only when the island
hosts a vortex. This statement is quite natural since the vorticity
affects the quantization condition Eq. (22) of x. As a result,
Majorana fermions can exist only if the number of vortices is
odd [40]. In addition, for each Majorana fermion, its partner
must exist because the fermion parity must be conserved. In
the case of a singly connected SC island the only possibility is
to have one Majorana fermion near the island edge and another
Majorana fermion near the vortex core, because two Majorana
fermions located in the same edge form a Dirac fermion.

In Refs. [30,31] the authors consider a semifinite SC island
on top of a TI in a transverse magnetic field. The Majorana
fermion is delocalized at the edge between the SC and the TL.
In such a geometry, the condition of single-valuedness of the
wave functions Eq. (22) becomes a momentum quantization
rule. If momentum quantization is ignored, then the Majorana
fermion can exist at the edge of the SC even in the case of
zero vorticity. This is just an unphysical artifact of using an
infinite sample.

One of the major driving forces behind the development of
Majorana solid-state research is the possibility of performing
topological quantum computation. To be usable in such a
setup, the Majorana fermion must be well separated from
nontopological excitations. We demonstrated that the energy
of the first excited state localized at the edge could be as
large as a fraction of the superconducting gap, see Fig. 2. The
time of an elementary braiding operation must be much less
than the decoherence time [9] caused by the hybridization of
the edge and vortex Majorana fermions. In our system, such
decoherence time increases exponentially with the radius of
the island, see Eq. (37).

In addition to the excitations pinned at the island edge,
there are non-Majorana states localized at» > R.These are the
Landau levels, which we briefly discussed in Sec. III B. Such
states with large values of w are pushed away from the island
by the centrifugal force. As a consequence, they cannot affect
the Majorana state. At small u, however, their wave functions
can reach the island edge. Fortunately, the Landau levels are
separated from each other by a gap of the order of Ag ~ v/Il3.
Thus, at not-too-weak magnetic fields and finite U these states
are shifted from the zero energy by an amount ~Ag.

Scanning tunneling microscopy (STM) might be a useful
tool for investigating Majorana fermions [41,42]. In STM
experiments, a Majorana fermion could manifest itself as
a robust zero-bias peak. A detailed analysis of the STM
spectroscopy of the edge Majorana fermions in the presence of
vortices is done in Ref. [31]. The stability of the zero-bias peak
should be checked against variations of the chemical potential
or the gate voltage, to distinguish the Majorana fermions from
Dirac fermions, as discussed in Sec. III.

When the magnetic field is varied, the strength of the
zero-bias conductance on the island edge should oscillate
when the number of vortices changes. These oscillations
could be an additional proof of the existence of Majorana
fermions. Observations of several vortices and multivortices
in superconducting Pb nanoislands were reported [32,33].
Thus, measuring zero-bias peak oscillations as a function of
the vorticity is a realizable experimental task. The coordinate
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FIG. 4. (Color online) The value |v|?, which is proportional to
the local density of states, as a function of radial position: (red) dashed
line for the vortex Majorana fermion and (blue) dashed-dotted line
for the edge Majorana fermion. The local density of states may be
measured by the STM. (In the figure the value of |v/|* for the edge
Majorana fermion is multiplied by 100.) Solid line (green) line shows
the proximity-induced superconducting order parameter A(r)/A,
which vanishes when r > R, here A, is the bulk value of A and
R=1,=>5¢.

dependence of |y|> for the edge and core Majorana states
are shown in Fig. 4. The edge Majorana fermion penetrates
in the island at the distance £ and outside the island at the
distance [,. With the decrease of the magnetic field (and the
growth of the magnetic length) the peak value in |y/|* for
the edge Majorana state decreases and if B — O the edge
Majorana fermion becomes delocalized. Since the density of
states is proportional to ||?, such a behavior can be observed
as a zero-peak in STM measurement. Note, that the STM
measurement could also reveal the zero-peak splitting due
to overlapping of the wave functions of the edge and vortex
Majorana fermions in small islands R ~ £ or due to the close
localization of two superconducting islands.

For numerical estimates, let us consider 7, = 10K and
A = 1.76T, ~ 2meV for a BCS-type superconductor. Assum-
ing that A = 2A ~ 4meV, then, A = A and &£ = 2&. If we
take the radius of the island R = 7&, then, the energy of the
first excited state becomes wgy; =~ 0.3A =~ 5 K. To evaluate the
possible radius of the SC island we should estimate the value
of the coherence length £ = v/A, which depends on the Fermi
velocity on the surface of the TI. In Ref. [43] it was reported
that v = 5.0 x 107 cm/s for the surface of Bi,Se; in vacuum,
then, £ ~ 200nm for the value of the gap chosen here. In
Ref. [44] it was obtained that v = 10" cm/s on the interface
between Bi,Te; and a nanoribbon, and then, & ~ 40 nm. If
so, then the appropriate value of R is of the order of several
hundred nm. However, it has been reported in Ref. [45] that the
Fermi velocity on the surface of Bi, Tes can have a much lower
value, v = 3 x 10° cm/s, and then, £ ~ 1.2 nm and R could
be of the order of several nm, which might be of the order of
or lower than the coherence length £g¢ in the bulk of the SC
island. The case R < &g¢ is not optimal for the stability of the
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edge Majorana fermion because CdGM states in the vortex
core in the bulk of the SC can affect the edge states.

To conclude, we studied the electronic properties of a
superconducting island in a magnetic field placed on the
surface of a topological insulator. Majorana states arise only if
a vortex with odd vorticity exists in the superconducting island.
Nontopological excitations in our structure are separated from
the Majorana fermion by a significant gap, provided that
the parameters are suitably chosen. A Majorana state may
be detected in an STM experiment as a zero-bias peak,
which is stable against variations of the gate voltage. The
zero-bias conductance should oscillate as a function of the
magnetic field. We here estimate the optimal parameters

PHYSICAL REVIEW B 92, 075432 (2015)

for the experimental study of Majorana fermions in our
system.
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