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We perform a scanning tunneling microscopy/spectroscopy study on the layered iron-based superconductor
KCa,Fe, As,F, with a critical temperature of about 33.5 K. Two types of terminated surfaces are generally
observed after cleaving the samples in vacuum. On one commonly obtained surface, we observe a full gap
feature with energy gap values close to 4.6 meV. This type of spectrum shows a clean and uniform full gap
in space, which indicates the absence of gap nodes in this superconductor. Quasiparticle interference patterns
have also been measured which show an intraband scattering pattern possibly due to the holelike o pocket. The
Fermi energy of this band is only about 24 + 6 meV, as derived from the energy dispersion result. Meanwhile,
impurity-induced bound-state peaks can be observed at about +2.2 meV on some spectra, and the peak value
seems to be independent of magnetic field. On the second type of surface, which is rarely obtained, the fully
gapped feature can still be observed in the tunneling spectra, although multiple gaps are obtained from either a
single spectrum or separate ones, and the gap values determined from coherence peaks locate mainly in the range
from 4 to 7 meV. Our results clearly indicate the multiple and nodeless superconducting gap nature of the layered
superconductor KCa,Fe;As,F,, and the superfluid is mainly contributed by the holelike Fermi surfaces near the
I" point. This result should inspire further consideration of the effect of the shallow and incipient bands near the

M point and help us to understand the pairing mechanism in this highly layered iron-based superconductor.

DOI: 10.1103/PhysRevB.103.214518

I. INTRODUCTION

Iron-based superconductors (FeSCs) are the second family
of unconventional high-temperature superconductors. In most
FeSCs, several Fe derivative d bands cross the Fermi energy,
forming the electron- and holelike pockets. Meanwhile, band
structures and Fermi surfaces are quite different in various
FeSCs, and they are also very sensitive to chemical doping or
external pressure. The widely accepted s pairing symmetry
in some FeSCs is based on the nesting between hole pockets
near the I" point and electron pockets around the M point with
similar sizes in the weak-coupling scenario, but the gap sym-
metry and the gap structure can be different in other FeSCs
because of different structures of Fermi surfaces [1].

The newly found ACa,FesAssF, (A = K, Rb, Cs) is a rep-
resentative compound of the layered FeSCs, and the critical
temperature 7. ranges from 28 to 33 K [2-4]. The crystal
structure of KCayFesAssF, (K12442) is shown in Fig. 1(a)
as an example; one can see that in these materials, double
FeAs layers are separated by insulating Ca,F, layers. Such
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a layered structure results in significant anisotropy of super-
conductivity and normal-state resistance [4—7]. It is supposed
that the 12442-type FeSCs have intrinsic hole conduction
with a doping level of 0.25 hole/Fe. Interestingly, it is easy
to transform the primary carrier from p type to n type by
Co or Ni doping, but T, decreases with the increase of the
doped concentration of Co or Ni dopants [8,9]. Meanwhile,
T. can be slightly enhanced by applying a hydrostatic pres-
sure [10]. Transport measurements in K12442 single crystals
suggest that the in-plane upper critical field is dominated by
the Pauli paramagnetic effect instead of the orbital effect [11].
Theoretical calculation predicts that there are several hole
and electron pockets in K12442 [8,12,13]. Based on recent
angle-resolved photoemission spectroscopy (ARPES) work
conducted on K12442, three separate hole pockets, «, 8, and
y, are observed around the I" point, and one tiny electron
pocket and four incipient hole bands (which barely touch
the Fermi energy) are observed around the M point [14].
Obviously, this topology of the Fermi surface cannot satisfy
the nesting condition because of the very different sizes of
hole and electron pockets. The nesting condition is satisfied
by Co doping to K12442 with a doping level of about 0.1,
but 7; decreases to about 25 K [8]. In this point of view,
the superconductivity in 12442-type FeSCs may be different
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FIG. 1. (a) Crystal structure of KCa,Fe,As,F,. (b) Temperature-
dependent magnetization measured in zero-field-cooled (ZFC) and
field-cooled (FC) processes under a magnetic field of 10 Oe. (c) Tem-
perature dependence of normalized in-plane resistance measured
atOT.

from that of other FeSCs. ARPES measurements in K12442
exhibit six nodeless gaps with gap values ranging from 2 to
8 meV for different Fermi pockets. The multiple and node-
less gap features are also proved by different experimental
methods [15,16]. However, some other works claim that there
might be line nodes on the superconducting gap(s) in 12442-
type FeSCs [17-19]. The controversies over the existence of
gap nodes in the 12442 system require further investigation.
Although the nesting condition is not satisfied in 12442-
tpye FeSCs, the spin resonance peak is still observed around
0 = (0.5,0.5) [20,21], which corresponds to the scattering
vector from the hole to electron pockets. Here the s* pair-
ing symmetry with the spin resonance can be explained in
the strong-coupling approach with the absence of the nesting
condition [22]. In addition, the spin resonance mode with a
downward dispersion is observed in K12442, and this kind of
dispersion is similar to the behavior in cuprates [20].

In this paper, we report the experimental study of
KCa;FesAs F, single crystals by scanning tunneling mi-
croscopy/spectroscopy (STM/STS). The fully gapped feature
is observed in almost all tunneling spectra. We also conduct
quasiparticle interference (QPI) measurements of the sample
in order to obtain information about the Fermi pockets. Our
results provide fruitful information on this multiband super-
conductor.

II. EXPERIMENTAL METHODS

The KCa,Fe4As4F, single crystals used in this work were
grown by the self-flux method [4]. Temperature-dependent

magnetization and normalized resistance are shown in
Figs. 1(b) and 1(c), and both of them show fine superconduct-
ing transitions with critical temperature 7, of about 33.5 K
determined from the zero resistance. STM/STS measure-
ments were carried out using a scanning tunneling microscope
(USM-1300, Unisoku Co., Ltd.). The K12442 samples were
cleaved at about 77 K in ultrahigh vacuum with a base pres-
sure of about 1x107!° Torr, and then they were transferred
to the microscopy head, which was kept at a low tem-
perature. Electrochemically etched tungsten tips were used
for STM/STS measurements after cleaning by electron-beam
heating. A typical lock-in technique was used in tunneling
spectrum measurements with an ac modulation of 0.1 mV
(0-peak value) and a frequency of 931.773 Hz. Voltage offsets
were carefully calibrated before STS measurements.

III. RESULTS

A. Topography and tunneling spectra

Figure 2(a) shows a typical topographic image measured
on the surface of a K12442 single crystal. Based on the lattice
structure of K12442, there are layers of alkali-metal K atoms
and of alkaline-earth-metal Ca atoms. The cleavage may occur
in these layers with relatively weak bonding energy. After the
cleavage, most likely, half of the K or Ca atoms remain in the
surface layer of each separated part, which makes both surface
unpolarized. Proof can be seen in the atomically resolved
topography shown in the top right inset in Fig. 2(a) measured
on a flat area far away from any defects. The topography
shows a square lattice with a lattice constant of about 5.3 A,
which is approximately equal to /2 times the K-K or Ca-Ca
lattice constant (a9 = 3.87 A). From the topographic image,
one can see that there are many hollows with different sizes on
the flat background. The depths of the hollows are from 100 to
300 pm, and these hollows can be clearly seen in the rescanned
image shown in the bottom left inset in Fig. 2(a). Similar
kinds of hollows have been observed in NaFe_,Co,As [23],
LiFeAs [24], and RbFe,As, [25] but with much lower densi-
ties, and they may be the assembled vacancies of alkali-metal
atoms on the reconstructed surface. In Fig. 2(b), we show
a typical tunneling spectrum on the surface measured in a
wide energy window. The differential conductance is much
larger on the negative-bias side than that on the positive-bias
side, which is consistent with the asymmetric density of states
(DOS) from previous band calculation results [12,13].

Figure 2(c) shows two tunneling spectra measured at the
two marked positions in the bottom left inset in Fig. 2(a); that
is, one is measured at a position in a hollow, and the other is
measured at a position in the flat area far away from the hol-
lows. One can see that the two spectra show almost the same
feature, which suggests that hollows have very little influence
on the superconductivity. A slight suppression of the intensity
of coherence peaks can be observed on the spectrum measured
in the hollow compared to that measured in the flat area. Both
spectra show a full gap feature with a pair of coherence peaks
located at energies of about £4.6 meV. Then we carry out
the Dynes model [26] with an s-wave gap to fit the spectrum
measured in the flat area. The fitting result is shown as the
green curve in Fig. 2(c) by using an isotropic s-wave gap
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FIG. 2. (a) A typical topographic image taken on a surface of
K12442 measured at 7 = 1.7 K with set point conditions of V =
20mV and I = 200 pA. The inset in the bottom left corner shows a
rescanned image with higher resolution of the area marked by the red
dashed square. The inset in the top right corner shows the atomically
resolved topography measured in another flat area (Vi = 10mV,
and I, = 500 pA). (b) A typical tunneling spectrum measured in an
energy window far beyond the superconducting gap (Vier = 300 mV,
and I = 500 pA). (c) Two tunneling spectra measured at the
marked positions by the red and black crosses in the bottom left inset
in (a) (Ve = 10mV, and I, = 200 pA). The solid lines show fitting
results by the Dynes model with isotropic and slightly anisotropic
s-wave gaps. (d) Spatially resolved tunneling spectra measured along
the yellow dashed line in the bottom left inset in (a) (Viee = 20mV,
and I, = 200 pA). The green spectrum is measured at the center of
the green cross shown in the bottom left inset in (a), which exhibits a
peak at bias voltage of about —2 mV (marked by a blue arrow), and it
may be the impurity-induced state. (e) The statistics of peak energies
in 845 tunneling spectra measured at randomly selected points in the
area of (a) (Ve = 10mV, and I, = 200 pA).

A(0) = 4.3 meV and the scattering rate I' = 0.12 meV. Ob-
viously, the coherence peak is too sharp for the fitting curve,
so slight anisotropy is required for the gap function. The best
fitting result is shown by the blue curve in Fig. 2(c), and
the gap function reads A(6) = 4.6(0.93 + 0.07 cos 26) meV,
with I' = 0.1 meV. Here the gap maximum A,y is close to
the energy value of coherence peaks, and it is also similar
to gap values of hole pockets of « and B; or the electron
pocket of 6 from the ARPES measurements [14]. We also
measure a set of tunneling spectra along the dashed line in
the bottom left inset in Fig. 2(a), and the spectra are shown in
Fig. 2(d). All the spectra are homogeneous except for a slight
change in the coherence peak energy. On the green spectrum

in Fig. 2(d), one can see that there is a small peak at about
—2mV marked by the blue arrow. It should be noted that this
spectrum is not measured in the hollow, and there is no unique
feature on the topography. The peak is likely to be the bound
state induced by an impurity underneath the surface, which
will be discussed in Sec. III C. We then conduct the tunneling
spectrum measurement over the whole area in Fig. 2(a) and
calculate the statistics of peak energies on 845 measured spec-
tra. The result is shown in Fig. 2(e). The coherence peaks are
located mostly from 4.4 to 5.4 meV from the statistics. About
2% of spectra have low-energy peaks within an energy range
of (2.2 £0.4) meV; they can appear either at the hollow
positions or in the flat area.

B. Results of quasiparticle interference

QPI measurements and the related analysis are very
useful because they can provide information about the
Fermi surface [27], the gap anisotropy [28,29], and the gap
signs [30-34] in a superconductor. We also measure the dif-
ferential conductance mapping and show a QPI mapping at
E =10 meV in Fig. 3(b). Although the hollows in the topog-
raphy do not affect the superconductivity too much, standing
waves can clearly be seen surrounding these hollows. When
we carry out the Fourier transformation to the QPI mapping,
we can obtain the Fourier-transformed (FT) QPI pattern and
show it in Fig. 3(d). In K12442, a previous ARPES study [14]
observed three hole pockets («, 8, and y) around the I" point
and one tiny electron § pocket around the M point. We plot a
sketch map of Fermi surfaces in Fig. 3(c). Here the intraband
scattering should locate around the center point of the FI-
QPI pattern shown in Fig. 3(d), and the simulated scattering
results between the hole and the electron pockets are plotted as
the four gray patterns in Fig. 3(f). However, these scattering
patterns are not observed in the experimental data shown in
Fig. 3(d). They are more clear in the linecut intensity of the
differential conductance shown in Fig. 3(e). One can see that
the line profile plot of the differential conductance is almost
featureless near the points ¢ = 4+/27 /ag which connect the
I" and M points in momentum space. The absence of the char-
acteristic scattering patterns between the hole and electron
pockets may be explained by following two possible reasons:
(a) a low DOS at the Fermi energy for the small electron
6 pockets and (b) the unsensitive tunneling matrix element
effect, as a result of which we cannot detect the electron §
pocket.

Since we have not observed the scattering between the hole
and electron pockets, we try to get some information about
the intraband scattering from the QPI data in a large area.
Results of QPI mappings and corresponding FT-QPI patterns
are shown in Fig. 4. At zero energy, almost no clear features
can be observed in the QPI pattern in Fig. 4(b), which is
consistent with the full gap feature from tunneling spectrum
measurements. At E = £2.3 meV, one can obviously see in
Fig. 4(c) that there are about 15 clear spots induced by the
impurity bound state at this energy. When we go back to
the topographic image in Fig. 4(a), we can conclude that there
is no evident correlation between impurity locations and the
hollows on the top surface. The impurity may be beneath
the top surface, e.g., in the FeAs layer. In FT-QPI patterns,
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FIG. 3. (a) Topographic image and (b) the corresponding
normal-state QPI mapping at £ = 10 meV measured in the same
area (Ve =30mV, L =200 pA). (¢) Schematic plot of Fermi
surfaces derived from a previous ARPES study [14]. (d) The Fourier-
transformed pattern of the QPI mapping in (b). (e) Line profile plot
of the intensity of the FT-QPI pattern along the black dashed line in
(d); the arrows indicate the position of scattering vectors connecting
the I and M points. (f) The simulated scattering patterns between
the hole and electron pockets plotted as gray patterns with a center
of v/27 /ay from the center of the FT-QPI pattern. Here the gray
patterns are the selected patterns in the self-correlated image in (c).
The arrow represents the scattering vector connecting the I' and M
points. Comparing (d) and (f), one can see that the scattering between
hole and electron pockets has not been detected by our experimental
data. All measurements are carried out at 0.7 K.

the scattering intensity reflects the joint DOS between two
scattering points in k space on the Fermi surface [27]. Being
consistent with the tunneling spectrum for a fully gapped
superconductor, the FT-QPI pattern is almost featureless at
E =0 meV, and the intensity of the FT-QPI pattern is very
strong near the coherence peak energy [28,29,35]. In K12442,
the most frequent superconducting gap value or the coherence
peak energy is about 4.6 meV from tunneling spectrum mea-
surements on this surface; therefore, the intensity of FT-QPI
patterns is very strong at E = +4.6 meV. Although we cannot
distinguish the detailed scattering features, it is clear that there
are fourfold diamondlike patterns around the center in FT-QPI
patterns. The traces of these outlines arising from the FT-QPI
patterns are marked by orange dashed lines in Figs. 4(m)—4(o)

and 4(q)—4(s). The sizes of such fourfold diamondlike patterns
shrink with the increase of the energy, which can be clearly
seen in the energy dispersion plot [Fig. 4(t)]. This result sug-
gests that the scattering may be due to the intraband scattering
of a hole pocket near I'. We try to fit the dispersion data with
a parabola, and the fitting result is shown in Fig. 4(t). Here we
can obtain the band-top energy of 24 4+ 6 meV from the peak
value of the fitting curve. In addition, the fitting curve cuts
the Fermi level at the points ¢ = +0.187 /ay in q space, and
this radius corresponds to the diameter of the Fermi surface
in which the intraband scattering happens [27]. As shown by
a previous work [14], the holelike o pocket has the smallest
diameter of about 0.2 /ay, and the band top of this pocket
is about 40 meV from the band calculation. The values of
the band top and the Fermi-pocket size determined from our
experiments are both comparable to those from the previous
ARPES work; therefore, the Fermi pocket associated with our
QPI measurement is supposed to be the holelike o pocket.

C. Impurity bound states

In order to investigate low-energy peaks at about
+2.2 meV, we measure spatial evolution of tunneling spectra
[Fig. 5(c)] along the arrowed line across two bright spots
in the QPI mapping [Fig. 5(b)]. One can see in Fig. 5(c)
that the tunneling spectra have a similar feature of peaks
across these two spots. The coherence peaks are suppressed
near impurities, which makes impurities behave as troughs in
Figs. 4(d) and 4(h). It should be noted that impurity bound-
state peaks show electron-hole asymmetry in Fig. 5(c). When
we do statistics to 15 impurities marked by circles in Fig. 4(c),
the QPI intensity g(E) at the impurity center has a stronger
amplitude for all the impurities in the image taken at £ =
—2.3 meV than that taken at E = 2.3 meV. The averaged ratio
g(E = —-23meV)/g(E =2.3meV) = 1.36 & 0.25, which is
derived at the centers of these 15 impurities. QPI mappings
behave very differently in real space, as shown in Figs. 4(d)
and 4(h) when compared with those in Figs. 4(c) and 4(g):
a lot of standing waves in Figs. 4(d) and 4(h) are absent in
Figs. 4(c) and 4(g). These standing waves result in the fourfold
diamondlike patterns in FT-QPI patterns, but they are not
structured around the impurities which behave as troughs in
Figs. 4(d) and 4(h). The Fermi surface should still be gapped
in most areas far from impurities at £ = £2.3 meV based
on the tunneling spectra shown in Fig. 2(c). In addition, the
FT-QPI patterns measured at £ = 2.3 meV do not have
clear outer contours, which is different from the features in
FT-QPI patterns measured at higher energies. Based on the
analysis of impurity images with the enlarged view shown
in the insets of Figs. 4(1) and 4(p), the patterns in Figs. 4(1)
and 4(p) are derived from the FT result to the real-space
image of these impurities instead of the intraband scattering
of the Fermi surface. The average size of impurities imaged
at £ =2.3 meV is larger than that of impurities imaged
at E = —2.3 meV, and the ratio of the full width at half
maximum (FWHM) is FWHM(E = 2.3 meV)/FWHM(E =
—2.3 meV) = 1.37 £ 0.29. This ratio is consistent with the
inverse radius ratio of the central disk shown in Figs. 4(1)
and 4(p). Such impurity bound-state peaks can be even sharper
at 0.4 K, and one example can be seen in Fig. 6(a). The
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FIG. 4. (a) Large-scale topographic image measured on the surface of K12442. (b)—(j) The QPI mapping measured in (a) at different
energies with B=0Tand T = 1.1 K (Viee = 10mV, I, = 200 pA). Circles in (a) and (c) mark positions of impurities with the bound-state
energy at about 2.3 mV. The locations of these impurities seem to be irrelevant to the hollows on the top surface. (k)—(s) Corresponding
FT-QPI patterns derived from Fourier transformation to the QPI mappings in (b)—(j), respectively. The insets in (1) and (p) show enlarged
views of two impurities framed by squares in (c) and (g), respectively. (t) The energy dispersion of intensity in FT-QPI patterns along the
diagonal direction marked by the blue dashed line in (m). Before the patterns were plotted, a two-dimensional Gaussian function background
was subtracted in the center of all the FT-QPI patterns with a full width at half maximum about 0.187 /a,. Red solid squares represent the sizes
of the FT-QPI patterns marked as orange dashed circles in (m)—(0) and (q)—(s). The error bars highlighted in (t) reflect roughly the estimated
width of the circlelike outline of the FT-QPI pattern. The energy dispersion feature seems to be holelike. The dashed curve is a fitting curve to
the red solid squares by a parabolic equation, and we can obtain energy Ey, ~ 24 + 6 meV for the top of the band.

spectrum feature near zero bias can even be affected by these
low-energy peaks. The extremely sharp peaks may exclude
the possibility of a smaller superconducting gap because we
cannot fit the experimental data well using the Dynes model
with two superconducting gaps. In addition, the peaks at about
+2 meV disappear when the temperature is 8 K, but the
coherence peaks at about =5 meV can exist at temperatures
above 15 K. Following the discussion above, we argue that
low-energy peaks are impurity-induced bound states, although
these impurities locate underneath the top layer. In Fig. 6(c),
we show tunneling spectra measured at the center of a bright
spot and under different magnetic fields. The amplitude of
the impurity-induced peak decreases with the increase of the
magnetic field. The inset in Fig. 6(c) shows an enlarged view
of the impurity-induced peak on the negative-energy side, and
the peak energy is almost unchanged under a magnetic field of
4 T. From a previous report, the field-induced peak-shift slope

is about 0.06 meV /T for the impurity bound state induced by a
magnetic Fe-vacancy impurity with a Landé factor g = 2 [36].
Based on this slope, we can calculate the energy shift is about
0.24 meV when the field changes from 0 to 4 T. However,
the energy shift is negligible for the impurity bound state in
the K12442 sample; we can argue that the impurity may be
nonmagnetic or weakly magnetic. In addition, the peak feature
is similar to the bound-state peak of the As vacancy [37], so
impurities are likely to be nonmagnetic As vacancies in the
FeAs layer underneath.

D. Tunneling spectra measured on another kind
of terminated surface

In the K12442 sample, we also observe other areas with
different topographic features, and one example is shown
in Fig. 7(a). This kind of surface is rarely observed, with
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FIG. 5. (a) Topographic image (Vi =20mV, I =200 pA)
and (b) QPI mapping at £ =2 meV (Vi = 20mV, I = 200 pA)
measured in the same area. One can see three bright spots in (b).
(c) A set of tunneling spectra (Viey = 20mV, Iy = 200 pA) mea-
sured along the arrowed line in (a) or (b) crossing the centers of these
two spots. The tunneling spectra in red are the ones measured in the
area of the bright spot. All measurements were carried out at 1.7 K.

a possibility of once in eight cleavage procedures. On this
surface the hollows are much smaller than the ones shown
in Fig. 2(a). However, from the atomically resolved surface
shown in the inset in Fig. 7(a), the lattice constant is also
about 5.3 A, which is close to the value obtained in Fig. 2(a).
Figure 7(b) shows a tunneling spectrum measured in a wide
bias range. The spectrum has behavior similar to the one
shown in Fig. 2(b): both show the particle-hole asymmetry.
The quantitative difference between them is the considerable
bias-voltage dependence of d//dV on the negative-bias side
of the spectrum shown in Fig. 7(b). This suggests slightly
different band structures in these two kinds of surfaces. In
the area in Fig. 7(a), we can detect spectra with different gap
energies, and four examples are shown in Figs. 7(c)-7(f). In
the spectrum shown in Fig. 7(f), we can also see low-energy
peaks at about +2.5 meV which may be attributed to the
impurity-induced bound states. In addition, we can see that
coherence peaks in spectra locate in a wider energy range
than the ones shown in Fig. 2(d). In addition, hump features
can be observed at energy near =210 meV on some spectra.
The humps in tunneling spectra may be a feature of a larger
superconducting gap or may be the bosonic mode which has
been observed in many FeSCs [38—40]. Figure 7(g) shows the
energy statistic results for all the peak features based on 900
spectra measured in the area in Fig. 7(a). One can see that the
coherence peak features are in the range of +(4—7) meV with

didV (a.u.)

d//dV (a.u.)

Bias (mV)

—B=0T

didV (a.u.)

0 0-4 3-2-10 )
20 10 0 10 20

Bias (mV)

FIG. 6. Temperature-dependent evolution of the tunneling spec-
tra measured (a) at the bright-spot center and (b) far away from
any impurities. Specifically, (a) and (b) are measured at centers of
the red and yellow crosses marked in the inset in (a), respectively.
(c) Magnetic field evolution of the tunneling spectra measured at the
impurity center. The inset shows an enlarged view of the bound-
state peak at about —2 meV. Set point conditions: Vi = 20mV,
L = 200 pA.

possible local maxima at about +4.4, £5.4, and £6.2 meV.
This suggests a multigap feature in the superconductor. The
hump feature appears in a high energy range of +(8-11) meV
with the maximum probability at about £9.8 meV.

Figure 8(a) shows a typical topography where a low-lying
layer can be observed. The size of such an exposed low-lying
area is dozens of nanometers, and the average height of this
area is about 1 A lower than the top surface. Then we measure
the tunneling spectra across the exposed low-lying area and
show them in Fig. 8(b). One can see that the fully gapped
feature can be observed in all the spectra, but energy values of
the coherence peaks shift from about £6 meV on the top layer
to about £8 meV in the exposed low-lying area. The feature
is clearer in the coherence peak energy mapping shown in
Fig. 8(c) with a much larger coherence peak energy in the
exposed low-lying area.
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FIG. 7. (a) Topographic image of another kind of terminated
surface (Viep = 1 V, I = 20 pA). Hollows in this topography have
a lower density and a smaller averaged size when compared with
ones in Fig. 2(a). The inset shows the atomically resolved topography
measured in the flat area far away from hollows (Vi = 100 mV,
I = 200 pA). (b) A typical tunneling spectrum measured to high
energy (Ver = 100mV, I, =200 pA). (c)—(f) Tunneling spectra
measured at marked positions in (a) (Vir = 30mV, I = 200 pA).
The characteristic peaks are marked by arrows. (g) The statistics of
the peak energies derived from 900 spectra which are measured at
points with a matrix of 30x30 uniformly distributed in the area of
(a) (Veee = 50mV, I = 500 pA). All measurements were carried out
at 1.7 K.

IV. DISCUSSION

On the surfaces of KCa,FesAssF, single crystals, we
observe the +/2 x +/2 reconstructed layer of atoms. It is consis-
tent with the fact that half of the potassium atoms or calcium
atoms of a layer should stay and be reconstructed on each
cleaved surface. The reconstruction can lead to electrically
unpolar surfaces. It should be noted that there are many
hollows that are subnanometer or several nanometers in size
randomly distributed on the surface. Such topography with
hollows is very common in FeSCs with an exposed surface
composed of alkali-metal atoms [23-25]. The hollow popula-
tion and distribution may be different in a surface terminated
by alkaline-earth-metal atoms. In this point of view and con-
sidering the observed features, the hollows are either K or Ca
vacancies, which may be due to easy loss of these atoms in the
cleaving procedure. The missing K/Ca atoms on the surface
will adjust the band structure slightly, which is supported

b)

N
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5 meV HEEETT 9 meV 10 15

FIG. 8. (a) Topographic image with an exposed low-lying area
of the underlayer (Vi = 50mV, I = 100 pA). The inset shows
the line profile of the surface height along the arrowed line, and
the exposed low-lying layer is about 1 A on average lower than the
top surface layer. (b) A set of tunneling spectra measured along the
dashed line in (a) (Vyq = 50mV, I = 200 pA). (c) Color mapping
of the coherence peak energy on the positive-bias side based on
900 tunneling spectra measured at points with a matrix of 30x30
uniformly distributed in the area of (a) (Vier = S0mV, Iy = 200 pA).
All measurements were carried out at 1.7 K.

by the different features beyond the gap in spectra shown in
Figs. 2(b) and 7(b).

We observe an obvious fully gapped feature in most tun-
neling spectra measured in K12442 single crystals, which
indicates the absence of nodes and is consistent with other
measurements [14—16]. Most of the coherence peaks locate in
the energy range from 4 to 7 meV, and these gap values seem
to be comparable to those reported previously [14,16,41].
Since the dominant contribution of the FT-QPI is consistent
with the intrapocket scattering of the o pocket, the obtained
superconducting gap values on the easily achieved surface
are likely to be assigned to this hole pocket. Therefore, the
superfluid may be mainly contributed by the holelike Fermi
surfaces near the I point. The situation is similar to that in
CaKFe, Asy: several hole and electron pockets are observed
near the I and M points by the ARPES measurement [42], but
only the scattering between two hole pockets is observed in
FT-QPI patterns from the STM measurement [35]. The hump
feature at about 8—11 meV observed on the rarely achieved
surface in K12442 may be the larger superconducting gap, as
reported previously [17], or the bosonic mode corresponding
to some gap(s). If it were the bosonic mode, the mode energy
should be about 2—-6 meV according to the substraction of the
superconducting gap energy. However, the measured bosonic
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mode value is as large as 16 meV from neutron scattering
experiments [20]; thus, this feature most likely reflects an
energy gap. In fact, the top surface can be reconstructed by K
or Ca atoms, and it is possible that the rarely achieved surface
is constructed by atoms different from the commonly ob-
tained surface. The tunneling matrix element may be distinct
for STM/STS measurements on these two kinds of surfaces,
which may be the reason that we can observe a larger gap
with a value from 8 to 11 meV on the rarely observed surface.
In addition, clear coherence peaks at about +8 meV can be
observed on the spectra measured on the lower-lying layer,
which confirms the existence of the large superconducting
gap in the rarely achieved surface. This gap may open in the
holelike f, band with a gap value of about 7.8 meV from
ARPES measurements [14]. Although we have observed some
peaks on the spectra near £2.2mV, due to the existence of
some very strong impurity bound states appearing near this
energy, we cannot be sure that these features reflect a small
superconducting gap [14,17,41]. From our experimental data,
the confirmable superconducting gap ranges from 4 to 7 meV,
and the dominant contribution of the superfluid may be from
the bands with gaps of about 4.4 to 5.4 meV, most likely the
hole derivative o band near I". However, the determined Fermi
energy of the o band is only about 24 £ 6 meV, indicating that
the basic requirement of the BCS theory in the weak-coupling
limit, namely, Er > A, cannot be satisfied in K12442. This
strongly suggests that the superconducting physics in the
K12442 material should possess by itself an unconventional
feature. In addition, the very shallow band and relatively high
T. make the material satisfy the extreme quantum limit, so we
can observe discrete vortex bound states with energy levels
deviating from the widely believed ratioof 1 : 3 : 5 in K12442
single crystals, which is reported in a separate paper [43].

In FeSCs, the scenario of s* pairing is based on the nesting
between hole and electron pockets with similar sizes in the
weak-coupling scenario. This pairing manner was first in-
ferred from the QPI measurements of Fe(Se, Te) by comparing
the difference when the applied magnetic field is zero and
finite [30]. It was later further strengthened by the impurity
effect [44] and phase-resolved QPI analysis [45]. However,
this pairing mechanism is challenged in K12442 because the
electron pocket at the M point is too small [14], so the nest-
ing condition cannot be satisfied. In our measurements, we
cannot even observe the scattering pattern between the hole
pockets and tiny electron pockets in the FT-QPI result. Very
different sizes of the hole and electron pockets challenge the
nesting picture of s* pairing in the weak-coupling scenario.
However, from tunneling spectra obtained in this work, if
the impurity is nonmagnetic in nature as we argued, the im-

purity bound states at about £2.2 meV may suggest a sign
change in the superconducting gaps in this superconductor.
According to Anderson’s theorem [46,47], nonmagnetic im-
purities do not break the Cooper pairs in a superconductor
with a sign-preserved gap(s), while they are detrimental to
superconductivity and can induce clear in-gap bound-state
peaks in a superconductor with a sign-reversal gap(s) [48-50].
Therefore, the bound states induced by nonmagnetic impuri-
ties may suggest a sign change in superconducting gaps in this
superconductor. In any case, it remains unclear but would be
interesting to know what role is played by the shallow electron
pocket and even the incipient hole bands [14] near the M point

and whether they help form the “incipient” s* pairing [51].

V. CONCLUSION

In conclusion, using a scanning tunneling microscope, we
have investigated the superconducting gaps and pairing mech-
anism of KCa,FesAs4F, single crystals. Most spectra exhibit
a full gap feature with a gap value from 4 to 8 meV. On a
few spectra, some peaks can be observed at about +2.2 meV,
which can be attributed to the impurity-induced bound states.
We have not seen the characteristic scattering pattern between
hole and electron pockets based on the QPI data and related
analysis; however, the FT-QPI pattern can be well described
by the intrapocket scattering of the o pocket near the I point.
The dispersion derived from the FT-QPI indicates a small
Fermi energy of about 24 meV for the band forming the
a pocket. This indicates a strong deviation from the basic
requirement of the weak-coupling BCS theory. Our results
help to clarify the superconducting mechanism in iron-based
superconductors.
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