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ABSTRACT

As a new type of iron-based superconductor, CaKFesAs,4 has recently been demonstrated to be a promising platform for observing
Majorana zero modes (MZMs). The surface of CaKFesAs; plays an important role in realizing the MZM since it hosts
superconducting topological surface states. However, due to the complicated crystal structure, the terminal surface of CaKFesAs,
has not been determined yet. Here, by using scanning tunneling microscopy/spectroscopy (STM/S), we find that there are two types
of surface structure in CaKFe.As.. Bias-dependent atomic resolution images show an evolvement from V2 x ~2 superstructure
with respect to the As lattice into 1 x 1 when the tip is brought close to the surface, revealing the sublattice of missing As atoms.
Together with the first-principles calculations, we show that the surface As layer has a buckled structure. Our findings provide insight

to future surface study of CaKFesAs, as well as other iron-pnictide superconductors.
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1 Introduction

As an important member of the iron-based superconductors,
iron-pnictides have attracted tremendous attention in the past
decade due to their unconventional pairing mechanisms
and high transition temperatures (T.) [1-8]. The quasi-2D
structure of the As-Fe-As layers makes these materials facile to be
cleaved and studied by surface-sensitive measurements such
as scanning tunneling microscopy/spectroscopy (STM/S) [9]
and angle-resolved photoemission spectroscopy (ARPES) [10].
Recently, based on a combined STM and ARPES study,
CaKFesAs: has been demonstrated as an emerging platform
hosting Majorana zero modes [11]. The electronic structure of
the cleaved surface has notable influence on the physical pro-
perties of CaKFesAs, in the way of formation of topological
surface states [12-15]. Therefore, determination of the atomic
structure and electronic properties of the terminal surface is
an important task for STM/S measurement [16, 17].

However, surface determination has never been an easy task
in the iron-pnictide superconductors. In FeAs (111, stands
for alkali atoms) systems, the cleavage happens at the central
plane between two As-Fe-As layers, leaving two identical
terminal surfaces which are nonpolar [9]. In AeFe;As; (122,
Ae stands for alkali-earth atoms) systems, however, the cleavage
happens at the Ae-atom plane, giving rise to a controversial

terminal surface identification issue. For example, a typical
V2 x /2 structure with respect to the As lattice has been
detected by STM in different 122 systems [17-25]. Some reports
claim that the V2 x V2 structure comes from the surface
As layer with a tetragonal-to-orthorhombic transition [19, 21]
or buckled structure [26]. However, the downward-buckled
As atoms, or the “missing” atoms, have never been observed
in previous STM studies. Others think that the alkali/alkali
earth atoms (A/Ae) with a density of 0.5 atoms per unit cell
on the surface [17, 18, 20, 23-25] contribute to the structure.
Besides, surface reconstructions have also been observed
on the surface of several 122 systems [17, 21, 27], making the
surface determination even more complicated. In fact, in 122
systems, the structure of the terminal surface is a longstanding
problem. Therefore, determination of the terminal surface in 122
systems is critical for further investigation of the electronic
structure especially the unconventional superconductivity by
STM/S. But so far, the atomic structures of the terminal
surfaces of some 122 systems are still under debate [9, 17, 28],
and observing the missing atoms is therefore crucial to solve
this issue.

The AeAFesAss (1144) systems, with the A and Ae atoms
alternately intercalated between the As-Fe-As layers, have
similar lattice structure with the 122 systems [29, 30]. However,
a different space group (P4/mmm) is expected due to the

Address correspondence to Shixuan Du, sxdu@iphy.ac.cn; Geng Li, gengli.iop@iphy.ac.cn; Hong-Jun Gao, hjgao@iphy.ac.cn

TSINGHUA
2 UNIVERSITY PRESS

@ Springer

o
0
t
<
<
8]
—_
@
L)
)
o)
o




3922

inequivalent position of the A and Ae atoms [29]. This reduced
lattice symmetry adds additional complexity to the surface
identification issue in CaKFesAss (Fig. 1(a)). Here, we use
STM/S to study the CaKFesAs: terminal surfaces cleaved
under 78 K. We identified an evolvement of STM images
from V2 x v/2 superstructure with respect to the As lattice to
1 x 1 by varying the sample bias voltage. Quantum mechanical
calculations based on density functional theory (DFT) find
that there is a surface buckling in the As layer. This surface
buckling breaks the symmetry of As layer and gives rise to
the evolvement of STM images under different bias voltages.
Our work not only gives the unambiguous evidences of
the As-terminated surface of CaKFesAss by observing the
missing As sublattice, but also provides an instructive view
to the surface determination issue of other iron-pnictide
superconductors.
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Figure 1 STM images of the CaKFesAs. surface. (a) Unit cell of CaKFesAss
crystalline lattice. (b) The large scale STM topography of the CaKFesAss
cleaved at 78 K, showing randomly distributed bright clusters and dark
pits. Setpoint: Vs = =25 mV, I = =20 pA. (c) The STM topography showing
a step of the CaKFesAs, surface of one unit cell. Setpoint: Vs = =25 mV,
It = =20 pA. (d) The STM topography showing another kind of step of a
half unit cell. The upper and lower terraces are assigned as region-I and
region-II, respectively. Setpoint: Vs = —25 mV, I = =20 pA. (e) and (f)
The zoom-in topography of region-I and region-II, respectively. Setpoint:
s=-25mV, I = 20 pA.

2 Results and discussion

Large scale STM image of CaKFe4As; after cleavage at 78 K is
shown in Fig. 1(b). The surface is mostly flat but with some
imperfections such as randomly distributed bright clusters and
dark pits, consistent with previous report [31]. The disordered
feature has been observed in other 122 systems [19] and is
attributed to scattered and clustered atoms whose lattice is
destroyed by cleaving. Different from the 122 systems,
cleavage may happen at either Ca or K planes, and we expect
to see two types of terraces on the sample surface.

Indeed, two types of steps with different heights are observed.
Figure 1(c) presents a step with a height of 1.31 + 0.02 nm,
agreeing with the lattice constant along ¢ axis. As a result, the
upper and the lower terraces are of the same type. The bright
clusters distribute randomly on the terrace, leaving some small
and clean spacings. Another type of step found on the surface
is displayed in Fig. 1(d), with a typical height of 0.39 + 0.02 nm.
This step connects terraces of different types, which are
assigned as region-I and region-II thereafter. We note that the
step height in Fig. 1(d) is smaller than the half of the lattice
constant (~ 0.64 nm). This inconsistence is probably due to the
different contributions of the local density of states (LDOS) at
the upper and lower terraces. We zoom in these two types of
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terraces in Figs. 1(e) and 1(f). The clusters in region-I tend to
assemble into irregular stripes, while the clusters in region-II
disperse on the surface as isolated particles. In CaKFesAss
lattice, the Fe-As bonding is strong and the Ca and K atoms
intercalated between the As-Fe-As layers. The coupling between
the Ca/K and As-Fe-As is weak compared with the Fe-As
bond. When the cleavage happens at the Ca/FeAs layer or at
K/FeAs layer, the Ca or K lattice is destroyed and the left-over
Ca and K atoms on the surface aggregate to form irregular
clusters. This naturally explains why two types of regions can
be differentiated.

We now focus on the clean area of region-I. Figures 2(a)-2(f)
show the atomic resolution images under different bias
voltages. Under a sample bias of —40 mV, a square lattice can
be resolved, as outlined by a blue square in Fig. 2(a). Line profile
measurement (Fig. 2(g)) shows a periodicity of 5.6 + 0.2 A,
suggesting a V2 x /2 structure with respect to the As
lattice. Note that this v/2 x v/2 structure has been routinely
observed on other 122 surfaces. Interestingly, reducing the
bias to —2 mV (Fig. 2(f)) leads to the emergence of the missing
sublattice of the As atoms. The newly emerged lattice has a
periodicity of 3.9 + 0.2 A (Fig. 2(h)) and has a 45° rotation
with respect to the lattice in Fig. 2(a), representing a 1 x 1
structure of the As lattice. The observation of STM image
from V2 x V2 to 1 x 1 has been theoretically proposed to be
critical evidence for surface determination in the 122 systems
[26]. Upon cleavage, approximately half of Ca or K atoms
are left on the surface which cannot form a 1 x 1 lattice. In
fact, they tend to assemble into clusters due to the destroy
of crystal lattice [19]. Therefore, the 1 x 1 structure can be
safely assigned to the As layer. To the best of our knowledge,
this is the first direct observation of the missing As atoms in
the STM images evolution from v2 x v2 to 1 x 1 in 122 and
1144 systems.

In order to corroborate the above discussion, we carried out the
first-principles calculations to investigate the bias-dependent
STM images. It is found that, after the structural optimization,
the superficial As atoms present a buckling of 0.12 A (Fig. 3(a))
along ¢ axis. The buckling results in two As sublattices, As:
and As,, showing different projected density of states (PDOS)
(Fig. 3(b)). Charge density was integrated with the energy range
of (40, 100) meV (marked by cyan in Fig. 3(b)) and (-30, 100)
meV (marked by gray in Fig. 3(b)) to simulate the STM images
under Tersoff-Hamann approximation [32]. We shifted the
Fermi level to 100 meV because of two reasons: (1) the
scattered Ca or K clusters on the As surface in the real system
act as dopants which gives slight n-doping to the surface As
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Figure 2 Atomic resolution STM images of the CaKFesAss surface with
different bias. ((a)-(f)) STM topographies of the same region taken under
different sample bias voltages. The blue and red squares outline the unit
cell of two kinds of surface features, which show a v2 x v2 anda1x 1
structure with respect to the As lattice, respectively. Inset: the FFT of the
real space lattices. The circles in FFT indicate the Bragg points. ((g) and (h))
Line profiles taken along the blue and red lines in (a) and (f), respectively.
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Figure 3 DFT calculated As-terminated surface. (a) The atomic structure of
the slab model of the CaKFesAss. The upper right panel shows the
buckled As layer. The lower right panel shows the antiferromagnetic order
of an As-Fe-As layer. The aqua arrows mark the magnetic moments of Fe
atoms. (b) The PDOS of As; atom and As; atom. The integral energy ranges
of the simulated v2 x +/2 lattice and the 1 x 1 lattice are marked by
gray and cyan, respectively. (c) Simulated STM image showinga v2 x +/2
lattice. The lattice constant a1 is 5.6 A and by is 5.5 A. (d) Simulated STM
image showing a 1 x 1 lattice. The lattice constant a is 3.9 A. From (¢) to (d),
the simulated results are consistent with the experimental observations.
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Figure 4 Local density of states of region-I in clean area. (a) The atomic
resolution STM image. (b) Wide range dI/dV spectra taken at the locations
marked in (a). The dI/dV spectra show uniform density of state in the
clean areas, with a signature of Van Hove singularities at about —14 mV.
Setpoint: Vs = =50 mV, I; = =200 pA. (c) Zoom-in dI/dV spectra of (b).
Superconducting gaps of ~ 7 meV and ~ 3 meV are observed (vertical dashed
lines), corresponding to the nature of the multiple superconducting gaps
of CaKFesAss. Setpoint: Vi = =5 mV, It = =200 pA. The spectra in (b) and
(c) are vertically offset for better comparison. (d) dI/dV spectra taken at
different locations on the surface. The blue curve shows the averaged
spectrum.
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layer, and (2) the calculated PDOS shows lowest intensity
around 100 meV, consistent with the lowest intensity of the
dI/dV curve around zero-bias in Fig. 4(b). The V2 x V2 and
the 1 x 1 lattice are observed under different bias voltages
(Fig. 3(c) and 3(d)). The appearance of the V2 x /2 lattice
is due to higher electronic states on As; than As: (Fig. 3(b)),
which makes As brighter than As. (Fig. 3(c)). Further analysis
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of the PDOS images shows that the electronic states of
V2 x /2 lattice are mainly contributed by in-plane p orbitals
(px + py) of Asi atom (blue line in the gray region of As:), while
the electronic states of 1 x 1 lattice are mainly contributed by
out-of-plane p orbital (p.) (red lines in the cyan region of As,
and As;). The STM image simulations are in good agreement
with the experimental observations.

Apart from the different PDOS on As; and As;, another
reason that the As, sublattice is difficult to resolve lies in its
buckled nature. It is known that STM usually resolve only the
topmost atoms in a buckled atomic layer since the spatial
overlap of the wavefunctions between the tip and the downward-
buckled atoms is small [33, 34]. For example, only half of the
Si atoms in a buckled silicene layer on Ag(111) [33] and
one-sixth of the Ge atoms in a buckled germanene layer on
Pt(111) [34] can be visualized by STM. However, given the
fact that the buckling of the As layer (0.12 A) is much smaller
than those in silicene or germanene, it is possible to resolve
the lower As sublattice by bringing the tip in proximity to the
sample surface. On the contrary, when the tip is lifted away
from the surface under higher bias voltages, the overlap of
the wavefunctions between the tip and the As, atoms will be
smaller than that between the tip and the As: atoms, giving
rise to larger contrast between As: and As; atoms in STM images
than Fig. 3(c).

We tested different magnetic orders for the Fe layer and
found the ground state is an antiferromagnetic (AFM) order.
The magnetic moment directions of the Fe atoms in the
upper Fe-As layer in the buckled structure are marked by cyan
arrows in the lower right panel of Fig. 3(a). The magnetism
along the longer side (a axis) is AFM and along the shorter
side (b axis) is ferromagnetic (FM). We also calculated
the Ca or K layers as terminal surfaces, but neither buckling
nor lattice transition was found. Previous DFT study shows
that the As-terminated surface of BaFe:As; has a buckling of
~0.1 A [26]. This result is consistent with our work where the
DFT shows that, in CaKFesAs, the As-terminated surface has
a buckling of ~ 0.12 A. This buckling leads to the evolvement
of STM topography from V2 x 2 to 1 x 1 under different
bias voltages.

In spite of the buckled As surface, the dI/dV spectra taken
along the clean area on region-I show uniform LDOS without
any modulation (Fig. 4(b) and 4(c)). We note that the LDOS
has lowest intensity at zero-bias accompanied with a strong
particle-hole asymmetry around Fermi level as manifested
by the significantly different LDOS intensity right below and
above zero-bias [23, 25]. This particle-hole asymmetry is a
reflection of the strongly correlated nature of CaKFesAs, [23].
More than that, a signature of Van Hove singularities (VHS)
can be seen in the dI/dV spectra in region-I, featured as sharp
peaks below Fermi level at about —14 mV (Fig. 4(b)). Given
the fact that the VHS is observed at —3.8 mV in KFe;As, [23],
CaKFesAss seems to be electron doped, which is reasonable if
we assume that half K atoms are substituted by Ca. A higher
doping level implies that region-I has excessive electrons
which may be contributed by Ca. It is also worth noting that the
dispersed clusters in region-II (Fig. 1(f)) resemble adsorbed
K atoms on FeSe [35], (LiosFeo.OH)FeSe [36], and TaS;
surface [37]. However, due to the lack of ability to identify
different elements by STM, we cannot explicitly assign the
adsorbates with Ca or K atoms. In the clean area, small range
dI/dV spectra reveal the fully-opened superconducting (SC)
gaps with a U-shape feature. SC gaps show two pairs of
coherence peaks at +3 and +7 meV, suggesting the multiple
SC gaps nature of CaKFesAs, [11, 31, 38].

As a connate topological superconductor, the homogeneity
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of the surface plays an important role in determining the
occurrence of Majorana zero modes (MZMs). In the most
widely studied connate topological superconductor Fe(Te,Se),
doping of Te atoms gives rise to strong inhomogeneity of the
surface at nanometer scale, leading to existence of topological
trivial regions [14]. The inhomogeneity of the surface topology
hampers future research in manipulation and braiding the
vortices. On the other hand, CaKFesAs, has much more homo-
geneous surface electronic state [11]. Our results demonstrate
that despite the existence of slight buckling on the surface, the
homogeneity of the surface electronic structure such as the
VHS or SC gaps preserves at the nanometer scale. The uniform
dI/dV spectra in Figs. 4(b) and 4(c) suggest that the surface
buckling has little influence on the superconducting behavior as
well as local Fermi level. For a statistical analysis, we have taken
the superconducting spectra at different areas on the surface
and summarize the result in Fig. 4(d). The small variation of the
spectra feature corroborates again the homogeneous surface
electronic states of CaKFesAss, making it good platform in
studying the MZMs. The determination of As-terminated
surface is also important for further in-depth study of the
MZMs in vortex and pairing mechanism of unconventional
superconductivity in CaKFesAs..

3 Conclusions

In conclusion, we have studied the surface termination of
CaKFesAss by a combination of STM/S and DFT calculations.
By resolving the missing As atoms on the surface, our results
show that the cleaved surface of CaKFesAs, is in fact the As
lattice in Fe-As layer, with Ca and K clusters scattering on
different terraces. DFT results confirmed the experimentally
observed bias-dependent STM images from v2 x v2 to 1 x 1
are due to the buckling of the surface As layer. Our work not
only uncovers the As layer termination of the CaKFesAs; surface,
but also provides a heuristic way to investigate the surface
determination issue in other Fe-As superconductors.

4 Methods

41 STM/S

STM/S experiments were conducted in an ultrahigh vacuum
(1 x 10" mbar) LT-STM system. Chemically etched tungsten
tips were calibrated on Au(111) surface before use. The samples
were cleaved at 78 K and transferred into the STM chamber
immediately. STM images were acquired in the constant-current
mode at 4.7 K. Differential conductance (dI/dV) spectra were
acquired at 0.45 K by a standard lock-in amplifier at a frequency
of 973.0 Hz under the modulation voltage Vimea = 0.1 mV.

4.2 DFT calculations

DFT calculations were implemented in the Vienna ab-initio
simulation package (VASP) [39, 40] using projector-augmented
wave (PAW) [41] method in conjunction with the Perdew-
Burke-Ernzerhof (PBE) [42] functional. GGA+U was employed
to optimize the geometric structures and Uerr was chosen
as 1.2 eV for Fe by comparing with the lattice constant of
experiment [43]. A slab containing fifteen atomic layers with
a (x/E x N2 ) supercell was used to model the As-terminal
surface. The in-plane size of the unit cell is 5.64 A x 5.48 A
(Fig. 3(a)). The vacuum layer is larger than 20 A. The As-Fe-As
slab of two surfaces were fully relaxed until the force on each
atom was less than 0.01 eV-A™!, while atoms in the middle
layers were fixed. The plane-wave basis was set to an energy

Nano Res. 2021, 14(11): 3921-3925

cutoff of 400 eV. The Brillouin zone was sampled by a (9 x 9 x 1)
Gamma-centered k-mesh [44].
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