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Topologically nontrivial Fe-based superconductors attract extensive attentions due to their ability of hosting
Majorana zero modes (MZMs) which could be used for topological quantum computation. Topological defects
such as vortex lines are required to generate MZMs. Here, we observe the robust edge states along the surface

steps of CaKFesAs,. Remarkably, the tunneling spectra show a sharp zero-bias peak (ZBP) with multiple integer-
quantized states at the step edge under zero magnetic field. We propose that the increasing hole doping around
step edges may drive the local superconductivity into a state with possible spontaneous time-reversal symmetry
breaking. Consequently, the ZBP can be interpreted as an MZM in an effective vortex in the superconducting
topological surface state by proximity to the center of a tri-junction with different superconducting order parame-
ters. Our results provide new insights into the interplay between topology and unconventional superconductivity,
and pave a new path to generate MZMs without magnetic field.

DOLI: 10.1088,/0256-307X/41/11/117401

Fe-based superconductors (FeSCs) exhibit a wide
range of fascinating phenomena attributable to their
141 Recently, the
superconducting topological surface states have been
discovered in several FeSCs such as Fe(Te,Se), !
(Lio.g4Feo.16)OHFeSe, (%1 CaKFeyAsy,!™ and LiFeAs. 572
These superconducting topological surface states share
similar properties to chiral p+ip superconductors.[lg]

The Majorana zero modes (MZMs) in magnetic vortex
[6,7,9,11,12,14-17]

multiband superconducting nature.

cores and possible chiral Majorana states at
the domain walls!'® have been observed in many FeSCs
samples. However, unlike the chiral p+ip superconduc-
tors, the superconducting topological surface states do
not have a well-defined edge, which results in the lack-
ing of Majorana modes on the edges for these FeSCs. In

this Letter, we report a surprising observation of a ro-

TThese authors contributed equally to this work.

bust edge state with zero modes without magnetic field
on the step edges of CaKFesAss with scanning tunneling
microscopy /spectroscopy (STM/S).

The crystal structure of CaKFesAs, is similar to the
122-type Fe—As superconductors such as BaFezAsz but
with Ca and K layers alternately inserting between Fe—As
layers ('] [Fig. 1(a)]. Recently, the superconducting topo-
logical surface state has been observed in CaKFe4AS4.[7]
As in Fe(Te,Se), where evidence of Majorana modes has

8] and line defects, 2%l

been spotted on the domain walls
we are motivated to search for possible Majorana modes
around the defect sites such as step edge and domain
boundary in this topologically non-trivial FeSC material.

After cleavage, some steps naturally form on the
surface of a high-quality CaKFesAss single crystall?!l

[Fig. 1(b)]. In the region shown in Fig.1(c), a sharp and
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straight step with a height of 1.3nm is observed, consis-
tent with one unit cell (1u.c.) of the CaKFesAsy crystal
along the ¢ axis. The zero-energy differential conduc-
tance (ZEDC) map clearly displays a pronounced density
of states (DOS) along the step edge [Fig.1(d)], indicat-
ing the existence of a robust edge state. Its intensity
decays slowly across a range of ~10nm into the up-
per terrace [Fig. 1(e)], whereas it drops abruptly to zero

Upper terrace

Lower terrace

on the lower terrace side [also see the orange curve in
Fig.2(e)]. In addition, we find that the edge state is
ubiquitous and continuous at the kinks or corners of a
step [Fig. 1(f)], indicating that the observed edge state is
robust and independent of the orientations of step edges.
The differential conductance maps of the edge states at
other energies are shown in Fig.S1 in the Supplementary
Material.

OmeV

Step edge

/
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Fig. 1. Crystal structure and step edge state of CaKFesAss. (a) Crystal structure model of CaKFegAsy. (b)
Schematic of STM experimental configuration. (¢) An STM topography image of cleaved CaKFesAsy surface (size:
300nm X 300 nm; setpoint: Vs = —25mV, Iy = 20pA). A distinct edge is visible between the upper terrace and
the lower terrace. Inset: the line profile of the step, indicating a height of 1.3nm. (d) Zero-energy differential
conductance map of (c), showing a continuous step edge state. (e) Zoom-in 25nm x 25nm map from the step
shown in (d) at OmeV. (f) Zero-energy differential conductance map of the step edge which has a kink, showing
that the pronounced step edge state is continuous. Inset: the corresponding STM topography [setpoint in (d)—(f):
Vs = —5mV, Iy = 200 pA]. Here, some bright spots away from step are attributed to impurities and disorders, which
are commonly found on cleaved CaKFeyqAsy surface. [21]

A direct comparison of the dI/dV spectra at the lower
terrace (blue curve), the step (red curve) and the upper
terrace (green curve) of the line cut [Fig.2(a) and 2(b)]
highlights the difference of the DOS at and away from
the step edge. Away from the step, the spectra possess
all the features of a clean and hard U-shaped supercon-
ducting gap, with the two coherence peaks locating at
about £5meV. [T Close to the step, the coherence peaks
are strongly suppressed and the gap is filled with non-zero
DOS. More remarkably, a zero-bias peak (ZBP) and a se-
ries of discrete peaks emerge inside the gap. The waterfall
plot [Fig.2(c)] and the intensity map [Fig.2(d)] show the
spatial evolvement of these edge states. The ZBP has a de-
cay length of ~ 8 nm, consistent with the decay of the step
edge state [the orange curve in Fig.2(e)]. The full width
at half maximum of the ZBP is about 0.37 meV, which is

close to the energy resolution of STM (0.31 meV).

More intriguingly, the ZBPs and other discrete peaks
appear to be bundled in patches along the edge, as three
batches of ZBP regions can be well resolved within 12 nm
[Figs.3(a) and 3(b)]. We note that this patch-type dis-
tribution of the ZBP regions is reproducible on different
steps, though the distribution of the batches varies [see
Fig.S7 in the Supplementary Material]. Away from the
step edge, only the full superconducting gap is observed
[Fig. S8]. We also find that the discrete peaks locate at
energies of —1.72, —1.03, —0.64, 0, +0.67, and +1.25 meV,
showing a nearly integer-quantized sequence with an en-
ergy spacing of ~0.6meV [see Fig.S2(a)]. These peaks
show no spatial dispersion along the perpendicular line
cut, which is reminiscent of the behavior of the Caroli-de
Gennes—Matricon bound states (CBS) inside the topologi-
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cal vortices!®7'% of the same material under the quantum

limit [Fig. S2(b)], albeit that the energy spacings of the dis-
crete peaks are smaller than those inside the vortex cores
and the energy gap is smaller at the edge [Fig. 3(c)]. This
is completely unexpected since there is no magnetic field
applied.

We find evidence for the reduction of the supercon-
ducting gap near the edge, as described in the follow-
ing. Away from the step edge, a well-defined peak around
—18.4mV is presented in the dI/dV spectra, correspond-
ing to the van Hove singularity (vHS).1??l It gradually
shifts to about —10mV at the step edge [Fig.3(d)], indi-

cating hole doping effect. This hole doping effect stays

at the same level within ~8nm from step edge, whereas
it starts to decrease from ~8 to ~10nm [Fig.S9]. How-
ever, the discrete peaks only exist within ~5nm from the
step edge [Fig. 2(d)] before fading out, giving rise to spa-
tially unchanged energy spacing A%/Eg. It is known that
hole doping over 0.4 in its sibling Ba;_,K;FesAss would
reduce the superconducting transition temperature and
the superconducting gap. We also find that the magnetic
field can induce vortices along the step edge [Fig.S3],
supporting that the edge remains superconducting. The
size of the vortex at the edge is larger than that away
from the edge, indicating a smaller superconducting gap
at the edge.
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Fig. 2. The dI/dV spectra across 1-u.c. step edge.
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(a) A typical STM image of the 1-u.c. step edge, showing a

clean and straight step. (b) Comparison of dI/dV spectra at the lower terrace (blue line), the step edge (red line),

and the upper terrace (green line).

The superconducting coherence peak is suppressed while the zero-bias peak

(ZBP) as well as other discrete peaks emerge at the step edge. (c) A water-fall plot of the dI/dV spectra line cut
measured across the step edge as marked in (a) showing that the ZBP and other non-zero discrete peaks have no
energy dispersion over the line cut. (d) A line cut intensity map of the dI/dV spectra of (c). Setpoint in (b)—(d):
Vs = —10mV, Iy = 500 pA. (e) Colored dots: spatial dependence of zero-bias intensity of each dI/dV spectrum
shown in (c). The extension length of ZBP is about 8 nm. Orange curve: zero-energy intensity line profile extracted

from the line marked in Fig. 1(e).

We extract the value of peaks’ energy positions Ei, as
well as the first level energy spacing AFE, and plot the ratio
Er/AE versus energy level n [see Fig.3(e)]. The exper-
imental result agrees well with integer expectation where
E1/AE = n [gray line in Fig. 3(e)]. To calculate the ratios
A?/(FEr - AE) for both bulk and step edge states, we ex-
tract the superconducting gap Aedge of the edge states and
the discrete peak spacing A Eqss in fifteen cases. The Fermi
energy E28° near the step is estimated to be ~ 30 meV
given the measured Dirac point of the topological surface
state!™ and the observed vHS shift. The values of Ag and

AEcgs are adopted from our previous work.!” The val-
ues of A%/(Eyr - AE) for both the bulk and the step edge
states are the same within error bars [Fig. 3(f)]. It again
suggests that the ZBP and discrete peaks at the step edge
may have the similar physical origin with the MZM and
discrete CBSs in the topological vortices.

Now we discuss possible origins of the edge states.
It is known that local topological trivial defects may in-
duce states within the superconducting gap. 231 Some sign-
changing superconductors such as cuprates can also have
the Andreev bound states along the step edge with specific
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orientations. !l However, the edge state of CaKFesAs, is
quite exotic and could not be explained by the mechanisms
mentioned above. Firstly, the ubiquitous and continu-
ous edge state appears at arbitrarily oriented integer-unit-
cell steps in CaKFesAss (see Fig.S5 in the Supplemen-
tary Material), and displays a homogeneous decay length
of ~10nm into the upper terrace at any location of the
step edge, which excludes the possibility of local effect
from defects or the Andreev bound states.[?*! Secondly,

Low I

High

there are not only a sharp ZBP but also other non-zero-
energy peaks, which is akin to the discrete bound states
inside CaKFesAsy vortex cores. "] Thirdly, in previous re-
ports of other 122-type FeSCs without topological surface
state, e.g., Bag.¢Ko.4aFeaAsa 251 and RbFegAsz,[%] no sim-
ilar edge state is observed, indicating that the robust edge
state in CaKFesAss has a topologically non-trivial nature.
Therefore, we speculate that the observed edge state has
topologically non-trivial origin.
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Fig. 3. Spatial dependence of in-gap bound states and van Hove singularity.
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(a) Topography of a step where

scattered clusters distributed on the surface. (b) A line cut intensity map of the dI/dV spectra along the step
edge, highlighting the three ZBP patches by the white dashed rectangles. (c¢) Comparison of dI/dV spectra at the
vortex core (blue curve) and the step edge (red curve). The dashed line indicates the zero energy. (d) Waterfall
plot of the large range dI/dV spectra along the black line in (a), showing the shift of energy position of van Hove
singularity. (e) Plot of Er,/AFE versus energy level n. The gray line is the integer expectation which is calculated
using Ep,/AE = n. (f) Statistics of the ratio A% /(Er - AE) for vortex and step edge. For vortex, A is the topological
gap As = 5.8meV, Fr is the topological band Fermi energy FR"X = 21 meV, AF is the CBS spacing from our
previous work AEcgps = 0.8-1.2meV. For step edge, A is the superconducting gap on step edge Acqge, Er is the
Fermi energy on step edge ES5° ~ 30meV, AE is the discrete peak spacing on step edge AEgi. (g)—(h) Two
examples of the tunneling current dependent dI/dV spectra. Vs = —5mV, I is labeled in figures for each curve.

The zero-bias peak remains robust and has no split behavior when tip-sample distance is decreased.

Another trivial origin of the ZBP is the Yu—Shiba-
Rusinov (YSR) state, which can be distinguished by using
superconducting or spin-polarized tip state. 27} However,
these experiments seem to be extremely difficult on the
cleaved surfaces of CaKFesAss, because the surfaces are
covered by unstable Ca or K atoms/clusters. 281 We found
that these atoms/clusters could be picked up easily by tip
during scanning process, which could destroy the super-
conducting or spin-polarized state of the tip. To exclude
the YSR state, we decrease the tip-sample distance while
measuring the dI/dV spectra with ZBP. Two examples are
shown in Figs. 3(g)-3(h). It can be found that the ZBP
does not split even at a high tunneling current of ~20nA,
suggesting the absence of YSR state which is expected to
split at such decreased tip-sample distance.*’! We also
found that, once the tunneling current exceeds ~ 30nA,

the tunneling junction at the step edge would become un-
stable, leading to the tip crashing into the sample. As a
result, we did not observe the plateau feature of ZBP. This
phenomenon provides evidence to exclude the possibility
of the trivial YSR state.

Here, we propose that the edge state in CaKFesAsy is
the result of cooperation between the topological surface
states and the possible time-reversal symmetry break-
ing (TRSB) pairings with different symmetries.***! In
the 122-family FeSCs, the gap functions on two Fermi
pockets couple in the anti-phase way due to repulsive
interactions. '™ This feature could lead to frustration
due to the existence of three Fermi pockets including
two hole ones and an electron one.®!l When hole dop-
ing is relatively small, the gap function is likely a time-
reversal invariant s-wave, siy_ representing the gap
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function configuration (Ani, Anz, —Ae) where the for-
mer two are of two hole-bands. With increasing hole
doping, A. is weakened, then the anti-phase couplings
lead to the configuration (Ani, An2e®®, Ace’?e). Time-
reversal symmetry is broken at ¢n,. # 0, 7.
plicity, this pairing configuration is hereafter denoted
as s+is in agreement with the convention in litera-
ture [Fig.4(a)]. Recent experimental studies based on
muon-spin-rotation (uSR) measurements in heavily hole-
doped Bai_,K,FesAsy (where z = 0.77-0.8) 523 and
the temperature-dependent fractional quantum vortex in
the same material ®¥ provide strong evidence of an s+is

For sim-

(a) (—m,m) (7,m)

®

N

(—7!',—7!‘)

(7\',—7\')

Brillouin zone

Hole doping

Time reversal symmetry breaking

superconducting pairing order parameter which breaks
time-reversal symmetry. Also, time-resolved optical re-
flectivity experiments support the existence of time-
reversal symmetry breaking state in CaKFeyAs,.*® The
shift of the vHS peak [Fig.3(d)| suggests that increas-
ing hole doping level may drive the step edge into a
similar s+is state with a small superconducting gap.
Previous theoretical work suggests that an si supercon-
ductor has a tendency to develop the s+is state near
the boundary, ®®*" which may widen the narrow doping
range of the s+is state as appeared in Baj_,K,;FesAss
(z =0.77-0.8).
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Fig. 4. Schematic of emergence of MZM at the step. (a) Gap functions and Fermi surface evolution with the
increasing hole doping. The blue arrow represents the gap function on the electron pocket, and the green and yellow
ones represent those on the hole pockets. At small hole doping, the gap functions are time-reversal invariant and
sign changing denoted as si_. At large hole doping, frustration becomes effective, and TRSB gap functions take
place. (b) Schematics of the surface near the step edge. Superconducting gap functions in the blue region are
time-reversal invariant, which lie in the lower terrace and upper terrace away from the step edge. Green and red
regions are on the upper terrace and near the step edge representing two domains with TRSB gap functions, which
are time-reversal counterparts. The gap parameters induced in the Dirac surface states are combined effect of the
multi-band gap functions in the bulk. When they in the three regions form a vortex-like defect, the MZM appears
at the crossing point of the tri-junction. With further going deep inside the upper terrace, the gap parameters
smoothly relax to the time-reversal invariant one without forming a vortex-like defect.

Once such TRSB superconductivity happens on the
topological surface topological state in the CaKFesAsy
system, !l the Dirac surface state will acquire a gap func-
tion by the proximity effect expressed as

Hgurg = vp(keSy ® To — kySe ® T3) — S0 @ T3
— [ReAl]sy @ 2 — ImAlsy & 71.

Here, vr is the Fermi velocity of the Dirac state; s;
(j = =z, vy, z) represent spin operators and 7, (n =

1, 2, 3) denote Pauli matrices in the Nambu channel;
so and 7o are identity matrices in the spin space and
Nambu channels, respectively. A = a(Ap; 4+ Apze™®s +
Ace'®e), where o is dimensionless coefficient depending
on the proximity effectiveness, and for simplicity it is
assumed the same for all the bands. Around the step
edge shown in Fig. 3(a), a tri-junction configuration illus-
trated in Fig.4(a) may appear, which consists of three
regions:
gap functions (Api, Anz, —Ae) (I), and the upper terrace

the lower terrace with time-reversal invariant
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with a pair of TRSB counterparts exhibiting gap func-
tion configurations (II) (Af;, Ap,e®t, ALe™e) and (1)
(A}, Afge™ ™1 Ale™ "), respectively. Without loss of
generality, Ani1,2 are assumed to be positive, and A, is
stronger than Ap;, 2. We assume that Ay is aligned in all
the three regions, such that the gap functions on the other
two bands develop a non-collinear configuration. Up to
an overall phase, the surface Dirac states in these regions
acquire a real gap parameter A by the proximity effect in
region (I), and complex ones A’ A’™* in regions (1) and (1I),
respectively. An MZM will appear near the tri-junction re-
gion if the above gap parameters in the surface Dirac states
in the three regions resemble a vortex-like topological de-
fect, i.e., their phases complete a 27 winding. [38]

The presence of two regions with complex gap func-
tions on the upper terrace alternates along the edge. While
a single MZM appears at the center of a tri-junction, the
repeated presence of separate MZMs along the edge is an-
ticipated [Fig.4(b)]. When moving away from the step
edge on the upper terrace, the hole doping gradually re-
laxes to the bulk value. Another anti-vortex-like defect
should also exist, nevertheless, the core area and the as-
sociated MZM may be smeared and not easy to observe
deep inside the upper terrace. This mechanism also ap-
plies to higher step edges (Fig.S5 in the Supplementary
Material). The hole-doping effect can occur at such step
edges (Fig.S6), driving the system into a possible state
that breaks time-reversal symmetry. Consequently, MZMs
can also be observed.

In conclusion, we observe robust zero-energy modes
on step of CaKFesAsy with peculiar features. At some
step locations, ZBPs and discrete peaks with equal energy
spacing are observed in dI/dV spectra under zero mag-
netic field, akin to the MZM and integer CBSs observed in
the topological vortex of the same material. Based on the
vHS shift at step edge, we propose that the step edge hosts
a possible time-reversal symmetry breaking state, such as
s+is state, and the observed ZBP can be interpreted as an
MZM inside an effective vortex generated at the center of a
tri-junction with different superconducting order parame-
ters. Our discovery not only opens a new way of generating
MZMs without magnetic field, but also provides deep in-
sights for evolutions of the superconducting pairing states
in FeSCs, and calls for more efforts on direct experimental
probe for this possible time-reversal symmetry breaking
state.

Ezxperimental Method.

Single Crystal Growth. High-quality single crystals of
CaKFesAsy were grown by using the self-flux method. The
value of T. was determined to be 35 K from magnetization
measurements.

Scanning Tunneling Microscopy/Spectroscopy. The
samples used in STM/S experiments were cleaved in situ
(Teteave = 7T7TK) and immediately transferred to the STM
head. Chemically etched tungsten tips were calibrated
on Au(111) surface before use. STM/S measurements
were performed in two ultra-high vacuum (1 x 10™*! mbar)
LT-STM systems, STM#1 (base temperature 30 mK) and
STM#2 (base temperature 400 mK). The differential con-

ductance (dI/dV) spectra and map were obtained by a
standard lock-in amplifier at a frequency of 973.0 Hz, with
the modulation voltage Vinoa = 0.05mV for STM#1 and
Vinod = 0.10mV for STM#2.
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d1/dV map of step at different energy:
The dI/dV map at low energy (Figure S1(a)-(c)) show the edge state clearly. At slight
high energy (Figure S1(d)), the edge state become obscure because of the increase of

non-zero intensity away from the step edge.

Multiple-peak fitting for step edge state and topological vortex core:
The multiple-peak fittings for step edge states and topological vortex core are displayed
in Figure S2(a) and 2(b), respectively. The integer energy level spacings both in step

edge state and topological vortex core are well-resolved.

Vortex size at step edge:
From the ZEDC map under magnetic field, we find the vortex located at the step edge
has a larger size, namely the coherence length, compared to that away from step edge

(Figure S3).

ZEDC maps of step edge states under different magnetic fields:
By varying the magnitudes and orientations of magnetic fields, we find the step edge
states remain robust no matter under the out-of-plane or in-plane magnetic fields

(Figure S4).

Reproducible result on a 2-UC step edge:
Besides the 1-UC step, the non-zero intensity in superconducting gap and ZBP are also
observed on the 2-UC step edge (Figure S5), whose features are similar to that at 1-UC

step.
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Figure S1. d7/dV map of step at different energy. (a)-(d), The zoom-in 25 nm x 25 nm
d//dV map from the step in Fig. 1(d) at —1.0, —1.5, —2.0 and —2.5 meV, respectively.
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Figure S2. Fitting of peaks around zero-energy. (a), The multiple-peak fitting of ZBP
and discrete peaks around zero-energy for edge state. (b), The multiple-peak fitting of
MZM and CBSs around zero-energy for topological vortex. Red or blue circles are
experimental data. Black curve with multiple-peak are the fitting results. Individual
peaks indicate the energy locations of ZBP and non-zero discrete peaks (a), MZM and
CBSs (b).



Figure S3. Emergence of larger vortices at the step edges, suggesting the
superconducting nature of the edge channel as well as the larger coherence length at
step edges.
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Figure S4. Magnetic field dependence of step edge state. (a)-(c), The ZEDC maps of
step edge state under B, =0, 6, =8 T, respectively. (d)-(f), The ZEDC maps of step
edge state under By =0, 1, 2 T, respectively.
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Figure S5. ZBP on 2-UC step edge. (a), the STM topography of a 2-UC height step
edge. (b), The comparison of d//dV spectra at the lower terrace (green line), the step
edge (red line) and the upper terrace (blue line). (c), A water-fall plot of the d7/dV
spectra line-cut measured across the 2-UC step edge as marked by the dashed arrow in
(a). (d), A line-cut intensity map of the d//dV spectra of (c). The d//dV spectra results
show the robust edge state as well as the ZBP, which are similar to that on the 1-UC
step edge.

A Upper
151 terrace
£l
©
> 10
9
S
5 —
Edge
| | | |

-40 -20 0 20 40
Energy (meV)

Figure S6. Waterfall-plot of the large range dI/dV spectra from the edge of a 2-UC
step to the upper terrace, illustrating the doping effect at the edge.
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Figure S7. Reproduced results of the patch-like ZBP distribution along the step edges.
(a) The topography image of a step edge. (b) Intensity map of the dZ/dV spectra along

the black arrow in (a). White dashed rectangles highlight the three ZBP patches. (c) and
(d) Same as (a) and (b), but on a different step edge.
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Figure S8. d//dV spectra linecut parallel to step edge on the plateau. (a) The topography
image shows a step edge. (b) The d//dV spectra linecut along the black arrowed line as
marked in (a). No zero-bias conductance peak observed.
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Figure S9. Intensity map plot of data in Fig. 3(d). The red dashed line marks the energy
position of VHS.
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