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In this paper, we establish that Majorana zero modes emerging from a topological band structure of a chain
of magnetic atoms embedded in a superconductor can be distinguished from trivial localized zero energy states
that may accidentally form in this system using spin-resolved measurements. To demonstrate this key Majorana
diagnostics, we study the spin composition of magnetic impurity induced in-gap Shiba states in a superconductor
using a hybrid model. By examining the spin and spectral densities in the context of the Bogoliubov-de Gennes
(BdG) particle-hole symmetry, we derive a sum rule that relates the spin densities of localized Shiba states with
those in the normal state without superconductivity. Extending our investigations to a ferromagnetic chain of
magnetic impurities, we identify key features of the spin properties of the extended Shiba state bands, as well as
those associated with a localized Majorana end mode when the effect of spin-orbit interaction is included. We then
formulate a phenomenological theory for the measurement of the local spin densities with spin-polarized scanning
tunneling microscopy (STM) techniques. By combining the calculated spin densities and the measurement theory,
we show that spin-polarized STM measurements can reveal a sharp contrast in spin polarization between an
accidental-zero-energy trivial Shiba state and a Majorana zero mode in a topological superconducting phase in
atomic chains. We further confirm our results with numerical simulations that address generic parameter settings.
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I. INTRODUCTION

Experimental breakthroughs [1-6] have advanced the re-
search on Majorana zero modes (MZMs) [7-12] from ap-
pealing theoretical ideas [13-25] to an exciting new stage.
Intensive efforts are being made in laboratories [26-32] to-
wards realizing the full potential of MZMs, for example, to
demonstrate non-Abelian braiding statistics [33-37], and to
ultimately perform topological quantum computation [38—40].
Experimental evidence of MZMs is not only necessary to
consolidate existing observations but also valuable for a deeper
understanding of the current platforms. In the semiconductor
nanowire Majorana platform [1-4,16,17], for instance, obser-
vations of the exponential decay of MZMs, albeit by indirect
means, have been recently reported [28]. In the atomic chain
Majorana platform [5,18-26,41-44], a series of recent high
resolution measurements have placed more stringent bounds
on the MZM splitting at low temperatures, revealed new spatial
structures of MZMs, and established their equal electron-hole
weights using spectroscopy with a superconducting scanning
tunneling microscopy (STM) tip [31]. In this latter platform,
a strong localization of the MZMs has been observed [5,26]
with spatially resolved STM spectroscopy measurements, and
is now theoretically well understood [25,45]. In all these
Majorana platforms, the however small possibility that trivial
end states can be accidentally tuned to zero energy and hence
incorrectly identified as MZMs still exists [46,47]. For exam-
ple, in the atomic chain platform, it is possible that conventional
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localized Shiba states [48—50] are accidentally tuned to nearly
zero energy by a local potential at the end of a magnetic chain.
Such a possibility, however improbable, cannot be excluded
by energy-resolved spectroscopic measurements alone but
requires other types of diagnostics [51]. In this paper, we show
that spin polarization [52,53] can distinguish MZMs and trivial
Shiba states and show how this is revealed by spin-polarized
STM measurements [54]. Experimental demonstration that
establishes this distinction has recently been accomplished for
magnetic chains of Fe atoms on the surface of Pb [55].

The paper is organized as follows. In Sec. II, we illustrate
the key idea of this paper, using a one-body toy model for one
proximitized magnetic impurity. In Sec. III, we examine the
spin properties of Shiba states induced by a single magnetic
impurity using a fully quantum mechanical model of such
an impurity hybridized with a generic conventional s-wave
superconductor. A key result discussed in this section is the
relation between the spin densities induced locally by the im-
purity in the normal state and those associated with the in-gap
Shiba states in the superconducting state. These results show
how such localized states differ in their spin properties from
an MZM that emerges in the topological phase of the atomic
chains, and set the stage to understand the spin properties of
Shiba bands induced by a ferromagnetic chain of magnetic
atoms in a superconductor discussed in Sec. IV. In Sec. IV, we
derive in detail the spin properties of an MZM when spin-orbit
coupling drives the system into a topological superconducting
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phase. To relate our theory to a recent experiment [55], we
develop a phenomenological theory in Sec. V that captures how
spin-polarized STM probes the properties of the in-gap states
in a superconductor. An important result established in this
section is a diagnostic test: unlike an MZM, a trivial zero mode
with wave function support on the end of the chain would show
no contrast in spin-polarized STM measurements performed
under typical constant current conditions. In Sec. VI, we
complement our analytical results with numerical simulations,
using generic but realistic parameters. Aside from confirming
our analytical results, our simulations allow us to demonstrate
the utility of our Majorana spin diagnostic test.

II. TOY MODEL

In order to demonstrate the main idea of this paper, we start
with a toy model comprising only a single site and two spins.
The Hamiltonian is given by

N - d
H=(d"a"Hi~ Adoo®rx><a>, (M
Hy = Mo, ® 10 — nop ® 1, (2)

where M, u, and A, are real, non-negative parameters rep-
resenting the (magnetization) exchange energy, the chemical
potential, and the (induced) pairing potential, respectively;
d = (dT,dI) and c_lT = (d,,—d;) represent the Nambu par-
ticle (without bar) and hole (with bar) creation operators,
respectively; o; (i = 0,x,y,z) stands for the Pauli matrices for
spin, and 7; (i = 0,x,y,z) stands for the Pauli matrices for the
Nambu particle-hole spinors. From now on, we will drop the
identity matrices o and 7y where no ambiguity will arise.

The above Hamiltonian is easily solved and the two low-
energy eigenstates are given by (see Fig. 1)

Er==+(M—/u*+ A2), (©)

; “

where, by definition, cosf = u/v /ﬁ + Afi and sinf =
Ag/~ * 4+ Aj. When both low-energy states are exactly at

zero energy, which requires M = v/ u?> + A2, we can artifi-
cially construct Majorana states by superposing v, and v_ as
(in the d, d basis)

— ! —ip iy

X1 = ﬁ(e Yy +e'fy), (5a)
_ i ip

X2 = ﬁ(e Yy —efyo), (5b)

where ¢ stands for the gauge freedom in constructing the
Majorana states.

In this paper, we are particularly interested in the particle
components of the Nambu spinors because of their relevance
to the STM measurement in the single-electron sequential
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FIG. 1. Illustration of the toy model. The solid-line segments
represent the electron components corresponding to the d operators,
and the broken-line segments represent the hole components corre-
sponding to the d operators. The quasiparticle states in the presence
of spin-singlet pairing are superpositions of electron and hole com-
ponents with opposite spins. The combination of an exchange field
and a spin-singlet pairing generically results in quasiparticle states
(e.g., ¥+ and ¥_ on the right; see text for the details of the states) of
opposite electronic spin polarization and asymmetric spectral weights
at opposite energies.

tunneling regime. To this end, we define the spin densities
for an eigenstate 1 to be

P11y (W) = (Vlpryy 1¥), (6)
where
pr/y = 3(00+0) ® 3(10+ T2) )

is the projector to the spin-1 / | particle component, respec-
tively. From Eq. (4), it is clear that ¥, (¥_) only contains a
nonvanishing spin-1 (spin-|,) component:

1 M

o) == |1+ —— |, o) =0; Ba)
2 NGRS
1

P = 5| 1-—=—=]. p()=0. (@8b)

NIEE Y

In other words, the two low-energy states 4 are both fully
spin-polarized with opposite spin polarization (see Fig. 1).
Therefore we may formally write down p4 (p,) as a function of
energy E (E_)thatis associated with v (¥_), hence we have

E)= IR o PR B
Pr(E) = oy (Vi lp,=E) = > + N T Ee (9a)

E)= LA
pL(E)=py(V_|g.=£) = L Tk (9b)

By assuming A; <« M + E, which is always true if
max(Ag, | — M|) < M, we obtain p4(E) >~ 1 — A§/4(M -
E)* and p(E) >~ A%/4(M + E)*. This implies that the spin
densities are dominated by the spin polarization of the original
state that is closer to the chemical potential. In the case of
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Fig. 1, this is the electronic spin-1 state, whether occupied or
unoccupied.

Moreover, the difference between the two spin densities
satisfies

Sp(E) = py(E) — py(E) (10)
_ 1 1 A‘zl 1 A‘ZZ 11
=o' T N e | MY
<L /1 ! A‘ZJ A‘ZJ 12
h _5[(M—E)2+(M+E)2} (12)

A
<G/ = i Sp(E = 0). (13)

Namely, p(FE) reaches its maximum at £ = 0. On the other
hand, for the artificial Majorana states x;, in Eq. (5), we
straightforwardly find

Sp(x1,2) = pr(x1.2) — py(X1,2) (14)
1 A%
=3 1— 5= E<S,o(E =0). (15)

Apart from a factor of 1/2 owing to the fact that the spin
densities at E = 0 are split equally to two Majorana states, we
see that §p for the Majorana states corresponds to the maximum
of 6p(E), at E = 0, associated with generic eigenstates 1.
This behavior, as we see in later sections, where Shiba and
Majorana states are considered, is key for an MZM to be
distinguished from trivial Shiba states in a spin-polarized STM
measurement.

Incidentally, if we choose a different orientation for the
spin basis, which, for example, amounts to replacing o, in
Eq. (7) by o, or o, and denoting the corresponding dp =
01 — py by 8px or Spy, it is easy to verify that 50, ,,(1) =0
if ¢ = ¥4, whereas 80,(x1) = —8p:x(x2) = ZA—A‘; cos2¢, and
30y(x1) = —8py(x2) = £ sin 2¢. This indicates that Majo-
rana states, albeit artificial in the toy model, may acquire finite
in-plane spin polarization in contrast to trivial quasiparticle
states represented by 11 [52]. Such in-plane spin polarization,
however, is very weak by realistic measure as A; < M,
therefore we will focus on only the spin polarization along
the magnetization (z) in the following of this paper.

II1. SINGLE MAGNETIC IMPURITY MODEL

We now build up towards our Shiba chain model by consid-
ering the model that consists of a 2D or 3D bulk superconductor
coupled to a single quantum magnetic impurity. We assume
the superconductor to be infinite (without any surface) in all its
dimensions and neglect spin-orbit coupling for simplicity. This
hybrid system can be described by a Bogoliubov-de Gennes
(BdG) Hamiltonian:

A =H +H,+ HAr, (16)
A, = / dk (c} aL)Hs(k)(x), amn

Ay =@t (3) as)

Ay = /dr (el ehveswr)r. (g) +H.ec., (19)
with
H,(k) = (t,k> — )T, + ATy (20)

Here, ¢, uy, and A stand for the bandwidth parameter, the
chemical potential, and the (real) pairing potential for the
superconductor, respectively; ci = (ch,Ci i) and Ei = (¢ry,
— ¢y4) represent the Nambu particle and hole creation opera-
tors for the superconductor, respectively; ¢ = f_oooo dre %7,

- o0 —ikr= B
and ¢, = f7 odre ikrg are the Fourier transforms of ¢, and

¢,, respectively; Hy, as well as d and d, is similarly defined
as in Egs. (1) and (2). With the tunneling Hamiltonian (19),
we have assumed the single magnetic impurity to be sitting at
r=0.

Throughout this paper, we will focus on the spin densities on
the d orbitals—namely, the spin densities evaluated with d and
df operators, s; = (w|dToid|w) (i = 0,x,y,z). The reason for
this is twofold: first, the experimental technique considered
in this paper is STM, which measures locally with atomic
resolution; second, although the major weight of a Shiba state
is distributed in the superconductor, as we will see at the end
of this section, the length scale of the distribution is given by
the superconducting coherence length, which is generally large
(~80 nm in Pb, for example), such that the local weight of a
Shiba state is small on a superconductor atom compared with
that on the magnetic adatom (such as Fe) d orbitals.

The retarded Green’s function for the d-orbital degrees of
freedom is given by (see Appendix A)

—1
E*1o + A1,

GuEY) = | E* — Hy 4y 08T | 1)
/Az — (E+)2

v=mp, V>, (22)

where E* = E +in with 5 is a positive infinitesimal, and
ps is the normal DOS of the superconductor at its Fermi
energy (0s = /s /15 /4?1, if the superconductor is 3D, and
ps = 1/4mt, if the superconductor is 2D). Throughout this
paper, we will assume M,v > A. Note that Eq. (21) is valid
for the full energy range (below or above the superconducting
gap) as long as we adopt the convention of taking the square
root such that Re(y/A2 — (E1)2) > 0. Peng et al. [45] have
previously explored the limit of when |E| < A, which leads to
adeep-Shiba-limit effective Hamiltonian of the single impurity
problem (see Appendix B).
The d-orbital spin densities, defined as

P17 (E) = Trlpy; Aa(E)], (23)

with py,/, giveninEq. (7) and Ay(E) = lim, 0 5= [G4(E™") —
G4(E7)], can be obtained from Eq. (21) (see Appendix B) to
be

Well(E F M — p)* +v°)/n
[(E F M)? — % — 02 + 4lvg|2(E F M)*’
if |E| > A (24)

pr/(E) =
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FIG. 2. The spin densities as a function of energy in the super-
conducting state (solid lines) and in the normal state (broken lines).
The sharp peaks inside the superconducting gap correspond to the
Shiba states. The inset shows the spin densities in the normal state
in a much larger energy range, where they appear to be Lorentzian
functions centered at the pristine d-orbital levels. Note that the energy
in the inset plot, unlike in the main plot, is not scaled by A. The
parameters used here are M = 1, u = 0.9, v = 0.3, A = 0.001, and
n=1x 1075.

v
Ey—— /A2 — E2§(E F Ey),
pT/J«( ) (M:FM)2+U2 0 ( :F 0)

if |E| < A, (25)

where

vg =vE/V A2 — E?, (26)

M? — 2 —?
Eg~ A : 27
\/(Mz — 12— 022 +4M22

In Fig. 2, we show the spin densities obtained directly from
Eq. (23) with a small finite 5, which accounts for the finite
width of the delta functions; in the upper panel of Fig. 3, we
show the energy of a Shiba state, E, as a function of u, from
the exact solution of the poles in Eq. (21), as well as from the
approximate expression (27) in the limit A < M.

Equation (24) implies that (see Appendix B), in the supergap
regime, p4,,(E) increase as /| E|/A — 1 from the gap edge
and converge to their normal-state values at an energy far from
the gap:

p1/1(E) = p) ) (E) if |E] > A, (28)
where
v/m
PY(E) = (29)

(EF M+ p)? +0?

are the normal-state spin densities in the full energy range (A
is irrelevant in the normal state). This convergence is certainly
expected and can be seen straightforwardly from Eq. (21) by
noticing that |E| > A implies G4(E*) ~ (E — Hy + iv)™!
with vanishing pairing terms. In Fig. 2, we plot in broken
lines the normal-state spin densities p(T}R in the same energy
range as the superconducting-state spin densities, where the
convergence is clearly seen. The energy range shown in Fig. 2
is small compared with |M £ u| or v; therefore p(ﬁ/i(E ) are
roughly constants. The superconducting-state spin densities
01,4 (E) approach these constants under the condition A <«
|E| < max(|M — ul,v).

1.0
,,,,,,,,, -
0.5
exact \\
approx \
g O \

-0.5 \

\\,\'
0T
3.0 //\,
25
— t ,/ \
g ___prexac /
v 2.0 p1 approx. \
o __py exact / \
a 15 04 approx. / \
1.0
p «
0.5 g -
e e
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

FIG. 3. The energy E (top), and the spin densities (bottom), of
the Shiba states, as a function of the chemical potential p. The spin
densities shown here are the integrated p;,, (E) over the subgap energy
range. In both panels, the exact values are obtained by numerically
solving Eq. (21); the approximate values are obtained from Eqgs. (27)
and (25), respectively. The parameters used here are M = 1,v = 0.3,
A =0.001,and p = 1 x 107>,

In the more interesting subgap regime, Eq. (25) shows that
the Shiba state occurring at £ = +E( (—Ey) has only nonva-
nishing spin-1(] ) electronic components. More importantly,
the total spin densities inside the gap are given by (see also the
lower panel of Fig. 3)

A
/ pi/ (EYAE ~ 7,/ A* — E} pil}). (30)
—A

Pi)) = P (E =0), (31)

where the second equation stands for a shorthand notation and
pgi(E) are defined in Eq. (29). This represents a sum rule
regarding the redistribution of d-orbital spin densities, as well
as its spectral density, upon the opening of a superconducting
gap in the host. Moreover, in a larger energy range |E| <
E., where A K E. < v,M, the sum rule resumes a more

transparent form (see Appendix B):

E.
/ p1/ (E)dE ~2E, p)]. (32)
—E,

Note that the ratio of the integrated p4 to the integrated p,
either in Eq. (30) or in Eq. (32), is always equal to the ratio of
the normal-state spin densities at the chemical potential.

A particularly important limit in the subgap regime is when
|E| < A. In this limit, as has been point out by Peng et al.
[45], Eq. (21) becomes (to linear order in E™/A)

Gy EN ~[ET(1+v/A)— Hy+vr, ]!, if |[E| K A,
(33)
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which leads to a deep-Shiba-limit effective Hamiltonian:

Fa = 5 (Ha = o). (34)
This effective Hamiltonian has the same form as the toy
model (1), except that v has replaced Ay, and there is an
additional scaling factor A /(A + v), which represents the
portion of the weight of a Shiba state actually on the d
orbitals [45]. Here, we emphasize that for self-consistency the
low-energy eigenstates of the Hamiltonian (34) correspond
to Shiba states only if the eigenvalues associated with these
eigenstates are small compared to A, which amounts to the
condition |M — /u? + v2| « v. Under such a condition, and

to the leading orderin (M — /u? + v2)/v, itis straightforward
to show that Egs. (27) and (25) reduce to Egs. (3) and (8),
respectively (see Appendix B).

Given that Shiba states are the only way to produce a
localized in-gap state in a conventional superconductor, the
calculations of this section will provide an important spin
signature of such states if they were to form accidentally at
zero energy. As we describe below, the analytical results of this
section can be combined with an STM measurement theory to
provide a key difference between the measured spin contrast
from such states and those from an MZM that emerge in a
topological magnetic chain.

IV. MAGNETIC IMPURITY CHAIN MODEL

Now, we are in the position to discuss a 3D model composed
of a bulk superconductor and a magnetic impurity chain:

I:1=F1.s+ﬁd+ﬁr, (35)
A _ ck
A = [ dk (e} er.ai (Ek>, (36)
N - d
Hy = | dk. (d}, d,ix)Hd(ka(‘—,j), (37)

Hr = / dkcdy dz (cj, , . €, , ) VIS (Z’;) +He.,
(38)

where H,(k) is given by Eq. (20), and
Hy(ky) = Mo, + [Ea(ky) — n + Eso(kr)oy] @ T, (39)

with &; a real symmetric function of k, and &so a real anti-
symmetric function of k,, representing the spin-independent
and the spin-orbit-coupling energies, respectively; di =
dly.dl), dy=(dey.~dsp), di, = [ dxe ™d,, and
de, = [ fooo dx e~"**d .. For simplicity, we have assumed that,
first, the chain is embedded in a 3D bulk superconductor with
no surface, and second, spin-orbit coupling, although mainly
induced from the host material in reality, is added only to the
Hamiltonian for the chain. Since k, is a good quantum number
in the above Hamiltonian, we can solve the model for each
fixed k, separately such that the problem is reduced to 2D with
a single magnetic impurity, as we have solved in the previous
section. With this dimensional reduction, we define an effective
k,-dependent chemical potential uy(k,) = u — €4(k,), and
modify Eq. (22) to be v(ky) = mp; (k,)V? with ps(ky) the

normal DOS of the substrate at its Fermi energy with a
fixed k,.

Before we proceed, let us first examine the behavior of
v(k,). By assuming the normal-state Hamiltonian of the host
to be HM(k) = t;k* — u; [cf. Eq. (20)], we obtain p(k,) to
be a rectangular function

1 /47t

iflk,| <k,
ps(kx) = {0 | X| ¢

iflk,| > k.. (40)

where k. = </s/t; is the Fermi wave vector for the bulk
superconductor. Therefore v(k,) also appears to be a rectan-
gular function that is given by a constant v = V?/4¢, inside
the cutoff momentum range [—k.,k.] and O otherwise. In the
rest of this paper, we shall assume the range |k,| < k. to be
sufficiently large such that the low-energy (smaller than or
comparable to A) states of the pristine d-orbital bands always
fall into this momentum range—outside this momentum range,
because of the vanishing p,(k,) and hence the vanishing v(k,),
the self-energy term in G4(E™) in Eq. (21) is also vanishing,
thus the d-orbital states outside [—k.,k.] become irrelevant at
low energy by our assumption.

A. Shiba bands in the absence of spin-orbit coupling

We start with the limit of vanishing spin-orbit coupling,
namely, Yk, : £so(k,) = 0. The Shiba band dispersion relation
is given by replacing p with p4(k,) in Eq. (27):

M2 — k) — v2
Eolky) ~ A palks) — v RTE)
VM — (ke ? — 022 +4M202
Similarly, the k,-dependent spin densities p4,, (ky, E) can be
obtained from Egs. (24) and (25). The total spin densities are
then given by

ke
pr/y(E) = f dky py/y ke, E). 42)
—k,

In the normal-state limit |E| > A, from Eqgs. (28) and (29),
we have

ke v/m

pr(E) = /kr ez rmr+
which is an integration of normal-state spin densities over
the momentum range [—k.,k.], where the magnetic chain is
strongly hybridized with the superconductor. In other words,
the spin densities in the normal-state limit are contributed by
an extended momentum range of the pristine d-orbital bands
with broadening v. In the subgap regime |E| < A, by using
Eq. (25) we have

ke v/ A2 — Eo(ky)?
E)= | dk, SIE F Eo(k,
Pr(E) /kc i) 7 MP 4 o2 OLF F Folko]
v/ A2 — E? 1
—Z T . (44)
[pa(k;) ) F MJ? +v? |0E/ 0k, ke=kit

where kii(E ) are the solutions of the equations Ey(k,) = £E,
respectively, for the two signs, in the range of [—k.,k.]. By
definition, we have k;r (+E) = k; (—E) for all E, which is
a manifestation of particle-hole symmetry. In contrast to the
normal-state case, Eq. (44) shows that the subgap spin densities
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at any specific energy (|E| < A) are only contributed by a
small set of momenta [kii(E )] from the pristine d-orbital bands,
and hence can vary strongly with energy.

Equation (44) can be further simplified by noticing that
Eq. (41) implies (assuming p,; > 0)

palkF(E) = pj(E) = VM? — v F2Mvg,  (45)

withvg = vE/+~/A? — EZ asin Eq. (26) Namely, Md[ki(E)]
is only a function of E (denoted by p £(E) henceforth) and
is irrespective of k;. Therefore p;,y(E) in Eq. (44) can be
factorized into two parts:

pr/u(E) = pios(E) plg (E), o
1
A
R ’ @7
DOS . dEy/ 0k, ky=k*(E)
v/A7 —E?

C[WE(E) F MP A+ 02

Here, pg{js are the DOS of the Shiba bands and pT/ * are the
spin densities inherited from the sum rule (30). In essence,
Eq. (46) is the same as Eq. (25) with the § function replaced by
the DOS. Note that the E dependence in Eq. (48) corresponds
to the Ey dependence in Eq. (30).

Owing to the particle-hole symmetry ki’L (+E) =k; (—E),

,oggS satisfy

VIE| < At phos(E) = pos(—E). 49)

Moreover, pl%is contain Van Hove singularities of the Shiba

bands that are dominant in the E dependence of p4/,. In
Figs. 4(a) and 4(b), we show an example of the Shiba bands
from Eq. (41) with &;(k,) = 2t; cos ky, and its corresponding
:ODois with a specific k.. On the other hand, ,os/ UV do not
apparently exhibit any particle-hole symmetry [see Fig. 4(c)] as
they both originate from the broadening of the pristine d-orbital
bands. In particular, pSTR and péR can differ significantly in
magnitude when the chemical potential is much closer to the
one of the spin bands (the minority spin, 1), therefore the
spectral density defined as a summation of p; and p, will
be mostly dominated by the former and hence exhibit a strong
asymmetry inside the gap. This is indeed the observation of
spin-independent STM measurements [5,31]. We will further
see, in Sec. V, how spin-polarized STM measurements can
effectively amplify the spin |, density by normalizing 04,4 With
their associated normal-state background 'OT /1 [see Fig. 4(d)].

Before we proceed, we point out one hidden symmetry in the
ratio between ,OSTR and ,ois. From Egs. (48) and (45), we have

PiR(E) (1 (E)+ M +0?

pe(E) g (E) — M2 +v?
M v+ (E)
M —vp — i (E)

(M 4 vg + g (ENM — v + uf (E))
- v2 AZ/(AZ _ EZ)

_ PsR(CE)

] . (50)
Psr(—E)

kx Ppos
A Z 0 0.
(@ (b)
0s W
— Ep (spin 1) *P[Tms
E/A 0.0 58 spm i
0.5
~1.05= "‘° .
) 0.10
5((c)
4 0.08
0.06
+ 3 &
Psr ) 0_O4PSR
1/ . 10.02
0 0.00
5
-1.0 -0.5 0.0 0.5 1.0

E/A

FIG. 4. Shiba bands in the absence of spin-orbit coupling.
(a) Dispersion relations from Eq. (41) with &,(k,) = 2t, cos k,, and
(b) the corresponding density of states pggs(E) with a momentum
cutoff by the Fermi wave-vector k. ; (c) ps/ v [see Eq. (48) and text for
definition] as a function of energy E; (d) p4,, as a product of IODOS and
,OSTIG, scaled by ,og/vj [see Egs. (42) and (43)], as a function of energy.
Note that in the absence of spin-orbit coupling, the Shiba bands have
definite spin polarizations (either 4 or | ) in terms of their electronic
components. The parameters used hereare M = 1, 0 = 1.2, v = 0.2,

ts =02, A = 0.001, and k. = 0.457.

That is, the ratio pSTR / ,OS¢R is a symmetric function of E (see
Fig. 5). This symmetry is in fact implied by Eq. (27) as

1= (Eo/AY = 4n* Mo o}, (51

which relates directly the Shiba state energy with the

normal-state spin densities. In the context of Shiba bands, this

relation becomes

( A2 _ E2)2
4AM?A?

which immediately leads to the symmetry presented in

Eq. (50).

PoR(E) pie(—E) = , (52)

100 -
80 ﬂ / PYW quN)/piN)
- % !
g 60
&
& 40
20

-1.0 -0.5 0.0 0.5 1.0
E/A

FIG. 5. The ratio between ,oSTR and PéR as a function of energy.
The broken line marks the ratio of normal-state spin densities in the
same parameter setting. The parameters used here are the same as in
Fig. 4.
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More importantly, we find the maximum of the ratio
,OSTR/,OéR at E = 0, with

i PiR(E) | pdR(E=0) M+ /M2 =2
E | p(E)| pR(E=0) M—VM>—v?
This is also the ratio of p4/p, at zero energy as p[T)OS(E =

0) = p]%OS(E = 0) from Eq. (49). We will see that Majorana
zero modes acquire precisely this maximum ratio.

(33)

B. Majorana zero modes with perturbative spin-orbit coupling

We now investigate the spin densities associated with
the Majorana zero modes by including spin-orbit coupling
perturbatively. To this end, we assume well-behaved d-orbital
bands such that there exist and only exist two solutions, %k,
to the equation Ey(k,) = 0 in the limit of vanishing spin-orbit
coupling. Namely,

M? — (ko) —v* = 0. (54)

Here we have used the fact that &;(k,) in Eq. (39) is an even
function of k,. By solving the effective Hamiltonian in the
vicinity of +ky (see Appendix C), we obtain the d-orbital
components of the Majorana zero modes to be (up to a nor-
malization factor; note that the Majorana wave functions have
support both in the magnetic chain and in the superconductor,
but here we focus on the chain part only)

b

COs 5

x(x) = o e sinkox, (x/A > 0); (55a)

(55b)

where

sinfy = v/M, costy=+M?*—v2/M, (56)

P \/Mz — v 85,1
Esolko)v Ok [

x1 and x, correspond to two Majorana zero modes at two ends
of the chain. The spinor parts of these wave functions, which
are position-independent, are precisely given by the artificial
Majorana solutions (5) in the toy model with v replacing A,
and ¢ = 0. The ratio of Majorana spin densities p%lyf , for both
x1 and -, is given by

P M VM=
piM) M — /M2_v2’

which echoes the maximum ratio in Eq. (53). In addition, from
the wave functions (55), we have

(57)

(58)

)

p%M)(x) o cos? 22 o= 21%/H gin? kox, (59a)
)

M (x) o sin? Eoe—zlx/“ sin® kox. (59b)

E/A
o
o

-1.0 -0.5 0.0 0.5 1.0
E/A

FIG. 6. Shiba band dispersion relations (top), from Eq. (60), and
spin densities (bottom) normalized by the normal-state background
given by Eqs. (42) and (70). Here we have assumed &so(k,) = o sink;,
and &,(k,) = 2t, cos k,. The parameters used in this example are the
same as those in Fig. 4, except for a finite spin-orbit coupling o =
0.05.

C. Effects of finite spin-orbit coupling

The case of finite spin-orbit coupling can be solved di-
rectly from Eqgs. (21), (23), and (39), although the analytical
expressions in general become lengthier and less transparent
compared with the vanishing spin-orbit coupling case. We
will focus on the spin densities associated with the Majorana
zero modes in this case, and discuss briefly the spin densities
associated with the Shiba bands at the end of this section.

In the presence of finite spin-orbit coupling, the Shiba band
dispersion relations are given by (see Fig. 6, upper panel, and
Appendix D)

(M2 + &) = (13 + )] +4830°
[(Mz + "3520) - (/hzz + Uz)]z + 4(M2 + 530)”2’
(60)

EiZiA

where we have dropped the k, dependence of E., iy, and &so
to shorten the expression. This equation is to be compared with
Eq. (41). Clearly, E4 (ky)|ego—0 = £|Eo(ky)|. The solutions of
Ey = 0 exist only if &0 = 0 and M? = p2 + v, the former
generically requiring k, = 0 or 7, and the latter imposing in
addition a condition for the values of £,(k,) [and hence 1, (k,)]
at these special momenta. When fully gapped (see Fig. 6 for an
example), the Shiba bands are topologically nontrivial if (see
Appendix D)

sgn[M?* — ua(0)* — v?] - sgn[M? — pa(m)* — vl = —1.
(61)

If this condition is true, the induced p-wave gap A, estimated
at ko, where by definition

M? + Eso(Fko)* — pa(Eko)* — v* =0, (62)
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is given by

&so(ko)?
A, =|E =A|/—.
p=1Eo)l \ M2+ &so(ko)?

If M > |&so(ko)|, then A, ~ Al&so(ko)|/M, which recovers
the estimation given by Ref. [25] [see also Eq. (C6) in
Appendix C]. Furthermore, the Majorana zero mode solutions
are given by (up to a normalization factor; see Appendix D)

(63)

x4 (x)
x1(x) = ﬁg; e (x/a > 0), (64a)
—x1+(x)
X1 (=x)
xo(x) = i _X’ii((_;);) er (x/a < 0),  (64b)
x4 (=x)
where
X1 (x) = [M + palko)] sinkox — M coskox, (65)
ta(ko)
X1 (x) = vsinkox + &so(ko) cos kox, (66)
_ Malko) 984 67)

 Esolko)v Bk, [

and we have assumed koA > 1 in the above approximate
expressions. Note that we have intentionally reused several
notations, kg, A, and x;», that have appeared in Sec. IVB,
because the same notations share exactly the same physical
meaning, and they become equivalent in the small spin-orbit
coupling limit [cf. Eqs. (62), (67), and (64) versus Egs. (54),
(57), and (55)].

From Eq. (64), the ratio of the Majorana spin den-
sities, p;M)(x)/piM)(x)z Ix2(x)/x,(X)%, is no longer x-

independent [cf. Eq. (58)] because of the spin precession in-
duced by the finite spin-orbit coupling. For practical purposes,
we define a ratio of the integrated Majorana spin densities as

M) ki
P TR (ol
= k
p™ [T ax x, (0)?

_ [M + pako)]* + [Esoko)v/pa(ko)]?
v? + &so(ko)? ’

When &go(ko) is negligible, this ratio becomes Eq. (58) by
using Eq. (62); otherwise, this ratio is reduced in magnitude
under realistic conditions [M + ug(ko)]/v > v/a(ko). Aswe
will see in the next section, it is important to compare this
ratio with that of the normal-state spin densities, which can
be obtained straightforwardly by setting A =0 in Eq. (21)
and by including the k, dependence such that Gy(k,,E™) ~
[E — Hy(k,) + iv]~'. We have

(68)

(69)

Py ke, E)

_ [(E + pa = M)* + &5 + v*Iv/m
[M? + £ — (E + pa)® — 02]2 +4(M? + £5)v?

(70)

and

p(TN)(kx,E =0) (g + M) +E,+0?
PV E=0) (g — M) + &5 + v

(71)

where both ; and &5o are functions of k,. We will postpone
a detailed discussion about the comparison between Majorana
and normal-state spin densities to the next section where its
physical implication in STM measurements becomes clear.
Now we turn our attention to the spin densities associated
with the Shiba bands whose dispersion relations are given
by Eq. (60). By directly solving Eqgs. (21) and (23) with the
Hamiltonian in Eq. (39), we obtain (see Appendix D)

o174 (ks E)
~ 28— B (o)) (ks E = 0) £ sgn(E)p}) k)
X (B1E — E, (k)] +8[E = E_(k0l} (E| < A), (72)

where pgi(kx,E = 0) are the normal-state spin densities,
given by Eq. (70), at E = 0, and (suppressing the k, depen-
dence)
W _ |Zl/m
Py = |Z|2 + 4M202
Z = M? + & — i —v? + 2igsov.

[ZM(M 4 W)Re(%> - 1], (73)

(74)

At k, where &so(ky) =0, it is straightforward to verify
that p17) (ki) = sgn[Eo(ko)oyy| (ks E = 0) and Ex(ky) =
+|Eo(ky)|, with Eg(k,) given by Eq. (41). Hence Eq. (72)
becomes Eq. (25) with u replaced by pg(ky). If £so(ky) # O,
on the other hand, the spin densities are generically distributed
into two delta functions at opposite energies E = E 4 (k,) with
asymmetric weights represented by pﬁl [see Fig. 7(a)].

For each k,, a sum rule similar to Eq. (30) holds true even
in the presence of finite spin-orbit coupling [see Figs. 7(b) and
7(c)], as from Eq. (72), we have

A
[ Pl EYAE = 1/ A7 = Ev(ke)? 0}y ke, B = 0).
(75)

We have also verified numerically that another sum rule similar
to Eq. (32) holds true for each k, [see Figs. 7(b) and 7(c)]:

E.
| ot BrdE 228 )k E =01 (76)

where A < E. < v,M. In terms of the integrated spin den-
sities p4, (E) defined in Eq. (42), however, the factorization
into a DOS part and a sum-rule part as in Eq. (46) becomes
spoiled in general because of the separation of the subgap
spin densities to different energies. This makes an analytical
treatment of p4,, (E) intractable in the presence of generic
spin-orbit coupling. Nevertheless, we emphasize that, since
Van Hove singularities of Shiba bands are likely to occur
at k, =0 or w owing to symmetry (see Fig. 6 lower panel,
for example), the major experimental features associated with
Shiba-band spin densities will be dominated by the states
around these special momenta where spin-orbit coupling is
negligible, hence we expect our analysis in Sec. IV A to remain
a good account for major experimental features. In Sec. VI,
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FIG. 7. Spin densities in a magnetic impurity chain at a specific
k., with generic p, and &so. (a) The energy dependence of the spin
densities in the superconducting state (solid lines), obtained directly
from Egs. (21), (23), and (39), and in the normal state (broken lines),
obtained from Eq. (70); (b) and (c) integrated spin densities [4 in (b)
and | in (¢)] in [-A,A] and [-E., E.] with E. = 6A, as functions
of u,. Panels (b) and (c) verify both the sum rules (75) and (76). The
parameters used in these plots are M = 1, v = 0.2, &0 = 0.1, A =
0.001, and n = 1 x 107> (cf. Fig. 2). Additionally, in (a) ;g = 0.9.

we will show numerical simulations that fully take account of
nonperturbative spin-orbit coupling.

V. STM MEASUREMENTS

In this section, we formulate a phenomenological theory
that captures the key ingredients of spin-polarized STM mea-
surements. Using this theory, as well as the results obtained in
the previous sections, to understand the key features observed
in recent experiments [55].

A. General theory

We consider two possible directions of the tip spin polar-
ization, denoted by N and P. We assume, according to Fermi’s
golden rule, the tunneling current measured at a specific tip
position r and a specific bias voltage V is associated with the

local spin densities p4/ (', E) as follows:

eV
IN/P(er):/ dE/d"/ Z Wy, po(r —r") po(r'E),
0
o=t.4

(77

where wy/p 4/, are non-negative weight factors that are
assumed to be energy independent. In the following analysis,
we consider the spin densities associated with the d-orbital
electrons of the magnetic chain [at y' = 7/ = 0 in Eq. (77)]
and consider only measurements along the chain [y = 0 in
Eq. (77)]; we will also assume the weight factors to be
proportional to §(x — x) along the chain. More generic and
realistic conditions will be considered in numerical simulations
that will be presented in the next section. With the preceding
constraint, Eq. (77) is simplified to

eV
Insp(x,2,V) = Z wN/P,a(Z)f dE ps(x,E). (78)
o=t.4 0

Physically, the weight factors contain a contribution associated
with the relative angle between the spin polarization of the
tip (N and P) and that of the chain (1 and |), as well as
a contribution associated with the spatial dependence of the
electronic wave functions in the tip and in the chain. We
will assume that these two contributions are separable as
wy/po(2) = w;\,/P,aw”(z). As a consequence, the ratio of any
two of these weight factors is independent on z.

In actual STM measurements, the height of the tip (z) is
set for each specific x by keeping the total current measured
at a particular bias V, = E./e to be a constant. This so-called
set-point effect, combined with the assumption of separability
of the weight factors, leads to a normalization factor to the
measured differential conductance such that (see Appendix E)

wN/P pT(-va) + IO\L(-va)

G JE) = s 79
n/p(X, E) i p Rr () + R, (0) (79)
where
E.
Ry (x) =/ dE py/,(x, E), (80)
0
WN/p = Wn/p,4/WN/P, |- (81)

Note that Wy, p do not depend on x, z, or E. It follows that
the difference between the conductances measured with two
tip polarizations is given by

(by — Wp)(Py — Py)
(WyRy/R, + D)(@p + Ry /Ry)
where we have dropped the x and/or E dependence of the

variables to shorten the expression, and we have defined
normalized spin densities

G =Gy —Gp =

(82)

Pt/ (x, E)
Ry (x)
Clearly, G vanishes whenever py = p,. Moreover, if
p1(x,E) = pj(x,—E),then§G(x,E) = —6G(x,—E). In what
follows, we will assume Wy — wWp > 0 without loss of gener-

ality.

by (X, E) = (83)
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B. Measurements on magnetic impurities

We now proceed to show the implication of Eq. (82) when
we apply the results obtained in the previous sections, with
the experimentally relevant condition A < E. < v,M. This
condition allows us to approximate, by Eq. (76),

Ry (x) = E. ply| (v, E = 0), (84)

where ,o%%) (x,E = 0) are the normal-state spin densities. We
will focus on the subgap regime in what follows.

Let us first consider the case of a single magnetic impurity
(x will be dropped). In this case we use Eq. (25) and take into
account a finite broadening of the spectrum by replacing the
delta function §( E) with a symmetric function f(E) satisfying
f(E) = f(—E). Then the normalized spin densities become

/A — E?
—
We immediately find §;(E) = p(—E), and hence

8G(E) = —§G(—FE) (single magnetic impurity). (86)

P11 (E) = J(E F Eo). (85)

In particular, §G vanishes at zero energy.

Next, we consider the case of a magnetic impurity chain
with a Majorana zero mode at its end. In this case we are most
interested in §G(x — 0,E = 0) and therefore a comparison
between g4 and g, at x — 0,E = 0. This comparison can be
translated to comparing (04/p,)x—0,E=0 and Ry /R, where

ke
Riv=Ee [ dkofidnE=0. 67
by using Eq. (84) and by assuming R4, to be independent
on x.

We start with the vanishing spin-orbit coupling limit, where
py)|(ky,E = 0) is given by the integrand in Eq. (43) with
E = 0. At the end of the chain in the presence of a Majorana
zero mode, we have, from Eq. (58),

("T> _ A MAVME A
o) e AT M
where we have used the realistic assumption v?>/M? < 1 and
kept only the leading order term with respect to v2/M? in the
final expression. On the other hand, from Eq. (87), we have

ke
Ry _ oy J5 dkepl (ke E = 0)

Ry = o™ Y dk ok E = 0)

(88)

(89)

ke v/m
_ -/;k(- dky [1ta (k) —MPP40?

T ke v/
f_kr dky [1ta k) +MP+0?
(4 M) +v?

S ———— I M E ky) ook < ke
<su {(/L—M)2+v2 € {palky) o lkel < kel
< VM2 +02+ M 4M?
SUMTri-M VP

where we have again kept only the leading term in v?/M?

in the last step. Therefore p%M) / piM) > R4/R, in the limit of
vanishing spin-orbit coupling. In Fig. 5, we show one typical

. (90)

example of the comparison between ,o%M) / ,oiM), which corre-

sponds to the maximum point of the solid curve [see Egs. (53)
and (58)], and R4/R, which corresponds to the dashed flat
line. Physically, the Majorana ratio p(TM) / piM) ~ 4M?/v? is
the ratio of the broadened (~v) normal-state spin densities
at the Fermi energy, when the chemical potential is aligned
with the pristine spin-1 level and the two pristine spin levels are
separated by the exchange energy 2M [cf. p(T]R(E )in Eq. (29)
with £ = 0 and © = M]. The reason for this is that Majorana
zero modes originate from the opening of the induced p-wave
gap, which only concerns pristine d-orbital states that are very
close to the Fermi energy (together with their pairing partners).
In other words, Majorana zero modes are intimately associated
with those states with k, such that (k) ~ M—these are also
the states that exhibit the maximum spin polarization p%N) / ,oiN)
at the Fermi energy. In contrast, the background ratio Ry /R
involves an average over a large range of k, determined by k.,
and hence is necessarily significantly smaller than ,o(TM) / ,oiM)
in a generic setting.

C. Effects of finite spin-orbit coupling on measurements

When finite spin-orbit coupling is taken into account, the
Majorana spin polarization is given by Eq. (69) and the
corresponding (k,-dependent) normal-state spin polarization
is given by Eq. (71). With the realistic assumption 5520,1)2 <
M? 12, Egs. (69) and (71) can be approximated by

A0 e
,oiM) Eso(ko)? + v?’

P, E=0) [1atks) + MT?

oV ke E=0)  [nalks) = MP + Eso(ky)* + 0>

oD

92)

Let us first examine two limiting cases of Eq. (92). If
Eso(ky)* > [pa(ky) — M]J?, which implies wq(k,) ~ M, as

well as k, ~ %ko by Eq. (62), then p{" (k.. E = 0)/p|" (k.

E =0)~p{"/p™ if max[£so(ki)?] < [palky) — M <4

N N 2
M2, then p{" (ke E=0)/p)" (ks E=0)~ gty <

p%M) / piM). In general cases, an inequality similar to Eq. (90)
holds for each k, with v? replaced by £so(k,)> + v but a di-
rect comparison between p;N)(kX,E =0)/ piN)(kx,E = 0)and
p%M)/ ,oiM) is not available without making a specific assump-
tion about the forms of &so(k,) and &;(k,). Nonetheless, we
expect that as long as &;(k,) [hence py(k,)] varies faster than
&so(ky) withrespect to k, around +ko—which roughly requires
the pristine d-orbital bandwidth to be larger than the spin-orbit
coupling strength—p(TM) / piM) is approximately a maximum of
(N) _ (N) _ (M) , (M)

Py (ki E = 0)/'0¢ (ky,E = 0). Hence Py /,oi > R4/R,
in the realistic range of spin-orbit coupling strength (see Fig. 8).
Therefore, by virtue of Eq. (82), we conclude

8G(x - 0,E =0) > 0 (Majorana zero mode). 93)

This is in sharp contrast to the vanishing §G(E = 0) in the
single magnetic impurity case [cf. Eq. (86)], and is what we
propose as arobust feature to distinguish a Majorana zero mode
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FIG. 8. Comparison between the Majorana ratio p%M) / piM), given
by Eq. (69), and the normal-state ratio p(TN)/,oiN), given by Egs. (70)
and (89), both as a function of spin-orbit coupling parameter . Here
we have assumed &so(k,) = o sink, and &,(k,) = 2, cosk,. Note
that p;N)/piN) = R;/R, owing to Eq. (87). The parameters used here
are the same as in Figs. 4 or 6 except for o.

from trivial Shiba states accidentally occurring at zero energy
by using the spin-polarized STM technique.

Furthermore, away from the end of the magnetic impurity
chain, since the only x dependence of §G in Eq. (82) comes
from py,, [with Ry, in Eq. (87) independent on x], it is
straightforward to see that, at zero energy, the positive G
decays exponentially from the end in the same way as the decay
of the amplitude of the Majorana zero mode [see Eq. (59)]. Asa
consequence, we expect a vanishing §G(E = 0) in the middle
part of the chain that is sufficiently far [>X with A defined
in Eq. (67)] from the end. Meanwhile, measurements in the
middle of the chain at finite bias voltages (0 < |E| < A) will
exhibit features associated with the Shiba-band spin densities.
Our analysis detailed in Sec. IV A directly implies that these
features will be dictated by the Van Hover singularities of
the Shiba bands because of their dominant contributions to
the DOS factors pl%is [see Eq. (46)]. The combination of the
particle-hole symmetry and the sum rules generically leads
to a sign reversal of gy — p, across the induced p-wave gap
[cf. Fig. 4(d)], and hence a sign reversal of §G around zero
energy, with peaked 6 G of opposite signs attached to the Van
Hove singularities at opposite energies. This is another robust
feature that we expect in a spin-polarized STM measurement
on the Shiba chain.

VI. SIMULATIONS

In this section, we show numerical results that address
several analytically intractable issues. These issues include a
generic, realistic, parameter setting, the effect of a finite-size
magnetic impurity chain, and the full energy and position
dependence of the spin densities in the chain. Our simulations
also examine one special but important scenario which was not
included in the previous analytic analysis. In this scenario, an
impurity present at the end of the chain is strongly coupled to
the chain but still artificially tuned to zero energy. This scenario
involves fine-tuning, as levels usually repel, especially when
strongly coupled to the atomic chain. It is also exponentially
unlikely to happen in every chain in the experiment. The zero-
energy Shiba states in this proposed scenario are apparently
different from Shiba states induced by an isolated single
magnetic impurity, which we have investigated analytically in

FIG. 9. Schematic simulation setup. The red dots stand for mag-
netic impurity sites, and the white dots stand for superconductor
sites. The superconductor is two-dimensional and infinite in both
dimensions; the magnetic impurities form a straight finite-size chain;
the coupling between the two is only through nearest neighbors.

the preceding sections, because of their strong coupling to the
chain. This strong coupling to the chain changes, first, the level
repulsion of every level in the impurity, and second, the wave
function of the impurity which is now strongly hybridized with
the chain. We will use specific examples to demonstrate the
quantitative yet significant difference between such spurious
end states and the actual MZMs.

Our simulations are based on the geometry illustrated in
Fig. 9, and the Hamiltonian is similar to a discretized version
of Egs. (35)—(38) with

Hg(k) = [2t,(2 — cosky — cosky) — g
+ tso(sink oy — sink,0,)] ® T, + A1, (94)

Hy(ky) = Mo, + (2t cosk, — n)t, (95)
A= Y V(cld, —¢ d,)+ Hc. (96)
(rs,ra)

where r¢ and r; are the positions of the superconductor and the
magnetic impurity sites, respectively, and (,) stands for nearest
neighboring sites. Note that in the above Hamiltonian, both the
spin-orbit coupling and the pairing potential are introduced
only into the superconducting host. This is more realistic than
our model used for analytical purposes [cf. Egs. (20) and
(39)] but does not alter any physical consequences discussed
previously. The Green’s function of the hybrid system, with
the superconducting host being infinite in two dimensions,
is calculated numerically by using standard Dyson equations
(see, e.g., Ref. [25]). The spectral functions and spin densities
are then obtained following the definitions Eq. (23). The spin
densities thus obtained are exact in the current model, and have
both energetic and spatial resolutions.

To begin with, we check the case of a single magnetic
impurity. The spin densities obtained in this case for one
example parameter setting are shown in the left panel of
Fig. 10, where the generic features are fully consistent with
our analytical solutions presented in Sec. III and exemplified
in Fig. 2. Namely, the in-gap spin densities appear as sharp
peaks (delta functions in the limit of infinite lifetime and
zero temperature) centered at opposite energies +E, for the
two spins 1 / |, and the spin densities outside the supercon-
ducting gap converge to their normal-state values at energies
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FIG. 10. An example of the spin densities of a single magnetic
impurity (the left panel), both in the superconducting (solid lines)
and in the normal states (broken lines), and the difference of the
normalized spin densities with various parameter settings (the right
panel). Here, all spin densities are plotted as a function of energy, and
the data in the right panel have been incrementally shifted by 5 for
clear presentation. The parameter V [see Eq. (96)] in the left panel
is 0.6, and in the right panel V increases from 0.6 to 0.69 with equal
increments, resulting in a reversal of the sign of E, associated with
the spin-1 peak. The parameters used in all plots [see Eqs. (94) and
95)], exceptfor V,are M =1, u = 0.9, ¢, = 1, uy = 3, ts0 = 0.03,
A =0.01, and n = 0.001.

sufficiently large compared with A. The sum rules and their
consequences in this case are most easily seen by plotting
the difference between the normalized spin densities 5 =
pT/p;N) — pUpiN), shown in the right panel of Fig. 10, for
different parameter settings that resultin a crossover of Eq from
being positive to being negative. Clearly, § 5 appears always as
an antisymmetric function of energy, which is equivalent to
Eq. (86), and, in particular, § 0 vanishes at zero energy.

Next, we simulate the case of a topologically nontrivial
finite-length magnetic impurity chain. One such example is
shown in Fig. 11. First, we see in the two left panels of Fig. 11 a

(N)
End —P,/P;

10 Middle

0 - - 0
E/A E/A

FIG. 11. An example of the normalized spin densities at the end
(four sites averaged; the upper left panel) and in the middle (20 sites
averaged; the lower left panel) of the magnetic impurity chain, and
the difference of the normalized spin densities at different positions
of the chain (showing the first ten site of the chain; the right panel).
Here, all spin densities are plotted as a function of energy, and the
data in the right panel have been incrementally shifted by 1 for clear
presentation. In this example, the chain is 60-site long in full, and
the other parameters, corresponding to Egs. (94) to (96), are M =1,
tg =01, p=1151=1,u; =3,t50 =04, A =0.01,V =0.35,
and n = 0.001.

comparison between the normalized spin densities at the end of
the chain and those in the middle of the chain. The most obvious
contrast is the presence of zero-energy peaks at the end but not
in the middle, meanwhile the two spin densities exhibit a clear
difference in their zero-energy peak values. Away from zero
energy, the spin densities appear similar at the end and in the
middle of the chain, with two dominant peaks associated with
the Van Hove singularities of the Shiba bands—these peaks
are centered at opposite energies for opposite spins. Note that,
as a consequence of the emergence of the localized MZM, the
finite-energy Shiba-band peaks occur with reduced weights at
the end compared with those in the middle of the chain. In the
right panel of Fig. 11, we further show the difference of the
normalized spin densities 8§, corresponding to the §G in spin-
polarized STM measurements [see Eq. (82)], as a function of
energy and the position in the chain. On the first few (~4) sites
of the chain, we clearly see a peak of § p at zero energy, which
oscillates fast due to strong spin-orbit coupling, and vanishes
beyond about six sites. This zero-energy peak is pronounced
in spite of the strong finite-energy peak (valley) contributed
by the Shiba-band states—the normal-state background spin
densities pwi are essentially energy independent, therefore
the large DOS associated with the Van Hove singularities of
the Shiba bands remains a dominant factor [cf. Eq. (46)] in the
normalized spin densities p4/,(E)/ 'O(T]R The robust peak in
8p(E = 0) sharply contrasts MZMs with Shiba states induced
by single magnetic impurities, since the latter always leads to
a vanishing § 5(E = 0) owing to the sum rule.

Now, we address another possible but unlikely scenario of
trivial zero-energy end states. Namely, we simulate the case of
Shiba states tuned to zero energy by a local potential [nonzero
only at the first site of the chain and proportional to oy ® 1,
as in Eq. (95)], but meanwhile strongly coupled to the rest
of a topologically trivial chain. This case is different from
the case of an isolated single magnetic impurity, which has
been discussed in the preceding part of the paper, because the
coupling between the local impurity states and the extended
states in the chain leads to local spin densities necessarily
containing both contributions. Our sum rules [Egs. (30) and
(32)] established in our previous discussion, which considered
either totally local or totally extended Shiba states, become
invalid. Apparently, this creates an artificial zero-energy end
state that is indistinguishable from a genuine MZM even in
terms of the spin signature proposed in this paper, because
the background normal-state spin densities are now extended
(unlike the local Shiba state case) and cannot screen the local
Shiba ones, unlike in Eq. (85). We show, however, that this
expectation is not true by using typical simulation results.

Before presenting the results, we first discuss a general
aspect of our simulation. Our artificial zero-energy end states
require simultaneously three conditions: a trivial chain [cf.
Eq. (61)], which does not host any localized zero-energy state
by itself; an impurity at the end of the chain that is strongly
coupled to the chain; a local potential at the site of the end
impurity that is strong enough to induce zero-energy Shiba
states. Here, the combination of the first two conditions works
in general against the third condition, and the localized end
states need fine detuning parameters in order to occur at zero
energy. When such zero-energy end states do occur, as we
show in the right panels of Fig. 12 with one example, the spin
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FIG. 12. Comparison between MZMs [(a), (c), and (e)] and artificial zero-energy end states [(b), (d), and (f)] in terms of the spin densities
[spin-1 in (a) and (b), and spin-| in (c) and (d)] and §G [see Eq. (82)] that can be extracted from spin-polarized STM measurements. In each
plot we show simulation data for both the end (solid lines) and the middle (broken lines) of the magnetic impurity chain. The parameters used
for the nontrivial chain are exactly the same as those used in Fig. 11, and we have taken the second site [see the right panel of Fig. 11, as well
as Egs. (64)—(67)] as the end of the chain. The parameters used for the trivial chain, which is also 60-site long, are M = 1, ¢, = 0.1, u = 0.5,
ty, =1,y =3,1t50 = 0.1, A = 0.002, V = 0.3, and n = 0.0001. The local potential on the first site of the trivial chain that induces zero-energy
Shiba states is found to be —0.51. The additional parameters used in obtaining §G are Wy = W' = 2.

densities at the end are dominated by the local impurity states.
More specifically, the density of one spin (assumed to be spin-1
as in the example in Fig. 12) has a much larger magnitude
than the other spin, or the bulk states in the chain, not only in
the subgap regime but in the energy range comparable to the
coupling energy between the impurity and the superconducting
host [see Figs. 12(b) and 12(d)]; note the scale of the y axis
in each plot). This is because that, roughly speaking, the
occurrence of zero-energy Shiba states is always a consequence
of the chemical potential becoming sufficiently close to one of
the spin-polarized pristine energy levels, as can be seen from
Eq. (27). The local dominance of spin-1 density leads to, at
the end of the chain, a strongly enhanced overall low-energy
spectral density which is, by definition, the sum of the spin
densities; however, it also leads to a much larger local ratio
R+ /R, appearing in the denominator of 6G in Eq. (82), than
the case of MZMs where R4, are determined by the d-orbital
bands [see Eq. (87)]. This in turn heavily suppresses §G at
the end of chain, especially when compared with §G in the
middle of the chain [see Fig. 12(f)], despite of the fact that
the normalized spin densities g4/, do not cancel each other
due to the absence of a sum rule in this case for the subgap
states close to the end. In contrast to the artificial zero-energy
end states, in the left panels of Fig. 12 the spin densities
and 6G obtained in a topologically nontrivial chain (with the
same parameters as in the example in Fig. 11) exhibit similar
magnitudes at the end and in the middle of the chain, but
differs crucially by the presence of a pronounced zero-energy
peak.

VII. CONCLUSION

In summary, we have systematically investigated the spin
properties of Shiba states and Majorana zero modes associated
with magnetic impurities/adatoms embedded in a conventional
superconductor. In particular, we have formulated the sum rules
that relate the spin densities in the superconducting states to
those in the normal states; we then used these relations to
understand the outcomes of spin-polarized scanning tunneling
microscope measurements in the sequential electron tunneling
regime. Based on this understanding, we propose a robust and
definite spin signature that provides a crucial test for distin-
guishing Majorana zero modes from trivial Shiba states acci-
dentally tuned to zero energy. The model and the measurement
scheme investigated in this paper are particularly relevant to the
magnetic atomic chain systems where the intrinsic exchange
field is large and the atomic-scale resolution of spin-density
variation can be obtained by a spin-polarized scanning tunnel-
ing microscope. An extension of our scheme to the semicon-
ductor nanowire platform of Majorana zero modes by utilizing,
for example, a quantum dot as an auxiliary probe [29,56-58]
will be plausible and subject to future investigations.

Note added. Recently, a spin-polarized STM study of chains
of the transition metal cobalt (Co) on Pb(110) was reported by
Ruby et al. [32], where no MZM has been observed because the
band structure of the Co chains leads to a topologically trivial
superconducting phase. Nevertheless, the observed spin con-
trast features associated with the Shiba bands in this experiment
are consistent with our results here. Upon finishing this work,
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we have also noticed the appearance of two other preprints
proposing spin-polarized STM measurement in distinguishing
MZMs and trivial in-gap quasiparticle states [59,60]. Both of
these two preprints concern the Andreev reflection regime,
which is different from the single-electron sequential tunneling
regime focused on in this paper—the experiment reported in
Ref. [55] was performed in the latter regime.
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APPENDIX A: DERIVATIONS OF THE GREEN’S
FUNCTIONS OF THE MAGNETIC IMPURITY AND THE
UNCOUPLED SUPERCONDUCTOR

We first derive Eq. (21) for the Green’s function of
the magnetic impurity (the d-orbital degrees of freedom)
described by the general Hamiltonian (16) with the coupling
term (19). In the Nambu basis, the retarded Green’s function
in the hybrid system is defined as

400
Gdf/,/,T(EJr) = /

—00

=i (). O], (AD)
where each of ¢ and v/’ can be any component of ¢, ¢, d, or
d. We shall denote the matrix form of Gyyt(EY)by G4(E™)
when v and ¢’ are constrained to the components of d or
d, by Gyi(E™;r) when i is constrained to the components
of d or d and 1 is constrained to the components of ¢, or
¢r, and by Go(E™;r',r) when v (¥) is constrained to the
components of ¢, or ¢, (¢, or ¢,/). We will also denote the
Green’s functions in the decoupled limit, namely, V =0 in
Eq. (19), by a superscript (0). With these notations, the Dyson
equations for the hybrid system reads

Gu(E") = GV(EY) + f dr GY(EDIVEI)IGa(EY;r)

(A2)

= GOEN + VGOENG(ET:r =0), (A3)

Gu(E*;r) = / dr' GOET;r,r)[VSIGHEY)  (Ad)

= VGO(E*;r)Ga(EY), (AS5)

therefore
Gi(EY) = GP(ED) + V2GP(ENHGOET r = 0)Ga(ET).
(A6)

In the above equations, we have used G(O)(E *:r) =0, and we
have shortened the notation GO(E*;r,0) to G(O)(E *.r) by
using the fact that in the decoupled 11m1t the superconductor
is translational invariant (we assume that the superconductor
has no surfaces). Noticing that

GOET) = (E* — Hy) ™, (A7)
we obtain
Gu(EY)=[E* — Hy = V?’GO(E*;r =0)]'. (A8

The Green’s function Ggo)(E *:r) for a three-dimensional
superconductor has been derived by Pientka et al. [24]. Here
we derive G (ET; r) for a two-dimensional superconductor
as follows. By definition,

GOE*r) = / dk GO(ET; k)e'*r (A9)

_/ k dk /2” dy
0

To perform the above integral, we will make use of the
following formulas:

® kdk .
/ _elkX[E+
0 2

_ Hs(k)]—leikrcosw.

(A10)

—£l)T, — At

Et + At + &1,

- i(kp+&/vr)
~ —p/dée e £2 4+ [A2 — (EH)2) (D
/dé PiEx/vF ! = zefalxl/w Re(a) > 0 (A12)
£2+a* a ’ ’
iEx/v S 0)2
/dées for §2+a2§2+—ca)2 Re(@) =0
.9
= wlzn_w S5 sgn)(e” P —eme i), (AL3)
‘ /2 .
I(Z) = / d({) £i2cose
—n/2
+00
. -,2m+1(z)
— ) Zomy Al4
7 Jo(@) + ‘m;w 2m+ 1 (A1

where x = r cos ¢, £(k) is the normal-state dispersion relation,
kp is the Fermi wave vector defined by &(kp) =0, vp =
(0&/0k)|k=k, 1s the Fermi velocity, p = kr /2w v is the density
of states at the Fermi energy, . is a cutoff frequency which
will be sent to o0 in the end, and J,,(z) is the nth order Bessel
function of the first kind.

If we assume H,(k) to be given by Eq. (20), then &(k) =
t;k* — s, and kp = /i /15, vp = 2tkp, p = 1/4mwt,. We
obtain

GOUET ke;7) = 80T0 + 8xTx + 82Tz (A15)
where
p ET
g =-3 S—[I(kFF +i&gr/vp) + I(—kpr +i&pr/vp)],
E
(A16)
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A
g = —2 S Ukpr + i&pr/vp) + I(—kpr + i&gr/vp)],

2 &
(A17)
P ia)f . .
8 = —5 — U kpr + i§gr/vF) — I(—kpr +i&gr/vF)
2 w2 —&;
—I(kpr +iw.r/vp) + I(—kpr +iw.r/vp)], (A18)
Ep =+ A2 —(E*)?, Re(£g) > 0. (A19)

Here, E is not limited to the subgap energy range, but can be
arbitrary instead.
Particularly, when r — 0,
GOE*;r =0) = —Z—pw*m +AT), (A20)
E
which has the same form as Ggo)(E *,r = 0)in the 3D case. By

substituting Eq. (A20) into Eq. (A8) and changing the notation
p to p,, we obtain Egs. (21) and (22).

APPENDIX B: SOLUTIONS OF THE SINGLE
MAGNETIC IMPURITY MODEL

By using the explicit form of H; in Eq. (2), we can
decompose Eq. (21) into a block-diagonal form:

Ga(E") = g4—(E") ® g (E™), B
-1
Etty+ A1,
o +
ga(E™) = |:(E F M)t + pt, +v \/m}
_ 1 (E* ¥ M)ty — ut +UM
- D- AT R /A2 — (BT |
(B2)

2o WE(EY F M)
VAT —(E+)?

Here, gq+ correspond to the components (di,d 1) and (dI, —
d4), respectively. Thus, by definition, Eq. (23), we have

Dy =(E* F M)’ —1i* — (B3)

1
P/ (E) = ——ImI(E* F M = i+ ves)/ Dzlyo, (BY)

where vg+ = vE*/\/A? — (E*)2. The above expression can
be simplified in two energy ranges separately.

If [E| > A, then E*/\/A2 — (E*)? = i|E|/E? — A2+
O(n), it follows that
o1 (IEl > A)
_ ell(EF M — p)* +v*/n
[(EF M)P?—pu2 =022 +4|vg|2(E F M)

where |vg| = v/y/1 — A2/EZ. Particularly, if |[E| — A, we
find

(BS)

(M) +v?
2/2mvM?

VIEI/A =T, (B6)

o/ (El = Ay) =

where we have used the assumption M,v > A; if |E| > A,
such that |vg| >~ v, we find

v/m

E| > A)x ,
(- e

B7)

which are the broadened spin densities with a Lorentzian
function of width v as in a normal state.

If |E| < A, then the Green’s function for the pristine
superconductor contains no poles, hence we may drop the in-
finitesimal imaginary partin E*/,/A% — (ET)? and substitute
vg+ by vg, and Eq. (B4) can be rewritten as

1— )\ 2+ 02+ vf
EtFM+vp — /2 + 02+ v

L+ p//pw? + 02+ v

EtFM+vg+ /2 + 02+ v 10

(B8)

1
E)=——Im
P17 (E) 7

+

Since we are considering |E| <A <K M, we have
E—M-I—UE—\//,LZ—}-UZ-I-U% <0 and E+ M+ vg +
Vu? +v? + v2 > 0, therefore Eq. (B8) becomes

1
o1 (|El < A) = E(l + pu/\/u? + 02+ vE)

S(EF M+ vp +,/u?+ 02 +v3),

(BY)
v
:—,/AZ—EZSE Ey),
(1 F M)+ v2 0BT £
(B10)
M2 — 12 — 2
Eo i (B11)

~ A s
\/(Mz _ M2 _ Uz)z L AM2y2

where we have used the approximation E 4 vy = E(1 +
v/+/ A2 — E?) >~ vg.Inthe above equations, &+ E is the energy
of the Shiba states. In the case of u = 0, Eq. (B11) becomes
Ey=—A[l — (M/v)z]/[l + (M/v)z], which corresponds to
the original solution of Yu [48], Shiba [49], and Rusinov [50].

When |E| = A, it is easy to verify directly from Eq. (B4)

that

i/ (IEl = A) =0, (B12)
which is consistent with both Egs. (B5) and (B10) in the |E| =
A limit.

Now we show the sum rule presented in Eq. (32). The
integrals of p4,, in the subgap energy range are straightforward
and are given by Eq. (30). In the energy range above the gap,
with the assumption A < |E| < E; < v,M, we approximate
Eq. (B5) by

[vell(e + M) + 01/
(M? = > = v + 4o P

P17 I(E) =~ (B13)
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which is even in E. Thus

—-A E.
(/ +/ ),OTN(E)dE
—E. A

vell(e £ M)* +v*1/x

E. E.
:2/ pM(E)dEzzf dE
A A

EC
=2A/ dx
A

_2Av[(p £ M) +0)/n
- (Mz _ Mz _ v2)2 +4M2v2

vl(u £ M)’ +0*)/m
(M? — 2 — 02 +4M20% (1 +

X
/ dx
0
(E = 0)<xc — a arctan E)

a

x2

x24a?

(N)

=2Ap4}

Assuming E. > A, and noticing a = /1 — (@)2 with Eg
given by Eq. (B11), we have x. ~ E./A and arctan 7= >~ /2,

therefore
—A E.
([ oo
—E, A
(E =0)(2E. — /A2 — E}).

Combining this equation with Eq. (30), we obtain Eq. (32).

We now show that if |M — /u? + v2?| < v, Egs. (B11)
and (B10) [i.e., Egs. (27) and (25) in the main text] reduce
to Egs. (3) and (8) in the main text, respectively, with A,
replaced by v and an energy scaling factor A /(A +v) ~ A /v
in Eq. (34). First, let us write M — /2 + v? = ev with
le| < 1, then to the linear order in €, Eq. (B11) becomes

2e Mv
Vi v,
2Mv

which is equivalent to Eq. (3). Then plugging the above
expression into Eq. (B10), we have

v/ A%(1 — €2) A
— 6| E— —E. ).
(wF M) +v? ( v )

By defining E; = (v/A)E, and keeping only the zeroth order
terms in €, we further have

\/M 24024

pr/(Eg) = i

which is equivalent to Eq. (8).

(N)

= Py (B15)

E()ZA = Ae

= é(M - (B16)
v

pTN(E): (B17)

8(Eg — Ey), (B18)

APPENDIX C: SOLUTIONS OF MAJORANA ZERO MODES
WITH PERTURBATIVE SPIN-ORBIT COUPLING

We solve the effective Hamiltonian in Eq. (34) in the vicinity
of £k, where the superconducting gap is opened, to obtain the
d-orbital components of the Majorana zero modes with pertur-
bative spin-orbit coupling. By definition, &, satisfies Eq. (54).
It follows from the effective Hamiltonian (34) (which is indeed
valid in the vicinity of £k ), as well as the solutions of the toy
model presented in Sec. II, that the d-orbital components of the

(M7 = 4 = 02 + 4o P12

4M?p2
(M2 — 12 — 02 + 4M202

/ |

eigenstates and their associated group velocities at k, = %k,
in the limit of vanishing spin-orbit coupling, are given by

(B14)

COS >
0 ikox
Vi) = | g eFhY oy, o =2%ve,  (CD)
2
0
0
sin & +ikox
Y ik (X) = 02 e v 4 =Fvo,  (C2)
cos
where
sinfyp = v/M, costy=+M?—v2/M, (C3)
A cos 6,
w=w&m@mﬂw-A+°w%) (C4)

with vy (ko) = (084/0k )|k, =k, the bare group velocity of the
pristine d-orbital band (in the absence of spin-orbit coupling)
at k.

Based on the above solutions, we may choose a new
basis for the low energy states in the chain to be
Yt 4k Yt~k Ve 4k, U— k. ), Where Yy 4y are defined by
replacing ko in ¥+ 14, in Egs. (C1) and (C2) with k, thatisina
(sufficiently small) neighborhood of k. The original spin-orbit
coupling in Eq. (39), rescaled by a factor of A/(A +v)
according to Eq. (34), is then included perturbatively by a
projection to this new basis and keeping only the leading order
terms. Thus we obtain the following effective Hamiltonian for
a nontrivial p-wave superconductor:

Hpsc
V()(k)C — ko) 0 —iAp 0
_ 0 —vo(kx + ko) 0 iA,
- iA, 0 —volky — ko) 0 ’
0 —iA, 0 vo(ky + ko)
(C5)
Ap = Esolko)vA/M(A +v) = Eso(ko)A /M, (Co)
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where we have used the fact that £go(k,) is an odd function
of k.

A Majorana zero mode corresponds to a zero-energy solu-
tion of the Hamiltonian (C5) in real space with the boundary
condition x(x = 0) = 0 in the original basis. Such solutions
can be easily obtained in the basis of Hamiltonian (C5) to be
(up to a normalization factor)

e[kox eik()x
» _efl'k(]x _ » _efl'k(]x
xi(x) = oikox € W fa(x) = _pikox e,
_e—ikox e—iko)(
(C7)
_ vo _ Valko)VM?* —v? (C8)

A, &so(ko)v

Here, the range of x shall be taken to be a half of the real axis
such that x /A > 0 for ¥, and x /A < O for %,. Changing to the
original basis defined by d, and d,, we obtain the Majorana
zero mode solutions presented in Eq. (55).

APPENDIX D: SOLUTIONS OF CHAINS WITH FINITE
SPIN-ORBIT COUPLING

In this Appendix we deal with the case of non-vanishing
spin-orbit coupling in Hamiltonian (39). We will limit our anal-
ysis to the subgap regime (|E| < A) such that the imaginary
part of the self-energy in Eq. (21) can be dropped. Let us start
with the explicit form of the d-orbital Green’s function by
substituting Eq. (39) into Eq. (21),

Gd(E+) = [E+ +vg — Mo, + (ag — SSOUy)Tz + UATX]_lv
(D1)

where vg = VE/~/A?2 — EZ, vpo = VA //A? — E2, and we
have suppressed the k, dependence of G,, 4, and &so to
shorten the expression. The poles of G, are given by the

solutions of
0 = Det[G4(E) "1 =~ (v} — €2) (v; — €2), (D2)

where we have defined the functions

€r = \/M2 + &+ ui+vi £ 2\/(M2 + &) g + M3,
(D3)

and we have used the approximation E 4 vg >~ vg since |E| <
A < v. By solving vZ = €2 and v% = €2 from Eq. (D2), we
obtain four solutions. The two solutions of v = € are outside
the gap. Only the two solutions of vz = € satisfy |[E| < A.
Therefore we obtain the spectrum of the Shiba bands to be
(with the k, dependence suppressed)

[(M2 + Eszo) - (“3 + vz)]2 + 455201)2
(M2 + 83) — (43 +v?)]* + 4(M2 + £2)v?
(D4)

~

E.
A

Next, we analyze the topological property of the chain with
the assumption that the Shiba bands are fully gapped. This
assumption is equivalent to Vk, : EL(k,) # 0, or

Yk, 1 Z=M*+E —pd—v? +2iksov #0.  (DS)

The Green’s function in Eq. (D1) respects two antiunitary
symmetries,

TGyke,E)T ™' = Gy(—k,E), T=K,  (D6)

PGk ,E)P™" = —~Gy(~k(,—E), P =0,1,K, (D7)
where K stands for complex conjugation, and we have used
the symmetry properties &;(ky) = &;(—k,) and &so(ky) =
—£&so(—ky). Physically, T is acombination of mirror symmetry
and time-reversal symmetry, and acts like a spinless time-
reversal symmetry effectively. These symmetries imply that
our model belongs to the BDI symmetry class. It follows that
we can bring G,(ky,E) at E = 0 to the following off-block-
diagonal form:

-1
0 Q(kx)), 8)

UT Gd(k)mE =O)U - (Q(kX)T O

where

1 1 0 0 -1
o= bfeols rnelt ) o
Q(ky) = [§so(ky) +ivlog — [iMoy + paky)oy]l.  (D10)

Note that the choice of the above transformation is not unique,
and we have chosen U such that Q(k,) becomes purely
imaginary at k, = 0,7 (where &so vanishes). The topological
invariant of our model is thus given by the winding number

7 dk, y

n=i f Tk 8, 000] DI
g 27

=i/n 5 %2 (D12)
22 Z

where Z is given by Eq. (D5) and is nonvanishing for all k,
by assumption. This winding number can in principle be an
arbitrary integer depending on the specific forms of £,(k, ) and
&so(ky ). For generic spin-orbit coupling, however, we assume
that €50 vanishes only at k, = 0 or 7, which implies that Z
becomes real only at these momenta. As a consequence, the
winding number can only be 0 or £1, and the condition of
nontrivial topology assumes a simple form,
sgn[Z(k, =0) Z(ky = )] = —1, (D13)

or explicitly, sgn[M? — us(0)> — v?] - sgn[M? — py(m)? —

v?] = —1. Note that this condition is equivalent to
0 0(0) 0 Q@) | _
sgn|:Pf<Q(0)Jr 0 )Pf(Q(n)T 0 >:| =—1,

(D14)

where Pf stands for Pfaffian. The Pfaffian condition, however,
applies even without the 7 symmetry in Eq. (D6). Note also
that as long as Eq. (D13) is true, there exists at least one pair
of momenta +kq (ko # 0,7) such that Re[Z(dko)] = M? +
§so(Fko)? — pa(£ko)* — v2 = 0.

In the following, we derive the spin densities associated with
the Shiba bands and the Majorana zero modes. From Eq. (D1)
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we obtain the spectral function
i
A(E) = Z—[Gd(E+) — Ga(ET)]
b1

Y
~ iy

[6(ve —€-) + 8(ve +€-)], (D15)

where
Eob++ + VA6
ifso(8so +va —&-—&1-)
—va (&S + Vi —E116s)
—issova(§++ —6--)

withéyiy = vg £ M &£ g4, and we have again used the approx-
imation £ 4 vg =~ vg. The deltafunctionsin Eq. (D15) impose
a constraint v% = |Z|2/4M2, with Z defined in Eq. (D5), by
using the explicit form of €_ in Eq. (D3). With this constraint,
and by using the definition (23) for the d-orbital spin densities,
we obtain Egs. (72) and (73) in the main text. Note that
Egs. (D15) and (D16) both contain k, dependence implicitly.

To find the Majorana zero mode solutions, we investigate
the spectral function A in Eq. (D15) at E = 0, and extend the
domain of A to complex k, by analytic continuation. We will
denote the complex k, by k.. At E = 0, we have vg = 0 and
va = v, therefore Eqs. (D15) and (D16) become

— bk
(D16)

i
A(E =0) ~ ZWTL% S[e_(E = 0)], D17)
oo
(M + ) (M? + 3 — 13 — %)
_ iEso(M?* + £3o — n3 + v?)
Yo=yY(E=0)= o(M2 — 82 — 42 — )
—2i&sov(M + 1La)
(D18)
From Eq. (D3), the condition €e_(E = 0) = 0 leads to
M? + Eso(ky)* — pa(ky)* — v* = £2ikso(k v, (D19)

where k, is complex. This equation is to be contrasted with
Eq. (D5) where k, can only be real. Because &; (and hence )
is even with respect to k. and &go is odd with respect to k., we
find the solutions of Eq. (D19) occur in pairs for each sign on
the RHS: if k, = ko is a solution of the equation with the plus
sign, then ke = —k0 is also a solution for the plus sign, whereas
ke = —ko and k, = k* are two solutions of the equation with
the minus sign. For 51mp1101ty, we will assume there exists and
only exists one quadruple of such solutions, denoted by 4k
and £k with ko = ko + ik{, (both ko and k/, are real and finite),
to Eq. (D19). It follows that 1y can be further simplified at this
quadruple of complex momenta:

M+ [ia
v+ikso
v+ikso |
—(M + fig)
—(M + fig)
v+ i§§o
—(v + i&s0)
—(M + i)

Yotk = ko) = Yok, = —kg)* = (D20)

Yolky = —ko) = Yok, = kg)* = (D21)

where fig = pnq(ko), £so = &so(ko), and we have ignored a
factor 2iésov because it will always be canceled by the
normalization factor (/T) as in Eq. (D17). These solutions
represent four zero-energy evanescent modes in the chain
whose wave functions are proportional to wo(lzx) exp(ilzxx)
with k, replaced with each of the quadruple momenta.

The solutions of Majorana zero modes can be obtained by
superposing these evanescent modes with appropriate open
boundary conditions—in our general model, the boundary
condition is not unique. We find the Majorana zero mode
solutions to be (up to a normalization factor)

1 o
x1(x) = E[Iﬂo(ko)e’(k"”‘”) — wo(_ké)e—z(koxw)]
x4 (x)
X1 (x)
X, (x)

—x1(x)

1 iR
5 [Volk)e =9 —

% (kx> 0), (D22a)

Xa(x) Yo(—kg)e 1 Fox 9]
X1 (—x)
—x(=x)
Xy (=x)
X1 (—=x)

e (kjx < 0), (D22b)

where ¢ is a phase depending on the boundary condition
(assumed to be the same for x; and x»),

= Im[(M + ig)e' 9],

Im[(v + i&so)e’ ®0*+¥],

(D23a)
(D23b)

x4 (x)
X, (x) =

and ko and k| are the real and the imaginary parts of ko,
respectively.

To proceed, we assume |ky| < |ko|. This assumption is
certainly valid in the case of perturbative spin-orbit coupling
because genericallz ~ 1/a, whereas from Eq. (CS8), we
have kj = 1/A ~ %% (1/a) < 1/a (here t; stands for the
bandw1dth of the prlstlne d-orbit bands and a stands for
the lattice constant). With this assumption we can expand
fia = pa(ko) and Eso = Eso (ko) to the leading order in &)/ ko,
and we have

fra = palko) — iva(ko)ky, (D24a)
Eso = Eso(ko) + i&so(ko)kp, (D24b)

where  vy(ko) = (384/0k)|x,=ky = —(Opta/0k:)lk, =1, and
gso(ko) = (0&s0/ 0k )|k, =k,- From now on, we shall assume
&go 1s slowly varymg around k( and therefore set éso(ko) ~
Substituting k, = ko + ik, into Eq. (D19) [with the plus 51gn
on the right-hand side (RHS)] and expand the equation again
to the leading order in k o/ ko, we further have

M? + Eso(ko)* — palko)* — v? =0, (D25)

a(ko)va(ko)ky =~ Eso(ko)v,

where the two equations correspond to the real and the
imaginary parts of Eq. (D19), respectively. The existence of
solutions of Eq. (D25) is ensured by the topological condition

(D26)
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Eq. (D13). The combination of Egs. (D25) and (D26) gives
[assuming w. (ko) > 0]
o~ §so(ko)v
Valko)y/M? + Eso (ko) — v2

which reduces to Eq. (C8) by neglecting £5o(ko)> and by notic-
ing that k; is equivalent to 1/A. Furthermore, by substituting
Egs. (D24) [with &so(kp) =~ 0] and (D27) into Eq. (D23), we
obtain

(D27)

X1 (x) 2 [M + palko)] sin(kox + @)
— [&so(ko)v/ ina(ko)] cos(kox + @), (D28a)
X1 (x) = vsin(kox 4 @) + &so(ko) cos(kox + ¢). (D28b)

It is easy to check that by neglecting the terms proportional
to &so(kp) in the above equations and neglecting £50(ko)? in
Eq. (D25), the Majorana zero mode solutions in Eq. (D22) with
¢ = 0 become equivalent to those in Eq. (55). We set ¢ = 0 in
the main text, but we emphasize that the possible dependence
of |x1(x)|?/|x2(x)|?> on boundary conditions (¢) is motivation
to define the ratio of the integrated Majorana spin densities,
which is ¢ independent, in Eq. (69).

APPENDIX E: DERIVATION OF DIFFERENTIAL
CONDUCTANCES WITH THE SET-POINT EFFECT

The set-point effect is a constraint on the trajectory of the
STM tip, such that for each in-plane coordinate (x,y), the
height of the tip z is determined by requiring the total tunneling
current at a particular bias V, = E/e to be a constant ;. Since

we are only interested in the measurements on the chain (at
y = 0), we will ignore dimension y from now on. By using
Egs. (78), the constraint from the set-point effect reads

Iy = Z wyyp.o(Znyp(X)) R (x), (ED)
S
RT/i(x) Z/ dE IOT/i(x’E)’ (EZ)
0

where zy,p(x) is the height of the tip with N or P polarization
in actual measurements at x. With the assumption that the spin
dependence and the z dependence of the weight factors (w’s)
are separable (see Sec. V in the main text for a discussion), the
above equation can be rewritten as

Io = wy/p,  zZn/p () [WN/p Ry (X) + R (X)], (E3)

where I is the constant current, and Wy,p = wy,p 1(2)/
wy, p,|(2) is independent on z.
Now, by definition, the differential conductances are

0ly/p(x,zn p(x),V)

Gy/p(x,E) = 3V (E4)
eV=E

=ewn,p, | (zn/ P [Dn/po1r(x,E) + py(x,E)]

(ES)

— (ely) Wy/p p¢(x,E)—|—,o¢(x,E), (E6)

Wy p Ry (x) + Ry (x)

where we have used Eqgs. (78) and (E3), respectively, in the last
two steps. After dropping the constant factor ely, we obtain
Eq. (79) in the main text.

[1] V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A. M.
Bakkers, and L. P. Kouwenhoven, Science 336, 1003 (2012).

[2] A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, and H.
Shtrikman, Nat. Phys. 8, 887 (2012).

[3] L. P. Rokhinson, X. Liu, and J. K. Furdyna, Nat. Phys. 8, 795
(2012).

[4] M. T. Deng, C. L. Yu, G. Y. Huang, M. Larsson, P. Caroff, and
H. Q. Xu, Nano Lett. 12, 6414 (2012).

[5] S. Nadj-Perge, 1. K. Drozdov, J. Li, H. Chen, S. Jeon, J. Seo, A.
H. MacDonald, B. A. Bernevig, and A. Yazdani, Science 346,
602 (2014).

[6] H.-H. Sun, K.-W. Zhang, L.-H. Hu, C. Li, G.-Y. Wang, H.-Y.
Ma, Z.-A. Xu, C.-L. Gao, D.-D. Guan, Y.-Y. Li, C. Liu, D. Qian,
Y. Zhou, L. Fu, S.-C. Li, F.-C. Zhang, and J.-F. Jia, Phys. Rev.
Lett. 116, 257003 (2016).

[7] F. Wilczek, Nat. Phys. §, 614 (2009).

[8] J. Alicea, Rep. Prog. Phys. 75, 076501 (2012).

[9] C. Beenakker, Annu. Rev. Condens. Matter Phys. 4, 113 (2013).
[10] S. R. Elliott and M. Franz, Rev. Mod. Phys. 87, 137 (2015).
[11] C. Beenakker and L. Kouwenhoven, Nat. Phys. 12, 618 (2016).
[12] R. M. Lutchyn, E. P. A. M. Bakkers, L. P. Kouwenhoven, P.

Krogstrup, C. M. Marcus, and Y. Oreg, arXiv:1707.04899.
[13] A. Y. Kitaev, Phys. Usp. 44, 131 (2001).
[14] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
[15] J. Nilsson, A. R. Akhmerov, and C. W. J. Beenakker, Phys. Rev.
Lett. 101, 120403 (2008).

[16] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev. Lett.
105, 077001 (2010).

[17] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett. 105,
177002 (2010).

[18] T.-P.Choy, J. M. Edge, A. R. Akhmerov, and C. W. J. Beenakker,
Phys. Rev. B 84, 195442 (2011).

[19] I. Martin and A. F. Morpurgo, Phys. Rev. B 85, 144505
(2012).

[20] S. Nadj-Perge, 1. K. Drozdov, B. A. Bernevig, and A. Yazdani,
Phys. Rev. B 88, 020407 (2013).

[21] J. Klinovaja, P. Stano, A. Yazdani, and D. Loss, Phys. Rev. Lett.
111, 186805 (2013).

[22] B. Braunecker and P. Simon, Phys. Rev. Lett. 111, 147202
(2013).

[23] M. M. Vazifeh and M. Franz, Phys. Rev. Lett. 111, 206802
(2013).

[24] F. Pientka, L. I. Glazman, and F. von Oppen, Phys. Rev. B 88,
155420 (2013).

[25] J. Li, H. Chen, I. K. Drozdov, A. Yazdani, B. A. Bernevig, and
A. H. MacDonald, Phys. Rev. B 90, 235433 (2014).

[26] M. Ruby, F. Pientka, Y. Peng, F. von Oppen, B. W. Heinrich, and
K. J. Franke, Phys. Rev. Lett. 115, 197204 (2015).

[27] F. Qu, A. J. A. Beukman, S. Nadj-Perge, M. Wimmer, B.-M.
Nguyen, W. Yi, J. Thorp, M. Sokolich, A. A. Kiselev, M. J.
Manfra, C. M. Marcus, and L. P. Kouwenhoven, Phys. Rev. Lett.
115, 036803 (2015).

125119-19


https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2479
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1038/nphys2429
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1021/nl303758w
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1126/science.1259327
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1103/PhysRevLett.116.257003
https://doi.org/10.1038/nphys1380
https://doi.org/10.1038/nphys1380
https://doi.org/10.1038/nphys1380
https://doi.org/10.1038/nphys1380
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1103/RevModPhys.87.137
https://doi.org/10.1103/RevModPhys.87.137
https://doi.org/10.1103/RevModPhys.87.137
https://doi.org/10.1103/RevModPhys.87.137
https://doi.org/10.1038/nphys3778
https://doi.org/10.1038/nphys3778
https://doi.org/10.1038/nphys3778
https://doi.org/10.1038/nphys3778
http://arxiv.org/abs/arXiv:1707.04899
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.101.120403
https://doi.org/10.1103/PhysRevLett.101.120403
https://doi.org/10.1103/PhysRevLett.101.120403
https://doi.org/10.1103/PhysRevLett.101.120403
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevLett.105.177002
https://doi.org/10.1103/PhysRevB.84.195442
https://doi.org/10.1103/PhysRevB.84.195442
https://doi.org/10.1103/PhysRevB.84.195442
https://doi.org/10.1103/PhysRevB.84.195442
https://doi.org/10.1103/PhysRevB.85.144505
https://doi.org/10.1103/PhysRevB.85.144505
https://doi.org/10.1103/PhysRevB.85.144505
https://doi.org/10.1103/PhysRevB.85.144505
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevB.88.020407
https://doi.org/10.1103/PhysRevLett.111.186805
https://doi.org/10.1103/PhysRevLett.111.186805
https://doi.org/10.1103/PhysRevLett.111.186805
https://doi.org/10.1103/PhysRevLett.111.186805
https://doi.org/10.1103/PhysRevLett.111.147202
https://doi.org/10.1103/PhysRevLett.111.147202
https://doi.org/10.1103/PhysRevLett.111.147202
https://doi.org/10.1103/PhysRevLett.111.147202
https://doi.org/10.1103/PhysRevLett.111.206802
https://doi.org/10.1103/PhysRevLett.111.206802
https://doi.org/10.1103/PhysRevLett.111.206802
https://doi.org/10.1103/PhysRevLett.111.206802
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.88.155420
https://doi.org/10.1103/PhysRevB.90.235433
https://doi.org/10.1103/PhysRevB.90.235433
https://doi.org/10.1103/PhysRevB.90.235433
https://doi.org/10.1103/PhysRevB.90.235433
https://doi.org/10.1103/PhysRevLett.115.197204
https://doi.org/10.1103/PhysRevLett.115.197204
https://doi.org/10.1103/PhysRevLett.115.197204
https://doi.org/10.1103/PhysRevLett.115.197204
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803
https://doi.org/10.1103/PhysRevLett.115.036803

LL JEON, XIE, YAZDANI, AND BERNEVIG

PHYSICAL REVIEW B 97, 125119 (2018)

[28] S. M. Albrecht, A. P. Higginbotham, M. Madsen, F. Kuemmeth,
T. S. Jespersen, J. Nygard, P. Krogstrup, and C. M. Marcus,
Nature (London) 531, 206 (2016).

[29] M. T. Deng, S. Vaitiekénas, E. B. Hansen, J. Danon, M. Leijnse,
K. Flensberg, J. Nygard, P. Krogstrup, and C. M. Marcus,
Science 354, 1557 (2016).

[30] R.Pawlak, M. Kisiel, J. Klinovaja, T. Meier, S. Kawai, T. Glatzel,
D. Loss, and E. Meyer, npj Quant. Info. 2, 16035 (2016).

[31] B. E. Feldman, M. T. Randeria, J. Li, S. Jeon, Y. Xie, Z. Wang,
I. K. Drozdov, B. Andrei Bernevig, and A. Yazdani, Nat. Phys.
13, 286 (2017).

[32] M. Ruby, B. W. Heinrich, Y. Peng, F. von Oppen, and K. J.
Franke, Nano Lett. 17, 4473 (2017).

[33] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000).

[34] D. A. Ivanov, Phys. Rev. Lett. 86, 268 (2001).

[35] J. Alicea, Y. Oreg, G. Refael, F. von Oppen, and M. P. A. Fisher,
Nat. Phys. 7, 412 (2011).

[36] D. Aasen, M. Hell, R. V. Mishmash, A. Higginbotham, J. Danon,
M. Leijnse, T. S. Jespersen, J. A. Folk, C. M. Marcus, K.
Flensberg, and J. Alicea, Phys. Rev. X 6, 031016 (2016).

[37] J.Li, T. Neupert, B. A. Bernevig, and A. Yazdani, Nat. Commun.
7, 10395 (2016).

[38] A. Y. Kitaev, Ann. Phys. 303, 2 (2003).

[39] S. D. Sarma, M. Freedman, and C. Nayak, npj Quant. Info. 1,
15001 (2015).

[40] C. Nayak, S. Simon, A. Stern, M. Freedman, and S. Das Sarma,
Rev. Mod. Phys. 80, 1083 (2008).

[41] G. Kirsanskas, M. Goldstein, K. Flensberg, L. I. Glazman, and
J. Paaske, Phys. Rev. B 92, 235422 (2015).

[42] M. Schecter, K. Flensberg, M. H. Christensen, B. M. Andersen,
and J. Paaske, Phys. Rev. B 93, 140503 (2016).

[43] M. H. Christensen, M. Schecter, K. Flensberg, B. M. Andersen,
and J. Paaske, Phys. Rev. B 94, 144509 (2016).

[44] G. M. Andolina and P. Simon, Phys. Rev. B 96, 235411
(2017).

[45] Y. Peng, F. Pientka, L. I. Glazman, and F. von Oppen, Phys. Rev.
Lett. 114, 106801 (2015).

[46] C.-X. Liu, J. D. Sau, T. D. Stanescu, and S. Das Sarma, Phys.
Rev. B 96, 075161 (2017).

[47] J. Danon, E. B. Hansen, and K. Flensberg, Phys. Rev. B 96,
125420 (2017).

[48] L. Yu, Acta Phys. Sin. 21, 75 (1965).

[49] H. Shiba, Prog. Theor. Phys. 40, 435 (1968).

[50] A. I Rusinov, Sov. Phys. JETP 29, 1101 (1969).

[51] T. O. Rosdahl, A. Vuik, M. Kjaergaard, and A. R. Akhmerov,
Phys. Rev. B 97, 045421 (2018).

[52] D. Sticlet, C. Bena, and P. Simon, Phys. Rev. Lett. 108, 096802
(2012).

[53] K. Bjornson, S. S. Pershoguba, A. V. Balatsky, and A. M. Black-
Schafter, Phys. Rev. B 92, 214501 (2015).

[54] R. Wiesendanger, Rev. Mod. Phys. 81, 1495 (2009).

[55] S.Jeon, Y. Xie, J. Li, Z. Wang, B. A. Bernevig, and A. Yazdani,
Science 358, 772 (2017).

[56] S. Hoffman, D. Chevallier, D. Loss, and J. Klinovaja, Phys. Rev.
B 96, 045440 (2017).

[57] E. Prada, R. Aguado, and P. San-Jose, Phys. Rev. B 96, 085418
(2017).

[58] D. Chevallier, P. Szumniak, S. Hoffman, D. Loss, and J.
Klinovaja, Phys. Rev. B 97, 045404 (2018).

[59] P. Devillard, D. Chevallier, and M. Albert, Phys. Rev. B 96,
115413 (2017).

[60] M. M. Maska and T. Domanski, Sci. Rep. 7, 16193 (2017).

125119-20


https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1038/npjqi.2016.35
https://doi.org/10.1038/npjqi.2016.35
https://doi.org/10.1038/npjqi.2016.35
https://doi.org/10.1038/npjqi.2016.35
https://doi.org/10.1038/nphys3947
https://doi.org/10.1038/nphys3947
https://doi.org/10.1038/nphys3947
https://doi.org/10.1038/nphys3947
https://doi.org/10.1021/acs.nanolett.7b01728
https://doi.org/10.1021/acs.nanolett.7b01728
https://doi.org/10.1021/acs.nanolett.7b01728
https://doi.org/10.1021/acs.nanolett.7b01728
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1038/nphys1915
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1103/PhysRevX.6.031016
https://doi.org/10.1038/ncomms10395
https://doi.org/10.1038/ncomms10395
https://doi.org/10.1038/ncomms10395
https://doi.org/10.1038/ncomms10395
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevB.92.235422
https://doi.org/10.1103/PhysRevB.92.235422
https://doi.org/10.1103/PhysRevB.92.235422
https://doi.org/10.1103/PhysRevB.92.235422
https://doi.org/10.1103/PhysRevB.93.140503
https://doi.org/10.1103/PhysRevB.93.140503
https://doi.org/10.1103/PhysRevB.93.140503
https://doi.org/10.1103/PhysRevB.93.140503
https://doi.org/10.1103/PhysRevB.94.144509
https://doi.org/10.1103/PhysRevB.94.144509
https://doi.org/10.1103/PhysRevB.94.144509
https://doi.org/10.1103/PhysRevB.94.144509
https://doi.org/10.1103/PhysRevB.96.235411
https://doi.org/10.1103/PhysRevB.96.235411
https://doi.org/10.1103/PhysRevB.96.235411
https://doi.org/10.1103/PhysRevB.96.235411
https://doi.org/10.1103/PhysRevLett.114.106801
https://doi.org/10.1103/PhysRevLett.114.106801
https://doi.org/10.1103/PhysRevLett.114.106801
https://doi.org/10.1103/PhysRevLett.114.106801
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.96.125420
https://doi.org/10.1103/PhysRevB.96.125420
https://doi.org/10.1103/PhysRevB.96.125420
https://doi.org/10.1103/PhysRevB.96.125420
https://doi.org/10.1143/PTP.40.435
https://doi.org/10.1143/PTP.40.435
https://doi.org/10.1143/PTP.40.435
https://doi.org/10.1143/PTP.40.435
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1103/PhysRevLett.108.096802
https://doi.org/10.1103/PhysRevLett.108.096802
https://doi.org/10.1103/PhysRevLett.108.096802
https://doi.org/10.1103/PhysRevLett.108.096802
https://doi.org/10.1103/PhysRevB.92.214501
https://doi.org/10.1103/PhysRevB.92.214501
https://doi.org/10.1103/PhysRevB.92.214501
https://doi.org/10.1103/PhysRevB.92.214501
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1103/RevModPhys.81.1495
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1126/science.aan3670
https://doi.org/10.1103/PhysRevB.96.045440
https://doi.org/10.1103/PhysRevB.96.045440
https://doi.org/10.1103/PhysRevB.96.045440
https://doi.org/10.1103/PhysRevB.96.045440
https://doi.org/10.1103/PhysRevB.96.085418
https://doi.org/10.1103/PhysRevB.96.085418
https://doi.org/10.1103/PhysRevB.96.085418
https://doi.org/10.1103/PhysRevB.96.085418
https://doi.org/10.1103/PhysRevB.97.045404
https://doi.org/10.1103/PhysRevB.97.045404
https://doi.org/10.1103/PhysRevB.97.045404
https://doi.org/10.1103/PhysRevB.97.045404
https://doi.org/10.1103/PhysRevB.96.115413
https://doi.org/10.1103/PhysRevB.96.115413
https://doi.org/10.1103/PhysRevB.96.115413
https://doi.org/10.1103/PhysRevB.96.115413
https://doi.org/10.1038/s41598-017-16323-3
https://doi.org/10.1038/s41598-017-16323-3
https://doi.org/10.1038/s41598-017-16323-3
https://doi.org/10.1038/s41598-017-16323-3



