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Near zero energy Caroli-de Gennes—Matricon vortex states in the presence of impurities
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Caroli-de Gennes—Matricon (CdGM) states are localized states with a discrete energy spectrum bound to
the core of vortices in superconductors. In topological superconductors, CdGM states are predicted to coexist
with zero energy, chargeless states widely known as Majorana zero modes (MZMs). Due to their energy
difference, current experiments rely on scanning tunneling spectroscopy methods to distinguish between them.
This work shows that electrostatic inhomogeneities can push trivial CdGM states arbitrarily close to zero energy
in nontopological systems where no MZM is present. Furthermore, the BCS charge of CdGM states is suppressed
under the same mechanism. Through exploration of the impurity parameter space, we establish that these two
phenomena generally happen in consonance. Our results show that energy and charge shifts in CdGM may be
enough to imitate the spectroscopic signatures of MZMs even in cases where the estimated CdGM level spacing
(in the absence of impurities) is much larger than the typical experimental level broadening.
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I. INTRODUCTION

Andreev bound states are a class of low-energy quasipar-
ticle excitations that appear in metallic regions confined by
a superconducting gap. A particular type of Andreev bound
state excitations exists on zero-dimensional defects in topo-
logical superconductors. These zero energy excitations are
known as Majorana zero modes (MZMs) [1-5]. Since these
quasiparticles are topologically protected non-Abelian anyons
[6-8], they can be used to build fault-tolerant qubits [9]. The
interest in building robust quantum computers led to intense
efforts to search for and identify MZMs.

The first generation of experiments to identify Majorana
modes relied on measuring zero-bias peaks with tunneling
probes. These peaks indicate the existence of zero energy
excitations. However, to interpret these zero-bias peaks as
Majorana zero modes, one must rule out the existence of
other (trivial) excitations. Due to this ambiguity, together with
theoretical progress showing that zero energy trivial states are
possible, a new generation of experiments combining local
and nonlocal probes was recently developed in nanodevice
platforms [10-18].

In bulk topological superconductor candidates, an alterna-
tive procedure to detect Majorana zero modes is by piercing
the superconductor with a magnetic field. With an applied
field, superconducting vortices are formed. At sufficiently low
electron density, these vortices should host Majorana zero
modes isolated from other in-gap states. Thus, one can again
probe the MZMs by scanning tunneling spectroscopy. Again,
one of the fundamental challenges in verifying the presence of
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MZMs in vortices of topological superconductor candidates is
establishing a clear distinction from other trivial states.

In superconducting vortices, nontopological quasiparti-
cle excitations are known as Caroli-de Gennes—Matricon
(CdGM) states [19]. They appear in low-density supercon-
ducting materials, where vortices act as “quantum wells for
quasiparticles” [20]. In trivial superconductors, vortices con-
tain bound states with a low-energy spectrum given by [21]
[see Figs. 1(a) and 1(b)]

Emz_v (1)

where m = (n + 1/2), n is an integer number, kg is the Fermi
momentum, £ the bulk coherence length, and A is the bulk
superconducting pairing potential. The predicted spectrum of
CdGM states in trivial superconductors lacks a zero energy
level. These features establish the difference between CdGM
and MZMs spectra and underlie the interpretation of experi-
mental observations of zero-bias peaks inside vortices [5,22—
30]. From Eq. (1), it is clear that an energy resolution better
than Ay /krpé& is required to detect isolated excited levels. Since
this resolution is accessible in state-of-the-art experiments,
tunneling spectroscopy measurements of vortices on topo-
logical superconductors are expected to distinguish Majorana
from trivial states [31-33].

Recent experiments on candidate topological superconduc-
tor materials revealed that many zero-bias peaks, associated
with the presence of MZM modes, were not present in all
vortices [26,30]. Furthermore, some of the detected peaks
often appeared to be stabilized by nearby magnetic [28] or
scalar [23] impurities. Although it is well known that zero-
bias peaks can emerge in superconductors without topological
properties when magnetic impurities are present, it is still an
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FIG. 1. Energy states inside the vortex for (a) a clean s-wave
superconductor and (b) an s-wave system with screened charge im-
purity. The blue line shows the position-dependent superconducting
order parameter, and the dashed lines schematically show the energy
of in-gap CdGM states. In (b), the black dashed lines indicate the
CdGM spectrum without a charged impurity, whereas the red dashed
lines indicate the spectrum with the impurity. The black arrow high-
lights the energy shift caused by the impurity potential. (c),(d) The
density of states; (e),(f) the BCS spectral charge for the s-wave
system without and with impurity, respectively.

open question whether scalar impurities may produce similar
effects [34].

Motivated by this scenario, we study the effect of scalar
impurities in the in-gap spectrum of a two-dimensional triv-
ial s-wave superconductor. We revisit this system because
(i) an s-wave superconductor is a simple example of a trivial
superconductor, and (ii) the Hamiltonian does not contain ad-
ditional terms that could lead to corrections from Eq. (1). As a
result, the spectra and corresponding charge distributions can
be traced back unequivocally to the presence of the impurity
potential.

Moreover, influenced by the new generation of experi-
ments in nanowires, nonlocal measurements with scanning
tunneling microscope measurements were suggested as a way
to extract the Bardeen-Cooper-Schrieffer (BCS) charge of

in-gap vortex excitations [31]. Because trivial states have
nonzero BCS charge whereas MZMs are strictly chargeless
[7], information on the BCS charge, in principle, helps to
distinguish CdGM states and MZMs.

Our main results are illustrated in Fig. 1, which compares
the density of states and BCS charge for a trivial s-wave
superconductor with and without an impurity potential. The
calculations reveal that trivial CdGM states mimic MZM’s
signatures in two ways. First, electrostatic inhomogeneities
shift the lowest CAGM state energy arbitrarily close to zero, as
schematically shown in Figs. 1(a) and 1(b). Second, as the en-
ergy separation of these states become smaller than the exper-
imental resolution—mainly limited by thermal broadening—
the spectral BCS charge is also suppressed, as shown in
Figs. 1(e) and 1(f). As a consequence, electrostatic inho-
mogeneities can make CdGM indistinguishable from MZMs
when probed by scanning tunneling microscopy (STM) exper-
iments, given the current experimental resolutions.

II. MODEL

We consider a trivial superconductor modeled as a
two-dimensional electron gas with s-wave superconducting
pairing. The corresponding tight-binding model on a square
lattice (with lattice constant @) has a normal state Hamiltonian,

Hy= (4t —m)Y Y cheo—1tY Y checjo, ()
i o (ij) o

where p is the on-site energy, ¢ is the hopping constant,
clT(, (cis ) creates (destroys) an electron of spin o at site i, and
(i, j) denotes a sum performed over nearest neighbors. The
superconducting term in the Hamiltonian is

Hy yave = Z AfC;rTClTl + H.c,,
i

Al = Age'® tanh <g>, 3)

where A is the amplitude of the bulk order parameter, r;
is the distance from r = O (the vortex center) to the atomic
position i, & is the vortex radius, and ¢; = arg(r;) is the order
parameter phase, as shown in Figs. 2(a) and 2(b). Note that
we treat £ and A as independent parameters since we do not
solve the Ginzburg-Landau equations. To match the typical
ratios for p/ Ay reported in experiments, we set 4 = 0.05¢ and
Ay = 0.02¢. We also set & = 10a, unless stated otherwise, to
ensure that the vortex size is negligible compared to the sys-
tem size (200a x 200a). We treat spin as a trivial degeneracy
and perform all tight-binding calculations with KWANT [35].
Figure 2(c) show the spectrum and the respective integrated
BCS charge expectation values, i.e., Q = Zi Q(r;) where
o(r;) := (‘-IJ|cch,~ — c,-clT|\IJ) is the local charge for a given
eigenstate, of in-gap vortex states for this system as a function
of the vortex radius &. Finite energy levels approach zero as &
increases, as expected for quantum-confined levels.

III. EFFECTS OF AN IMPURITY POTENTIAL

An inspection of Eq. (1) suggests that local changes in
the electrostatic potential can shift the energy of CdGM
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FIG. 2. (a) Magnitude and (b) phase of the superconducting or-
der parameter [as defined in Eq. (3)]. The BCS charge-resolved
spectrum of in-gap vortex states is shown for an s-wave supercon-
ductor (c) without and (d) with a screened charge impurity with
S = 0.06f and n = Sa.

E — FErp [t]

states arbitrarily close to zero energy. In this situation, the
lowest-energy trivial states may have energy smaller than the
experimental resolution, resulting in a near-zero-bias con-
ductance peak, similar to the one produced by MZMs. To
demonstrate this phenomenon, we consider the effects of an
isolated screened charge impurity close to the vortex core.
This choice is inspired by recent experiments in iron-based
superconductors [23,26,30] showing that scalar impurities fa-
vor the presence of zero-bias peaks inside vortices.

We model the presence of a screened charged impurity on
the s-wave Hamiltonian by incorporating an on-site modula-
tion term as follows [36,37]:

—12/2p2
Himp =81y €1 cl ciy, “)
i,o

where §u is the potential strength of the impurity and 7 is the
screening length. Next, we calculate the energy spectra and
the integrated charge Q = ), O(r;) of the Andreev quasipar-
ticles.

Figure 3 shows the resulting low-energy spectra as a func-
tion of n and du, revealing a resemblance to the spectra
of a topological superconductor with a vortex. Furthermore,
both charge and energy of the lowest-energy state approach
zero, while the shifts of energy and charges of higher-energy
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FIG. 3. BCS charge for an s-wave system with impurity. In
(a) and (b), the spectrum evolves as a function of (a) impurity size
n (§u = 0.025¢) and (b) impurity strength 6 (n = S5a). (c) BCS
charge (black) and BCS charge spectral density (red) for the lowest-
energy state for a system without (dashed line) and with (solid line)
an impurity with n = 5a and 6 = 0.05¢.

states are exponentially suppressed (see the Appendix for a
quantitative discussion).

The local BCS charges Q(r) for the lowest-energy in-
vortex state with and without the impurity are shown in
Fig. 3(c). We verified that although the total charge is sup-
pressed [Figs. 3(a) and 3(b)], the local charge is weakly
affected by the impurity. Thus, one should be able to distin-
guish CdGM and Majorana states with an arbitrarily small
resolution since MZMs have zero BCS charge everywhere.
However, as we show in the next section, the energy shift
together with level broadening of the lowest-energy CdGM
states results in a vanishing spectral BCS charge.

The effects of the vortex size and impurity screening length
on the energy and charge of the lowest-energy state [E),
as defined in Eq. (1)] are shown in Fig. 4. The data clearly
show a suppression of Ej;,, and Q on large regions of the
{n, Su} parameter space, indicating that the above results
hold beyond the highly localized impurity regime, n < &.
This also suggests that smooth fluctuations in the underlying
electrostatic potential can mimic Majorana signatures. Finally,
let us note that due to particle-hole symmetry, £, and Q tend
to be correlated.

IV. EXPERIMENTAL RELEVANCE

In this section, we aim to establish the relevance of our
results for the interpretation of current experimental data from

184509-3



BRUNA S. DE MENDONCA et al.

PHYSICAL REVIEW B 107, 184509 (2023)

ln(El/Z) [A]
—4

-2 -8 —6

FIG. 4. Dependence of (a),(c) lowest-energy state Ej, and
(b),(d) BCS charge on (a),(b) n and & and (c),(d) n and . In (a),(b),
we choose §uu = 0.06¢, and in (c),(d), we choose & = 5a.

scanning tunneling spectroscopy (STS) and scanning tunnel-
ing microscopy (STM) experiments [26,29,30].

Thus far, we have discussed the changes in the global
properties of the CdGM state due to the the presence of scalar
impurities at the vortex site. Since vortices tend to be pinned
by defects and impurities [38], this picture can be favored in
samples in which some degree of surface disorder is present,
as seems to be the case in Fe(Se, Te) surfaces [26].

Moreover, experimental estimates of Ej,, [as defined in
Eq. (1)] are commonly used as a proxy for the position of the
first CdGM state. As such, STS conductance peaks at energies
below this estimate are usually “ruled out” as CdGM states
[26,29]. As we have shown, such a heuristic picture is not
accurate in the presence of impurities: the results shown in
Figs. 2 and 3 show that the energy of the first CAGM state can
be significantly lower than the value of Ej/, estimated from
bulk parameters and serve as a cautionary tale against ruling
out these near zero states as CdGM states.

Another important point of attention when comparing the
raw CdGM spectra with the peaks appearing in STS measure-
ments is the role of the thermal effects of the STS peaks,
which effectively sets an energy resolution. To illustrate the
limitations introduced by such energy resolution, we defined
the spatially resolved spectral density A(w, r), and the spectral
BCS charge C(w, r) at energy w and position r,

G(w)=[o—H+iy]™", ®)

G(w,r) = (r|G(w)r), (6)
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FIG. 5. Density of states A(w) = (—1/7)Im Tr G(w) of an 7n-
wave superconductor as a function of level broadening y (n = Sa).
In (a), one can observe that the two trivial states are distinguishable in
the absence of an impurity (5 = 0) up to y ~ Ej ;. As the impurity
strength increases, as shown in (b)—(d), the trivial states are shifted
to smaller energies w and therefore one cannot distinguish them even
with a much smaller level broadening y .

Alw,r) = —%ImTr[G(w, r), @)
Clw, 1) = —%ImTr[G(a), r)Q(r)], ®)

where y is a positive small parameter that sets the level broad-
ening.

Typical experimental broadenings are of the order of y ~
0.1 Ap (mostly arising from thermal effects), whereas the
energy spacing estimated without impurities is E1,, ~ 0.5A¢
[29]. Thus, for clean systems, scanning tunneling transport
experiments should indeed be able to resolve the energies
of MZMs and CdGM states. However, electrostatic inho-
mogeneities that make E;,, ~ y impede a clear distinction
between trivial and nontrivial states due to the constraint im-
posed by particle-hole symmetry that implies the shifting of
positive and negative energy states towards zero energy.

We illustrate the effects of level broadening in Figs. 1 and
5. Figure 1 shows contour plots of A(w, r) [Figs. 1(c) and
1(d)] and C(w, r) [Figs. 1(e) and 1(f)] for energies within
the gap and positions inside the vortex. In the absence of
impurities [Figs. 1(c) and 1(e)], one obtains peaks in A(w =
£E|;;, r ~ 0) originating from the first CAGM state, as ex-
pected. Some smaller peaks for excited CdGM states (with
nodes atr & 0) are also seen. The BCS charge for these states
oscillates in position along the vortex, changing sign.
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A different picture is observed in the presence of impurities
and a modest thermal broadening (y /E;,, ~ 0.27). There is
a single peak in the spectra charge density near zero energy
A(w = 0, r = 0), and the BCS charge at these energies is very
close to zero. In Fig. 5, we illustrate how much the level
broadening affects our results. In the absence of impurities
[Fig. 5(a)], the energies of CdGM states are determined by
the bulk parameters. Therefore, the two lowest-energy peaks
are distinguishable up to y/Ej,» ~ 1. As the energy levels
shift towards zero, the two lowest-energy peaks cannot be
resolved for y/E;;; 2 0.5 [Fig. 5(b)]. In some cases, these
peaks cannot be resolved even for relatively “small” broad-
ening values of y /E1,, ~ 0.1 or lower [Figs. 5(c) and 5(d)].
In a similar manner, since particle-hole symmetry ensures
that Q,,,—1(r) = —Q,,—_;(r), the BCS charge also becomes
negligible, as shown in Fig. 1(f).

Notice that the combined effect of the shifting of the energy
levels toward zero and a moderate broadening can effectively
“disguise” the lowest CAGM state as a “zero-bias peak™ [see,
e.g., Figs. 5(c) and 5(d)] in experiments. Interestingly, some
STS experimental data show vortex bound states as peaks near
but not at zero bias in the tunneling spectra [30], a result which
is consistent with this picture.

These observations suggest that recent experiments claim-
ing impurity-assisted formation of MZMs [23] should be
interpreted carefully. At the same time that local changes
in the chemical potential could lead to a topological phase
transition, trivial CdGM states can also be shifted arbitrarily
close to zero energy. Thus, zero-bias peaks in the vicinity of
scalar impurities are ambiguous signatures and cannot fully
distinguish MZM and CdGM states.

V. CONCLUDING REMARKS

Our main results can be summarized as follows: the pres-
ence of scalar impurities in vortices can modify the CdGM
spectrum, leading to similar spectral properties to MZMs. We
illustrate this fact in the extreme limiting case of a nontopo-
logical (s-wave) superconductor showing zero energy states
and a vanishing global BCS charge.

This is, in fact, a very general result: local scalar perturba-
tions in the vicinity of the vortex center lower the energy of
CdGM states and suppress their total BCS charge. In partic-
ular, the energy and charge of CdGM modes can be shifted
arbitrarily close to zero for a broad range of values in the
parameter space of the proposed model, as shown in Fig. 4. As
a consequence, such impurity-driven zero energy states cannot
be set apart from topological MZMs using only local spectro-
scopic techniques. Furthermore, due to extrinsic broadening
of the particle-hole symmetric levels, near zero energy states
will render vanishing nonlocal transport signals, therefore re-
sulting in the apparent vanishing of the BCS charge. These
considerations are particularly relevant to experimental works
that often rely on the fact that CdGM states have finite energy.

One possible route to complement the current local STS
setups could be provided by nonlocal probes. As argued in
Ref. [31], nonlocal transport measurements could, in prin-
ciple, map the changes in the BCS charge at a local level
provided that the experimental resolution allows for a distinc-
tion between MZM and CdGM states. Thus, it is important

to provide a description of the spectroscopic properties as
they will be affected by the presence of electrostatic inhomo-
geneities.

All the scripts and resulting data used to prepare this
manuscript are freely available on Zenodo [39].
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APPENDIX: PERTURBATIVE CORRECTIONS DUE
TO THE IMPURITY POTENTIAL

From Fig. 3(b), it is evident that lower-energy states have
larger shifts than higher-energy ones. This quantitative dif-
ference can be traced back to the nature of the confined
wave functions and is obtained using perturbation theory ar-
guments.

For an n-wave superconductor, the eigenstates are written

as [40]
_ um(r) —K(r) Jm(kFr)
Vn(r) = (vm<r>> e (Jm+1(kFr>)’ A

with J,,, (krr) being the order-n Bessel function of the first kind
and

K@) = L rdr’ A(r),

A2
th 0 ( )

where v is the Fermi velocity in the normal state. For
low-energy in-gap states E,, << Ao, we expand the supercon-
ducting pairing as A(r) & %r. Therefore,

AQ 2 . 1‘2

K(r)~ 2hUF$r = E

(A3)

The first-order corrections to the energy levels are given by
BEm = (lIJm|Himp|"pm>~ (A4)

Assuming that there are not many states inside the vortex
and particularly considering the low-energy ones, the Bessel
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functions can be approximated by their asymptotic form with
kF}" < 1.

In this regime, the energy correction follows a power law
in k% /o, given by

s (kE\" 1 1
SE, = K22} o= — 4+ (A5)
mla \ 4o 2> &2

By carrying out first-order corrections on the eigenstates,
we can understand the perturbative effects of the impurity on
the charge. We find

mn(S ’ mn 17
0n =2y PO (100
nskm m n

with
Bun(Spe, m) := (Y |0H [V,)
S [ 1 <k§)m3"}r[(m+n+2)/2]

m!n! \ 4a o

Taking the lowest-order term in Eq. (A6), we find

~

m-—n

o, - | EAEED) TGP m=1
m = 472 m+l
sty L () T I0("). m# 1.
(A7)

Therefore, we obtain a polynomial dependence on kﬁéz /2.
The results lead to the conclusion that the higher-energy states
have smaller corrections in both energy and charge.

[1] C. Beenakker, Search for non-Abelian Majorana braiding statis-
tics in superconductors, SciPost Phys. Lect. Notes 1, 15 (2020).

[2] S. Das Sarma, M. Freedman, and C. Nayak, Majorana zero
modes and topological quantum computation, npj Quantum Inf.
1, 15001 (2015).

[3] L. Fu and C. L. Kane, Superconducting Proximity Effect and
Majorana Fermions at the Surface of a Topological Insulator,
Phys. Rev. Lett. 100, 096407 (2008).

[4] J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma, Generic
New Platform for Topological Quantum Computation Using
Semiconductor Heterostructures, Phys. Rev. Lett. 104, 040502
(2010).

[5] L.-Y. Kong and H. Ding, Emergent vortex Majorana zero mode
in iron-based superconductors, Acta Phys. Sin. 69, 110301
(2020).

[6] A.Kitaev, Fault-tolerant quantum computation by anyons, Ann.
Phys. 303, 2 (2003).

[7] R. Aguado, Majorana quasiparticles in condensed matter,
Rivista del Nuovo Cimento 40, 523 (2017).

[8] J. Alicea, New directions in the pursuit of Majorana fermions in
solid state systems, Rep. Prog. Phys. 75, 076501 (2012).

[9] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das
Sarma, Non-Abelian anyons and topological quantum compu-
tation, Rev. Mod. Phys. 80, 1083 (2008).

[10] H. Pan and S. Das Sarma, Physical mechanisms for zero-bias
conductance peaks in Majorana nanowires, Phys. Rev. Res. 2,
013377 (2020).

[11] T. O. Rosdahl, A. Vuik, M. Kjaergaard, and A. R. Akhmerov,
Andreev rectifier: A nonlocal conductance signature of topolog-
ical phase transitions, Phys. Rev. B 97, 045421 (2018).

[12] H.Zhang, D. E. Liu, M. Wimmer, and L. P. Kouwenhoven, Next
steps of quantum transport in majorana nanowire devices, Nat.
Commun. 10, (2019).

[13] G. C. Ménard, G. L. R. Anselmetti, E. A. Martinez, D. Puglia,
F. K. Malinowski, J. S. Lee, S. Choi, M. Pendharkar, C. J.
Palmstrgm, K. Flensberg, C. M. Marcus, L. Casparis, and A. P.
Higginbotham, Conductance-Matrix Symmetries of a Three-
Terminal Hybrid Device, Phys. Rev. Lett. 124, 036802 (2020).

[14] J. Danon, A. B. Hellenes, E. B. Hansen, L. Casparis, A. P.
Higginbotham, and K. Flensberg, Nonlocal Conductance Spec-
troscopy of Andreev Bound States: Symmetry Relations and
BCS Charges, Phys. Rev. Lett. 124, 036801 (2020).

[15] Z. Cao, G. Zhang, H. Zhang, W.-X. He, C. Zeng, K. He,
and D. E. Liu, Probing electron-hole weights of an Andreev
bound state by transient currents, Phys. Rev. B 106, 075416
(2022).

[16] N. van Loo, G. P. Mazur, T. Dvir, G. Wang, R. C. Dekker,
J. Y. Wang, M. Lemang, C. Sfiligoj, A. Bordin, D. van
Driel, G. Badawy, S. Gazibegovic, E. P. A. M. Bakkers, and
L. P. Kouwenhoven, Electrostatic control of the proximity
effect in the bulk of semiconductor-superconductor hybrids,
arXiv:2211.06709.

[17] D. 1. Pikulin, B. van Heck, T. Karzig, E. A. Martinez, B.
Nijholt, T. Laeven, G. W. Winkler, J. D. Watson, S. Heedt,
M. Temurhan, V. Svidenko, R. M. Lutchyn, M. Thomas, G.
de Lange, L. Casparis, and C. Nayak, Protocol to identify a
topological superconducting phase in a three-terminal device,
arXiv:2103.12217.

[18] M. Aghaee, A. Akkala, Z. Alam, R. Ali, A. A. Ramirez, M.
Andrzejczuk, A. E. Antipov, M. Astafev, B. Bauer, J. Becker
et al., InAs-Al hybrid devices passing the topological gap pro-
tocol, arXiv:2207.02472.

[19] E. Prada, P. San-Jose, M. W. A. de Moor, A. Geresdi, E. J. H.
Lee, J. Klinovaja, D. Loss, J. Nygard, R. Aguado, and L. P.
Kouwenhoven, From Andreev to Majorana bound states in hy-
brid superconductor-semiconductor nanowires, Nat. Rev. Phys.
2,575 (2020).

[20] A. A. Abrikosov, Nobel lecture: Type-II superconductors and
the vortex lattice, Rev. Mod. Phys. 76, 975 (2004).

[21] C. Caroli, P. G. de Gennes, and J. Matricon, Bound fermion
states on a vortex line in a type ii superconductor, Phys. Lett. 9,
307 (1964).

[22] J.-P. Xu, M.-X. Wang, Z. L. Liu, J.-F. Ge, X. Yang, C. Liu,
Z. A. Xu, D. Guan, C. L. Gao, D. Qian, Y. Liu, Q.-H. Wang,
F-C. Zhang, Q.-K. Xue, and J.-F. Jia, Experimental Detec-
tion of a Majorana Mode in the Core of a Magnetic Vortex
Inside a Topological Insulator-Superconductor Bi,Te;/NbSe,
Heterostructure, Phys. Rev. Lett. 114, 017001 (2015).

[23] L. Kong, L. Cao, S. Zhu, M. Papaj, G. Dai, G. Li, P. Fan, W.
Liu, F. Yang, X. Wang et al., Majorana zero modes in impurity-
assisted vortex of LiFeAs superconductor, Nat. Commun. 12,
4146 (2021).

[24] Z. Hou and J. Klinovaja, Zero-energy Andreev bound states in
iron-based superconductor Fe(Te,Se), arXiv:2109.08200.

184509-6


https://doi.org/10.21468/SciPostPhysLectNotes.15
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.7498/aps.69.20200717
https://doi.org/10.1016/S0003-4916(02)00018-0
https://doi.org/10.1393/ncr/i2017-10141-9
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevResearch.2.013377
https://doi.org/10.1103/PhysRevB.97.045421
https://doi.org/10.1038/s41467-019-13133-1
https://doi.org/10.1103/PhysRevLett.124.036802
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevB.106.075416
http://arxiv.org/abs/arXiv:2211.06709
http://arxiv.org/abs/arXiv:2103.12217
http://arxiv.org/abs/arXiv:2207.02472
https://doi.org/10.1038/s42254-020-0228-y
https://doi.org/10.1103/RevModPhys.76.975
https://doi.org/10.1016/0031-9163(64)90375-0
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1038/s41467-021-24372-6
http://arxiv.org/abs/arXiv:2109.08200

NEAR ZERO ENERGY CAROLI-DE GENNES-MATRICON ...

PHYSICAL REVIEW B 107, 184509 (2023)

[25] K. Jiang, X. Dai, and Z. Wang, Quantum Anomalous Vortex and
Majorana Zero Mode in Iron-Based Superconductor Fe(Te,Se),
Phys. Rev. X 9, 011033 (2019).

[26] T. Machida, Y. Sun, S. Pyon, S. Takeda, Y. Kohsaka, T.
Hanaguri, T. Sasagawa, and T. Tamegai, Zero-energy vortex
bound state in the superconducting topological surface state of
Fe(Se,Te), Nat. Mater. 18, 811 (2019).

[27] H. Kim, Y. Nagai, L. Rézsa, D. Schreyer, and R. Wiesendanger,
Anisotropic non-split zero-energy vortex bound states in a con-
ventional superconductor, Appl. Phys. Rev. 8, 031417 (2021).

[28] D. Wang, J. Wiebe, R. Zhong, G. Gu, and R. Wiesendanger,
Spin-Polarized Yu-Shiba-Rusinov States in an Iron-Based Su-
perconductor, Phys. Rev. Lett. 126, 076802 (2021).

[29] D. Wang, L. Kong, P. Fan, H. Chen, S. Zhu, W. Liu, L. Cao, Y.
Sun, S. Du, J. Schneeloch, R. Zhong, G. Gu, L. Fu, H. Ding, and
H.-J. Gao, Evidence for Majorana bound states in an iron-based
superconductor, Science 362, 333 (2018).

[30] M. Chen, X. Chen, H. Yang, Z. Du, X. Zhu, E. Wang, and H.-
H. Wen, Discrete energy levels of Caroli-de Gennes—Matricon
states in quantum limit in FeTeg s5Seq 45, Nat. Commun. 9, 970
(2018).

[31] B. Sbierski, M. Geier, A.-P. Li, M. Brahlek, R. G. Moore, and
J. E. Moore, Identifying Majorana vortex modes via nonlocal
transport, Phys. Rev. B 106, 035413 (2022).

[32] C.-K. Chiu, T. Machida, Y. Huang, T. Hanaguri, and F.-C.
Zhang, Scalable Majorana vortex modes in iron-based super-
conductors, Sci. Adv. 6, eaay(0443 (2020).

[33] C. Christian, E. F. Dumitrescu, and G. B. Haliasz,
Robustness of  vortex-bound Majorana zero modes
against correlated disorder, Phys. Rev. B 104, L020505
(2021).

[34] X. Chen, W. Duan, X. Fan, W. Hong, K. Chen, H. Yang, S. Li,
H. Luo, and H.-H. Wen, Friedel Oscillations of Vortex Bound
States Under Extreme Quantum Limit in KCa,Fe,AssF,, Phys.
Rev. Lett. 126, 257002 (2021).

[35] C. W. Groth, M. Wimmer, A. R. Akhmerov, and X. Waintal,
KWANT: A software package for quantum transport, New J.
Phys. 16, 063065 (2014).

[36] A. Rycerz, J. Tworzydio, and C. Beenakker, Anomalously
large conductance fluctuations in weakly disordered graphene,
Europhys. Lett. 79, 57003 (2007).

[37] J. Wurm, M. Wimmer, and K. Richter, Symmetries and the
conductance of graphene nanoribbons with long-range disorder,
Phys. Rev. B 85, 245418 (2012).

[38] A.Kreisel, P. J. Hirschfeld, and B. M. Andersen, On the remark-
able superconductivity of FeSe and its close cousins, Symmetry
12, 1402 (2020).

[39] B. S. de Mendonga, A. L. R. Manesco, N. Sandler, and L. G. D.
da Silva, Can Caroli—de Gennes—Matricon and Majorana vortex
states be distinguished in the presence of impurities? (2022),
Zenodo, doi:10.5281/zenodo.6444338.

[40] U. E. Khodaeva and M. A. Skvortsov, Vortex core near planar
defects in a clean layered superconductor, Phys. Rev. B 105,
134504 (2022).

184509-7


https://doi.org/10.1103/PhysRevX.9.011033
https://doi.org/10.1038/s41563-019-0397-1
https://doi.org/10.1063/5.0055839
https://doi.org/10.1103/PhysRevLett.126.076802
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1038/s41467-018-03404-8
https://doi.org/10.1103/PhysRevB.106.035413
https://doi.org/10.1126/sciadv.aay0443
https://doi.org/10.1103/PhysRevB.104.L020505
https://doi.org/10.1103/PhysRevLett.126.257002
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1209/0295-5075/79/57003
https://doi.org/10.1103/PhysRevB.85.245418
https://doi.org/10.3390/sym12091402
https://doi.org/10.5281/zenodo.6444338
https://doi.org/10.1103/PhysRevB.105.134504

