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The edge state of the topological insulator coupled to a superconductor system is able to simulate the Majorana

fermion in zero-energy mode since the Kitaev-type pairing is induced by exchanging quasi-excitations in electron
tunneling. However, this is not always the case. The present study has revealed that this physical simulation is
not valid for a larger surface gap, which is the energy gap of the insulator’s surface states. A refined pairing term
that depends on the surface gap has been obtained as a second-order effect of the proximity effect, whereas the

lowest order produces a constant pairing strength. By carefully considering the dependence of pairing strength
on the surface gap, the Majorana phase diagram is re-achieved and a significant difference from previous work is
observed, where the pairing strength was assumed to be independent of the surface gap and resulted in a conical

phase boundary.

DOLI: 10.1103/PhysRevB.108.195405

I. INTRODUCTION

The zero-energy state of quasi-excitation in a hybrid sys-
tem, known as Majorana zero mode (MZM), has been used
to physically simulate the Majorana fermion [1-10]. Over
the last two decades, two common proposals for simulating
Majorana fermions have been developed based on hybrid con-
densed matter systems: the topological insulators (TT) [11-16]
in proximity to an s-wave superconductor (TI-SC) [3,6], and
the nanowire with spin-orbit coupling in contact with an s-
wave superconductor [4,5]. A Kitaev-type pairing term on the
surface of the TI or nanowire can be induced by the proximity
effect [17], which is a virtual process of exchanging the quasi-
excitation in the superconductor.

In previous theoretical studies [3,6,9,18], the MZM was
predicted when the Kitaev-type pairing was always induced
by the proximity effect in the lowest order. Therefore, whether
the pairing can be effectively induced to lead to a topologi-
cal phase transition depends on certain conditions. Moreover,
there have been controversies about the existence of chiral
Majorana fermion modes in some experiments, including a
retracted paper [19] that supported the lower-order theory,
but was later disproved by another experiment [20]. To re-
solve these issues, a more precise low-energy effective theory
with a higher-order proximity effect was considered by the
conventional Frohlich-Nakajima (Schrieffer-Wolff) transfor-
mation [21-24] to refine the phase diagram.

Our study finds that the pairing strength depends on the
surface gap m, which is the energy gap of the surface states
of the insulator, in comparison with the pairing strength that
was previously thought to be independent of m. We take into
account the surface gap dependence and achieve a closed
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topological phase diagram in m — u — A space, where u
represents the chemical potential and A represents the con-
stant pairing strength. This closed phase diagram is different
from the previous open phase diagram of the conic shape [6].
Lastly, we note that the pairing strength becomes divergent
as the magnitude of surface gap |m| approaches the supercon-
ducting gap.

II. LOW-ENERGY EFFECTIVE HAMILTONIAN
FOR TI-SC SYSTEM

Unlike ordinary insulators, topological insulators (TIs) ex-
hibit surface states in the vicinity of the Fermi level, which
can be described by the two-dimensional massless Dirac
Hamiltonian Hg,+ = v(k.0y + ky0,), with momentum space
representation ¢y = [¢iky, ¥k ¢]T [16,25,26]. Here, v denotes
the Fermi velocity and oy, o, are the Pauli matrices. By dop-
ing the TI material with magnetic elements such as Fe or
Cr, a mass term mo, can be introduced [27], which opens
a band gap of 2m for the surface state. The magnitude of
the mass m (hereafter referred to as the surface gap) de-
pends on the magnetic ordering structure and can be tuned
by an external magnetic field. In reality, the low-energy
physics of TI thin films is more accurately described by a
four-band model, which includes tunneling between the op-
posite surfaces [9,27]. For the sake of clarity, we employ
a reduced two-band Hamiltonian that captures the essential
features of TIs, Hry = [ d*k/(2m)? ‘/’11; - Hy - @y [6,18], where
the Hamiltonian matrix is given by

Hi = (m +mik)o, — p +v(kor + kyay). (1)

Here, u is the chemical potential and m k* := m (k] + k)
is the parabolic band component, which is crucial for de-
termining the topological properties [6]. The TI thin film is
placed in contact with an s-wave superconductor, which is
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described by the BCS Hamiltonian

¢ SYZ SYX ’
(2” ) N

where ¢k = [ck4, cT_K ¢]T represents the Nambu spinor, A is
the superconducting gap, and €, = K?/(2m,) — u, is the the
kinetic energy of the electron above the Fermi level u. The
interaction between the TI surface and the superconductor is
modeled by the electron tunneling Hamiltonian,

d3

Hr=J
T o

@ > lekooy, + Hel. 3)
i

Here, we have assumed that the momentum parallel to the
surface of the TIs [k = K, = (k,, k,), K| = k.] and the spin
are conserved during the electron tunneling process. To elimi-
nate virtual processes in the electron exchange between the TI
surface and the superconductor, we apply the Schrieffer-Wolff
transformation to the total Hamiltonian,

He = ¢’ He™

S=H+|[H, S]—l— [[H S1. 81+ “

where H = Hry + Hsc + Hy and S is an anti-Hermitian op-
erator to be determined by the condition [Ht; + Hsc, ST+
Ht = 0. This transformation results in a second-order effec-
tive Hamiltonian for the TI-SC system within the low-energy
approximation (see the Appendix A),

o] d’k
eff — ) (27_[)2

@ - Her(k) - By, ®)

with @i = [¢ir, @k, ﬁ”liw ‘plzi]T and

1—- &)y
Herr(K) = <( éf) )

—iAoy

i&ay ©
—(1-HHe )

Here, the pairing strength A induced by the SC proximity

effect is
273
A~l1- (2 A %)
~ Al ,

where A: = J?/m;/(2u,) is the constant pairing strength.
Notably, the pairing strength A depends on the ratio of the
surface gap and the superconducting gap, i.e., m/A;. More-
over, there is an overall correction term proportional to A/A
for the original TI Hamiltonian. As a result, the renormalized
surface gap and the chemical potential of TI become, respec-

tively,
=1 A =1 A )
m= A m, L= A “w.

This parametric dependence of the pairing strength A on
the surface gap m leads to a significant change in the topolog-
ical phase diagram, as will be discussed in detail in the next
section.

III. CHERN NUMBER AND PHASE DIAGRAM

Typically, the parameter space is partitioned into distinct
regions based on the topological invariant, such as the Chern

number, to obtain the phase diagram with the topological
phases located in those regions. In the case of the hybrid
system described by the low-energy effective Hamiltonian
Hegr (K), the first Chern number in momentum space is defined

by [6,28,29]
1 5, [0A,  BA,
=— d°k| — — , )
T oky 0k,

where A., A, are the components of Berry connection
A=A Ay) = —i Y oK) Viclun (K)), with [, (K)) the
Bloch state that satisfies the eigenequation Hegr (K)|u,(K)) =
E,(k)|u,(k)). With the method of block diagonalization [6],
the Chern number can be evaluated as follows:

0, n > A2+ 12
1, —VA2+ 3?2 <im<JA2+ 2 (10)
—V A2+ 2.

It follows from Eq. (10) that the topological phase transition
occurs at the condition 7> = A2 + ji%, which seems the same
as the former results: m?> = A% 4+ 2 in Refs. [6,18]. However,
the renormalized surface gap 7, the chemical potential fi, and
the induced pairing A all depend on the surface gap m, which
is different from the former results where the three parameters
are independent of each other.

By combining Egs. (7), (8), and (10), we can obtain the
the phase diagram of the TI-SC system in m — u — A space,
as presented in Fig. 1(a). The phase boundary exhibits a
double-peak structure that divides the phase space into three
regions with distinct Chern numbers. The left peak (m < 0)
has a Chern number of A/ =2, while the right peak has
N = 0. Outside of the peaks, the Chern number is N = 1.
Next, we compare the phase boundary for 1 = 0, as illustrated
in Fig. 1(b), with previous works on the m — A phase dia-
gram that has a linear phase boundary described by A = +m
[6]. Additionally, we present the phase boundary when A =
0.125A; in Fig. 1(c). It is worth noting that as the constant
pairing A increases, the region that corresponds to N = 2 and
N = 0 becomes smaller, eventually shrinking to a point when
A = 0.30A;, which corresponds to the maximum value of A
on the phase boundary curve in Fig. 1(b). Beyond this value
(i.e., when A > 0.30A)), the Chern number will always be 1
and no phase transition will occur when m is adjusted.

It is important to note that the pairing strength A be-
comes divergent when the surface gap |m| approaches the
superconducting gap A;. Because of the divergent behavior,
the boundary gets sharply closed when |m| is near A;. The
divergence indicates that the perturbation theory fails when
|m| is approximately equal to or greater than A;. In such cases,
it remains an open question whether an effective Hamiltonian
can be used to describe the hybrid system. When the surface
gap is sufficiently small (jm| < Ay), the pairing strength be-
comes constant, and the m — u — A phase diagram reverts to
the conic form presented in previous research [6], resulting
in a linear phase boundary for u = 0. Meanwhile, the m —
phase diagram returns to a parabolic curve, as described in
previous studies of nanowire-superconductor systems [7] (the
surface gap m in the TI system will correspond to the external
magnetic field B in the nanowire system).

N =

2, m<
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FIG. 1. (a) Phase diagram of the topological insulator—superconductor (TI-SC) system in m — y — A space (the coordinate axes are in
units of A;). The phase boundary becomes closed compared with the open conic phase boundary in the previous literature [6]. The Chern
number A = 0 corresponds to a normal superconductor (NSC) state, while ' = 1, 2 correspond to the topological superconductor (TSC)
state. The Chern number A equals the number of Majorana zero modes. The region where |m| > A, remains unclear. (b) Phase diagram of
the TI-SC system for ;& = 0. (c) Phase diagram of the TI-SC system when A = 0.125A;.

The refined phase diagram shown in Fig. 1(b), in com-
parison with the previous one [6], reveals a smaller range
of values for the topological Majorana phase (Chern number
N = 1). Therefore, it is crucial to compare the surface gap of
TI materials with the superconducting gap in experiments to
simulating Majorana fermions. Currently, the superconduct-
ing gaps of commonly used materials for Majorana detection,
such as Nb, Al, and NbSe,, are 1.5, 2.0, and 2.15 meV, respec-
tively [19,20,30,31], while the surface gap of TI thin films is
typically of a larger order than the superconducting gap, such
as a first-principles calculation of the Hall conductance for
Fe-doped Bi;Ses, which shows that the surface gap for 3, 4,
and 5 quintuple layers is 90, 42, and 21 meV, respectively
[27]. Moreover, in another experimental work using angle-
resolved photoemission spectroscopy, the measured surface
gap of BiySe; doped with 1% Mn is 7 meV [32]. Both of
these data suggest that the surface gap may exceed the super-
conducting gap in actual experiments, raising questions about
the effectiveness of simulating Majorana fermions in these
systems.

IV. CONCLUSION AND DISCUSSION

After examining the definition of a Majorana zero mode
(MZM) in the topological insulator—superconductor hybrid
system (TI-SC), we recognized that the previous conclusion
that the Kitaev-type pairing can always be induced to predict
MZM is a consequence of the lowest-order approximation.
Within a higher-order calculation, we have observed that as
the surface gap |m| approaches the superconducting gap Ag,
the pairing strength A becomes divergent, which indicates a
breakdown of the perturbation theory.

Therefore, when the surface gap exceeds the superconduct-
ing gap (Jm|>Ay), the Kitaev-type pairing may not be induced
from the hybrid system, so the MZM is not defined. Further
investigations in this region should first define the MZM and
then demonstrate the connection between the MZM and the

conductance signature; otherwise, the experimental results are
merely complex transport phenomena.

As for now, the theory for detecting MZM beyond the pa-
rameter constraint (i.e., when |m|>Ay) is not established, and
a convincing experimental discovery of MZM in the TI-SC
system needs to be achieved within the restricted parameter
region (|m|<Ay) in our refined phase diagram. However, the
available experimental data suggest that the surface gap may
be beyond the range of validity given by our refined phase
diagram, so this is an urgent issue to be addressed. It would be
anticipated to experimentally determine whether the relevant
parameters fall within the modified phase region. This can be
done by using the well-established angle-resolved photoelec-
tron spectroscopy techniques to measure the surface gap.
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APPENDIX: THE LOW-ENERGY EFFECTIVE
HAMILTONIAN OF TOPOLOGICAL
INSULATOR-SUPERCONDUCTOR SYSTEM

In this Appendix, we derive the low-energy effective
Hamiltonian (5) in the main text for the topological insulator
(TI) in proximity to an s-wave superconductor (SC) system
by the Schrieffer-Wolff transformation. The total Hamiltonian
for the TI-SC system includes three main terms: H = Hyy +
Hsc + Hr = Hy + H,. And the surface state of a magnetic TI
thin film can be described by a two-band model,

dzk I3 T
Hy = / W{(mk — @y Pt — (i + 1)@y Py

+ [v(ks + ik it + Hel), (A1)
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with ¢k, annihilating an electron of momentum k and spin
o =1, |. Here, my = m + ml(kf + kf,) is the mass term with
the surface gap m, p is the chemical potential, and v is the
Fermi velocity. The s-wave SC providing the superconducting
proximity effect for the TI film is described by the BCS
Hamiltonian (under self-consistent field approximation),

d3k i T
Hsc = W[ES(CKTCM +clg c—ky)

+ A_Y(CI(TCJEK ,+ Hel, (A2)

with the superconducting gap A, and the kinetic energy of
electron, €, = K?/(2my) — i, above the Fermi level ji,. The
tunneling interaction between the TI and SC by the contact
plane z = 0 is

=-J Z // dxdylg] (x,y)co (x,y,0) + Hel. (A3)

o=1.{

Here, J is the tunneling strength, and ¢, (X), ¢, (X) are the
inverse Fourier transforms of ¢k, , cko,

Pk Pk
¢(X)=/m§0ko€k , C(X)=/WCKU€KX~
(A4)

J

d’k

Hi==1 ] Gny

+ nKﬁ(_ sin 61<<,42L(¢ + cos Ok gkt ) + n;(l (sin GKgoikT + cos Ok gk ).

—— K1 (— o8 Ok, + sin Ok i) + 1, (— cos x| —

Notice that x, k are the two-dimensional component (parallel
to the TI surface) of X, K, respectively. By the Fourier trans-
formation, we can rewrite the tunneling Hamiltonian (A3) in
momentum space,

d3
Hy = — /(2 )3(<ﬂk¢ Kt +(0leK¢+ H.c.). (AS)
To describe the quasiparticles in the SC, we introduce the
Bogoliubov transformation as follows:

nK4 := COs Ogcky + sin GKciKl,
(A6)

nLKl = —sinfkcky + cos GKCiKy
with tan 20k = A;/e;. Then the BCS Hamiltonian can be

diagonalized as

d’k T il
H C = WES(HKTHKT + aniani)v (A7)

where E; = /€2 + A? is the energy spectrum of the quasipar-
ticle in SC.

Similarly, we rewrite the tunneling interaction (AS5) with
the Bogoliubov quasiparticle operators nk, as

sin Ok @kt )

(A8)

Now, we apply the Schrieffer-Wolff transformation to eliminate the quasi-excitation of the SC. Treating H, as a perturbation
term, we perform a canonical transformation &’ to the total Hamiltonian,

Heyt = ¢He > = H + [H, S]

= Hy + (H, + [Hy, S]) + =

[(Hl + [Hp,

1

1
]),S]+§[H1,S]+ (A9)

Moreover, we require that the transformed Hamiltonian has no first-order term, i.e., [Hy, S]+ H; = 0, and the ansatz for the

anti-Hermitian transformation S is set as

d3k i F ¥ * * F * * f
= / W{WTK[AKQO:(T + Bxo-x, + Exey, + Feooa] + nix[Akeir + Bxoly, + Exony + Bl ]

+ ’NK[CK¢£¢ + Dokt + HK(ﬂQ + Lxo_x ]+ UIK[C;‘((/M + D*KfﬂikT + Hggxy + Lﬁfpikl]}-

(A10)

By satisfying the condition [Hy, ST+ H; = 0, the undetermined coefficients of the transformation S in Eq. (A10) can be obtained

as

Ak = J cosbg

Es+mk_““

Ccos g —,
K KH

vk

Es + my —
S—kl'L’ FK:_JSIHGK_
H+ H+

—my+p vk_
Ck=J (%% —, Hx =J Ok —,
K Ccos o K COoS Kl_[

K = —J sin g

. Ex_mk_u« . Uk,
Dg =Jsinfg——, Lg =Jsinbfg—,

(A11)

with Iy = (E; F n)* — mk — v%k? and k1 = k, % ik,. When the surface gap m is not too large (compared to the superconducting
gap A) and the electron tunneling strength J is weak (i.e., |T1.| 3> J?), the effective Hamiltonian of the TI-SC in second-order

195405-4



REFINED MAJORANA PHASE DIAGRAMIN A ... PHYSICAL REVIEW B 108, 195405 (2023)

perturbation is further obtained as Hess = Hy + %[H 1, S], where the second-order term can be calculated as

1[H S| = J d’k

(—cos Oy, +sin kg k) Ager + Bio' | + Exony + Fiol i)
+ (—sin waik |+ cos Okt Ak, + Bro ) + Exoy, + Fegir)
+ (—cos Okgy, — sin Ok 1 )(Cieg) + D@l s + Hiprr + Ligoly )

+ (sin 9K§0ik¢ + cos 9K§0k¢)(CK<PL + Dky-xy + HK‘/’E¢ + Lgy-k|)

J [ d*k . + .
= 3 / o) {[—2Ak cos Ok + 2Dk sin GK]gokT(ka + [—2Bk sin 9 — 2Ck cos GK]¢£¢¢k¢

+ [(—2Ek cos Ok + 2Fk sin 9K)‘ﬂ|i¢‘ﬁkT + H.c.] + [(Ex sin 6k + Fk cos 9K)(¢|1¢¢ik¢ + pkr9—ktr) + Hc.
+ [(Ak sin 6k — Bk cos 6k + Ck sin Ok + Dk cos 9K)§0£T(/Lk¢ + H.c.]}. (A12)

In the above calculation (A12), we have utilized the relations of the coefficients, i.e., Ak = A_x = A and Ex = —E_k =
Hy;, and discarded the superconducting terms 1, nn, nn due to the decoupled hybrid system in the second-order approxima-
tion. By substituting the coefficients in Eq. (A11) into Eq. (A12), the effective Hamiltonian of TI dressed by the superconducting
proximity effect is obtained as

d*k . o - .
Hey = / W{mk(‘ﬁtr‘ﬂm — O 1) — Ao pxr + ¢£¢¢k¢) + [0k, + lky)golil(ka +H.c.]

x k(o ol +Hee) + [Axlep, 97y + oxroir) + Hell, (A13)

where the renormalized mass term 7, the chemical potential fi, the Fermi velocity of the TI, ¥, and the induced pairing terms
with the same spin, Ay, and the opposite spin, Ay, are, respectively,

l_szdk 00529K+sin20]< e~ 1_J2/&l -
2 I I, 2 11

dk, | cos? Ok(E; + 1) sin? O (Es — i) dk, €, — 1
= J2 &Rz s _ s ~ 12/ &Rz Es ’
A=pt / 2n[ n m, S R

= 1—sz& OOk | SO | - g )
2w I Iy 2w 11

E, E, — dk, 1
/—31 20k +M+ K ~ A, | ——,
_ I, 27 11

1 1
—~ sin 291((— — H—)Uk+ ~ 0, (A14)

- +

>x
I|

with IT = E? — m} — v?*k*. In the above simplification of (A14), we have considered that the chemical potential is much smaller
than the SC gap (i.e., u < Ay), so the higher orders of w/E; are ignored. In addition, the renormalized chemical potential & is
obtained by simultaneously considering the small mass term and the low-energy state of TI (my, vk < Ej).

Finally, we need to finish the calculation of the two integrals that remain in Eq. (A14). One is

dk. 1 [ dk, I N/dk I
27 11 27 E} — m} — v?k? 27 Af-l—(k’z

2
2_V;lx - Ms) —m?
ﬁwD
th V 2(6 + W) A2 — m2 + €2

~ V 2/"'? W/Af.—mz

Above, we have considered that the TI is in the low-energy state (k> is small) and employed the Debye truncation
approximation (the Debye frequency wp). In addition, Ay < wp < u, has been used to simplify the result. Similarly, we can

(A15)
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obtain the other integral [ %eﬁ

~0); then the effective Hamiltonian of (4) in the main text is finally achieved as

d’k ~ ~ ~ . X f
Her = / W{mk((ﬂiﬂpkﬁ—(P1i¢¢k¢)—ﬂ(¢k¢(ﬂk¢+¢1Z¢(Pk¢)+[U(kx'f’lkv)‘ﬂliuﬂm +HclA(py, 0l +He)),  (Al6)

where the mass term, the chemical potential, and the Fermi velocity are renormalized by a universal factor,

TR - _
T B _Yn1-A/A, Anp?
n v

(A17)
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