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Iron-based superconductors (FeSCs) feature a complex phase diagram, and their diverse cleavage terminations offer
a versatile platform for modulating surface electronic states and investigating the underlying superconducting mechanisms.
In this study, we explore the surface modulation of KCa2Fe4As4F2 using scanning tunneling microscopy/spectroscopy.
Cryogenically cleaved surfaces reveal multiple configurations, including

√
2×
√

2 reconstruction, 1×2 and 1×3 stripes,
as well as nanoscale vacancies. Reducing potassium coverage induces hole doping, which shifts the density of states peak
toward the Fermi level and suppresses the superconducting gap from 4.8 meV to 3.2 meV. This behavior is reminiscent
of the Van Hove singularity observed in hole-doped 122-type FeSCs. The band structure does not undergo a simple rigid
shift, and the evolution of superconductivity can be attributed to the interplay between surface carriers and electronic
correlations. Additionally, a V-shaped gap is observed at a unique location preserving the FeAs bilayer structure, where
interlayer coupling effects are likely involved. The diversity of surface structures and electronic states in K12442 enhances
our understanding of FeSCs and facilitates the modulation and application of FeAs superconducting layers.

Keywords: iron-based superconductor, surface reconstruction, carrier doping, van Hove singularity, electronic
correlation
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Iron-based superconductors (FeSCs), characterized by
moderate electron correlation and multi-band features,
not only exhibit a complex phase diagram but also
provide a unique platform for exploring unconventional
superconductivity.[1–4] Their intricate band structure makes
them highly responsive to various external modulations. For
example, in BaFe2As2 (122 system), electron doping via Co
substitution for Fe, hole doping through K, or even isova-
lent substitution of As by P can suppress the orthorhombic
antiferromagnetic ground state, resulting in a dome-shaped
superconducting region in the phase diagram.[5,6] Addition-
ally, pressure-induced superconductivity in 122 system un-
der hydrostatic condition and its extreme sensitivity to uniax-
ial stress have been widely reported.[7,8] Moreover, extensive
charge carrier modulations offer a framework for interpreting
the phase diagram of FeSCs by treating electron correlation

or bandwidth as universal parameters.[9,10] As layered struc-
tures, FeSCs can be precisely fabricated layer-by-layer using
molecular beam epitaxy or mechanically exfoliated to reduce
dimensionality,[11–15] facilitating the study of the basic super-
conducting units such as FeSe or FeAs layers.

FeSCs with natural cleavage planes, such as FeSe
and LiFeAs, typically exhibit nonpolar and fully intact
atomic lattices at their termination surfaces.[16,17] In con-
trast, systems without natural cleavage layers, including
BaFe2As2, CaKFe4As4, and KCa2Fe4As4F2,[18–22] display
multiple metastable termination configurations, which de-
pend on specific cleavage conditions like temperature and
annealing procedures.[23–25] For example, the cleavage sur-
faces of the 122 system can include dimerized As surfaces,
(
√

2×
√

2)R45◦ or 1× 2 reconstructions of alkaline-earth
atoms, and occasionally exposed Fe termination layer.[24]

Using STM/STS techniques, researchers have discovered
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termination-dependent superconductivity and orbital-selective
tunneling processes on these different surfaces.[23–25] Subse-
quent studies have further demonstrated that surface disor-
der can induce superconductivity in BaFe2As2.[26] In addi-
tion to the effects of carrier concentration and disorder scat-
tering, the role of electron correlation on symmetry-breaking
cleavage surfaces has also been proposed.[27] These findings
highlight the tunable nature of superconductivity on FeSCs
surfaces. However, due to interlayer coupling or the distinct
properties of individual surfaces, a clear and unified under-
standing of the modulation mechanisms in the FeAs layer
remains elusive. In the KCa2Fe4As4F2 (K12442) system,
the significant anisotropic resistance ratio ρc/ρab ∼ 103 sug-
gests weak interlayer coupling between the separated bilayer
FeAs blocks.[28–33] Additionally, the out-of-plane coherence
length ξc(0) is estimated to be smaller than the interbilayer
distance, further confirming the two-dimensional (2D) nature
of the 12442 system.[34] Recently, combined STM/STS and
bulk transport measurements have shown that the FeAs mono-
layer on the cleavage surface of K12442 is effectively iso-
lated from the bulk material by the underlying CaF insulating
layer.[20] This unique configuration provides an ideal opportu-
nity to study and manipulate the basic superconducting unit —
the FeAs layer.

In this work, we investigate the surface modulation of
K12442. Low-temperature cleavage generates surfaces with
varying K coverage, enabling the tunning of surface carrier.
The reduction in K coverage induces hole doping effect, which
shifts the DOS peak toward the Fermi level (EF), similar to
the Van Hove singularity (VHS) observed in hole-doped 122-
type FeSCs.[35] Meanwhile, the superconducting gap is also
suppressed from 4.8 meV to 3.2 meV. In the FeAs bilayer re-
gion, carrier modulation is also observed, accompanied by a
V-shaped gap structure likely attributed to interlayer coupling
effects. These findings demonstrate that the FeAs layers in
quasi-2D K12442 are highly sensitive to carrier doping and
electron correlation effects.

K12442 single crystals are synthesized by the self-flux

method.[36] The samples are characterized by electrical resis-
tivity and magnetic susceptibility measurements, showing a Tc

onset of about 33.5 K with a transition width of∼ 1 K, consis-
tent with samples used in our STM/STS study.[20] STM/STS
experiments are performed in a low-temperature scanning tun-
neling microscope (USM-1300, Unisoku). The samples are
cleaved in an ultrahigh vacuum at either room temperature
or 77 K and then transferred to the STM head maintained at
around 4.2 K. Electrochemically etched tungsten tips are used
after electron-beam heating and calibrating on the Au (111)
surface. Tunneling spectra are obtained using a standard lock-
in technique.

Figure 1(a) illustrates the structural model of K12442,
where the bilayer FeAs blocks and the insulating CaF lay-
ers are alternately stacked to form a sandwich structure.[30]

Cleavage typically occurs at the K layer, which splits the FeAs
bilayers.[20,21,31,37] Moreover, the FeAs layers on the termina-
tion are separated from the bulk by the underlying CaF buffer,
creating a relatively isolated FeAs layer (see the structure dia-
grams in Fig. 1(a) and Fig. 4(a)).[20] This offers an opportunity
to study and manipulate the basic superconducting FeAs unit.
Figure 1(b) displays the typical STM topography of K12442
cleaved at room temperature. The atomically resolved in-
set reveals a uniform

√
2×
√

2 reconstruction relative to the
bulk K layer, except for sporadic atomic vacancies, consis-
tent with observations on other alkali metal-terminated sur-
faces like Cs.[38] In 122-type FeSCs, cleavage surfaces often
display multiple metastable configurations that modulate sur-
face superconductivity, motivating a detailed study of quasi-
2D K12442. Figure 1(c) presents a representative topogra-
phy of the low-temperature cleavage at 77 K, showcasing di-
verse K layer configurations. Dashed lines in Fig. 1(c) high-
light two main regions: the

√
2×
√

2 structure, similar to that
in Fig. 1(b), and a newly emerged 2× 1 stripe order, with a
magnified view in the inset. Other minor configurations, such
as 3× 1 stripes and nanoscale K vacancies, are detailed in
Figs. 2(f) and 2(g), respectively.

K
As
Fe
Ca
F

Bilayer 
FeAs
block

layer

a b

c

(a)

Cleavage

10 nm 2 nm 10 nm 2 nm

2×1 

K vacancy

(√2×√2)R45° 

(√2×√2)R45° 

(c)(b)

Ca2F2

- -

--

Fig. 1. (a) Lattice structure of K12442. (b) A typical STM image on K12442 cleaved at room temperature (Vset =−120 mV, It = 10 pA, size
60 nm×60 nm). The inset shows a uniform

√
2×
√

2 lattice of half-K surface, accompanied by a sparse distribution of atomic vacancies. (c) A
representative STM image cleaved at low temperature of 77 K (Vset =−100 mV, It = 20 pA, size 60 nm×60 nm). The cleavage plane exhibits√

2×
√

2 surface, stripe structures, and nanoscale K vacancies simultaneously.
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Figures 2(a)–2(c) illustrate the structural models of
√

2×√
2, 2× 1, and 3× 1 reconstructions, respectively, with their

corresponding STM images shown in Figs. 2(d)–2(f). The
topography of nanoscale K vacancies is shown in Fig. 2(g).
These configurations can be clearly identified from the cross-
sectional height profiles, the spacing between the stripes, and
the symmetric relationship where the stripes form a 45◦ angle
with the

√
2×
√

2 structure. After identifying these structures,
we statistically collected dI/dV spectra at representative lo-
cations (Figs. 2(h)–2(k)). The gap values, determined by su-
perconducting coherence peaks, are summarized in Fig. 2(l).
The gap sizes on the

√
2×
√

2 and 2× 1 structures are sim-

ilar (∼ 4.8 meV), with only variation in the height of coher-
ence peaks (Figs. 2(h) and 2(i)). Given their equivalent K-
coverage and carrier concentration on

√
2×
√

2 and 2×1 sur-
faces (Figs. 2(a) and 2(b)), the decay of coherent peaks may
be influenced by the scattering potential of specific reconstruc-
tions, further highlighting the sensitivity and tunability of the
superconductivity on K12442 surface. In contrast, the gap
sizes on the 3× 1 stripes and nanoscale K vacancies show a
notable reduction, falling below 3.2 meV. To gain deeper in-
sights into how variations in electronic states impact supercon-
ductivity, we analyze the spectra across a wider energy range,
as illustrated in Fig. 3.
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Fig. 2. (a)–(c) Schematic diagrams of the
√

2×
√

2, 2×1, and 3×1 structures, respectively. The small solid-line square represents the 1×1
K lattice identical to that in the bulk, while the large dashed-line square denotes the

√
2×
√

2 structure on the half-K terminated surface.
(d)–(g) The typical STM images of

√
2×
√

2, 2×1, 3×1 reconstructions and K vacancies. The crystal axes in panels (d)–(g) are consistent.
(h)–(k) The dI/dV spectra correspond to the structures depicted in panels (d)–(g), respectively. To ensure the representativeness of the spectra
for the nanoscale 3× 1 stripe and K vacancies, the spectra were acquired as much as possible within the well-defined, intact regions of these
two structures, as indicated by the white dots in panels (f) and (g). (l) The gap values on different structures.

In addition to the superconducting gap, the spectra in
Fig. 3(a) reveal two distinct density of states (DOS) peaks
around −130 mV and −43 mV on the

√
2×
√

2 surface,
which we designate as peak 1 and peak 2, respectively. Fig-
ure 3(b) shows the evolution of these DOS peaks across dif-
ferent surface configurations. The 2×1 and

√
2×
√

2 surfaces
share the similar spectra, consistent with their equivalent car-
rier concentration and the comparable gap amplitudes, as dis-
cussed in Fig. 2. However, on the 3× 1 and vacancy regions
with lower K coverage, both DOS peaks show hole-doping be-
havior.

Figure 3(c) illustrates the correlation between peak 2 and
the superconducting gap. It is evident that such flat-band-
like DOS play a key role in modulating the gap values. As
peak 2 gradually crosses the EF, smaller gaps are induced in

the 3× 1 and K vacancy regions. This behavior closely re-
sembles the VHS observed near the EF (−4 meV) in the heav-
ily hole-doped KFe2As2 (0.5 hole/Fe), where a correspond-
ing suppression of superconductivity is seen compared to the
optimally doped case (0.2 hole/Fe in Ba0.6K0.4Fe2As2).[35]

Moreover, doping-depended electron correlation and a poten-
tial Mott state deep within the hole regime have been pro-
posed in FeSCs phase diagram.[39–41] On the K12442 surface,
the spectra background undergoes changes in parallel with the
shift of DOS peaks, with particularly noticeable alterations ob-
served above +150 meV, as highlighted by the line segments
in Fig. 3(a). This indicates that the simple rigid band model
is no longer applicable, and both the carrier filling and elec-
tron correlation must be considered simultaneously in the band
structure.
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Fig. 3. (a) Typical spectra over a larger energy range measured on four different structures. The hollow and solid triangles represent the
positions of two characteristic DOS peaks. The bright blue dotted line represents the Gaussian fitting of peak 2, highlighting its peak position.
The line segment near +200 mV accentuates the variation in the spectra background. (b) A summary of the peak positions for peak 1 and
peak 2 across four different regions. (c) The relationship between the superconducting gap and the position of peak 2.

By varying the K coverage, the isolated FeAs layer on
K12442 surface evolves from its pristine state (0.25 hole/Fe)
to higher hole doping, accompanied by changes in the overall
electronic correlation. At the same time, the common char-
acteristic of VHS in FeAs-based FeSCs is revealed. Cur-
rent studies on the surfaces of FeSCs still need to consider
the superconducting proximity effect, disorder, and the poten-
tially complex interplay between surface reconstruction and

magnetism.[20,26,42] The clear experimental results and quali-
tative discussions presented here are expected to offer bound-
ary conditions and insights into these issues. In addition,
guidelines for other surface-sensitive measurements are pro-
vided, emphasizing the need to fully consider the electronic
structure and superconducting multiplicity in the mesoscopic
regions targeted by photoemission spectroscopy and particle
tunneling processes.
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Fig. 4. (a) A cross-sectional schematic diagram of the K12442 cleavage surface. Surface 1 is the typical scenario, on which an FeAs monolayer is isolated
from the bulk counterpart by the underlying CaF block; conversely, surface 2 is exceedingly rare, with a probability of being encountered during random
scanning of less than 1‰. (b) The terrace of surface 2, featuring step edges. The step height ∼ 0.68 nm closes to the standard value of the structural model
depicted in panel (a). (c) A series of spectra acquired at equidistant intervals along the dotted line on surface 2 in panels (b), which illustrates the uniformity
of the spectra on surface 2. (d) Spectra on surfaces 1 and 2. The main panel displays spectra acquired with a small modulation voltage on both surface 1 and
surface 2, facilitating detailed comparison of the superconducting gaps. The inset displays spectra acquired with a larger bias range on both surfaces 1 and
2. The black triangles in the inset denote the positions of the DOS peak 2, and the blue dotted lines represent the Gaussian fitting.

Finally, we investigate the bilayer structure on the
K12442 surface. In Fig. 4, the surface 1 represents a com-
mon cleave surface, where the FeAs bilayer is separated, and
the remaining FeAs monolayer is isolated from the bulk by the

underlying CaF block, consistent with literature reports.[20] In
fact, all the studies presented in Figs. 1–3 are conducted on
this common surface 1. Interestingly, we occasionally ob-
serve a new surface, referred to as surface 2 in Fig. 4(a).
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Through atomic-resolution topography and step-height anal-
ysis (Fig. 4(b)), it was identified as an FeAs bilayer covered
with the

√
2×
√

2 K lattice.
With the

√
2×
√

2 K termination acting as a half-K layer,
the FeAs monolayer on surface 1 maintains a similar doping
level as the bulk counterpart (∼ 0.25 hole/Fe). However, for
surface 2, this half-K layer is distributed over the FeAs bilayer,
resulting in a level of ∼ 0.375 hole/Fe in the FeAs bilayer un-
der simplified stoichiometry. This indicates a moderate hole
doping on surface 2 relative to the pristine state. Figure 4(d)
displays the typical spectra on these two types of surfaces. A
DOS peak appears near EF on surface 2, confirming the hole-
doping behavior, which is similar to the scenario shown in
Fig. 3 (the inset of Fig. 4(d)). More importantly, the supercon-
ducting gap on surface 2 exhibits a V-shaped structure, with
elevated zero bias conductance. This suppression of supercon-
ductivity is distinctly different from that in Fig. 3. Considering
the unique FeAs bilayer structure of surface 2, the gap split-
ting induced by the interlayer coupling may be responsible for
the formation of this V-shaped gap.[28]

In summary, we have investigated the electronic state
modulation on the quasi-2D K12442 surface. Striped struc-
tures and nanoscale K vacancies are revealed on the cryogeni-
cally cleaved surfaces. The reduction in K coverage quali-
tatively induces hole-doping behavior, but this phenomenon
cannot be explained by a simple rigid-band scenario. The su-
perconductivity is closely related to the VHS near the EF, and
its evolution can be understood as a result of the interplay be-
tween surface carriers and electronic correlations. Moreover,
a V-shaped gap is observed on the surface that preserves the
FeAs bilayer structure, which may be attributed to the FeAs in-
terlayer coupling. The diversity of surface structures and elec-
tronic states on K12442 not only offers guidelines for other
surface-sensitive measurements but also facilitates the modu-
lation and application of the basic FeAs superconducting layer.
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