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CaKFe,As, is a new-type superconductor with a relatively high transition temperature of 35 K among stoichiometric iron-based
superconductors. Based on scanning tunneling microscopy/spectroscopy, the surface morphology and electronic structure of
CaKFe,As, single crystal were systematically investigated. The cleaved CaKFe,As, showed various morphologies, such as
atomically resolved 1x1, 1x2, and /2 x /2 lattices. By analyzing the geometrical correlations of these morphologies, the 1x1
and 1x2 lattices were identified as the original and reconstructed As layers, respectively, whereas the ﬁ x ﬁ lattice was
distinguished as the reconstructed alkaline-earth-metal or alkali-metal layer. The superconducting energy gap of 7.3 meV and
bosonic mode of 12.7 meV were resolved in the scanning tunneling spectra. In addition, the superconducting energy gaps
measured on different terminations were identical and consistent with the values obtained by bulk-sensitive techniques, in-
dicating that the electronic structures of CaKFe,As, were insensitive to the surface reconstructions. Our study clarifies the
relationships between complex surface reconstructions and surface terminations and preliminarily presents that there is no
obvious effect of surface reconstructions on electronic states.
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1 Introduction nanoscale [1-5]. Owing to the clean surface requirement for

STM probing, samples generally need to be fabricated in situ
Scanning tunneling microscopy/spectroscopy (STM/S) is a or cleaved under a high vacuum. For most layered cuprate
robust tool for investigating superconducting properties in and iron-based superconductors with charge reservoir inter-

calation, the cleaved surfaces are not unique, and their
electronic structures could differ. For example, two kinds of
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surface morphologies, 1 x2 stripes and 1 x 1 lattices, are
observed in cleaved Srj;5K;,sFe,As, [6]. The tunneling
spectra measured on a surface with stripes have a pair of
superconducting coherent peaks, whereas there is no well-
defined peak in tunneling spectra taken on 1 X 1 lattices [6].
In addition, various surface terminations are resolved in both
Ba(Fe,Co),As, and Ba,¢Kj,Fe,As,, and the tunneling
spectra show a dependence on terminations [7,8]. For cup-
rate superconductor Bi,Sr,CaCu,Oy, the U-shaped tunneling
spectra collected on the CuO, layer contrast the V-shaped
spectra measured on the BiO surface [9,10], which chal-
lenges the d-wave pairing scenario in cuprates. Therefore, it
is essential to identify different surface terminations and
study the termination-dependent electronic structures.

Various surface reconstructions, such as 1x2 and /2 x /2
lattices, have been observed by STM in cleaved 122-type
iron pnictide compounds. However, the type of cleaved ter-
minations remains controversial. There are two main points
about the determination of cleaved terminations held by
STM groups [11]. Combined with the crystal structure, some
STM groups attribute the 1x2 and /2 x /2 lattices to the
reconstructions of alkaline-earth-metal (AE) and As layers,
respectively [12-14], whereas others argue that the observed
surface reconstructions result from the As layer, but half of
As atoms are “invisible” to STM [7,11,15,16]. Moreover,
low-energy electron diffraction experiments indicate that the
AE layer can form either 1x2 lattice [17] or /2 x /2 lattice
[18,19], and the reconstructed As layer can exhibit /2 x /2
lattice [12]. In addition, theoretical calculations identify the
A2 x A2 structure as the reconstruction of the AE layer [20].
Overall, two crucial questions need to be clarified in 122-
type compounds. (1) What are the relationships between
surface morphologies and surface terminations? (2) Will
electronic structures, such as superconducting gaps, be sig-
nificantly modified by surface reconstructions?

CaKFe4As, is a suitable candidate for clarifying these
questions. As shown in Figure 1(a), the crystal structure of
CaKFe,As, can be regarded as an alternating stack of alkali-
metal (A) and AE layers across As-Fe-As layers [21,22],
which is similar to the structure of 122-type compounds
[23,24]. Therefore, the cleaved terminations of CaKFe,As,
and 122-type compounds are expected to have the same
geometric structures. An obvious difference between
CaKFe,As, and 122-type compounds is that the super-
conductivity of the latter requires the introduction of hole or
electron dopants [25-27]. Since disorder effects induced by
the random distribution of dopants are difficult to avoid in
122-type compounds [6,28], the stoichiometric super-
conductor CaKFe,As, is more suitable for studying the im-
pact of surface reconstructions on electronic structures.

In this study, we perform systematic measurements of
STM/S on CaKFe,As, single crystals. Several surface
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morphologies, such as 1x1, 1x2, and N2 x A2 lattices, are
clearly resolved. Based on the geometrical relationships of
these morphologies, we conclude that the 1x1 and 1x2 lat-
tices correspond to the original and reconstructed As layers,
respectively, whereas the /2 x /2 lattice originates from
the reconstructed AE/A layers. The tunneling spectra col-
lected on different reconstructed surfaces have quite similar
characteristics, such as the superconducting energy gap and
bosonic mode. In addition, the superconducting gap mea-
sured by our STS experiments is similar to the results of
bulk-sensitive techniques, such as tunnel-diode resonator
[29], polarization-resolved Raman spectroscopy [30], muon
spin rotation and relaxation [31], nitrogen-vacancy centers
magnetometry [32], and optical conductivity [33]. Therefore,
there is no obvious effect of surface reconstructions on
electronic structures of CaKFe,As, single crystals.

2 Experimental details

The CaKFe,As, single crystals used in this study are pre-
pared via the self-flux method [21,22,34]. Figure 1(b) and (c)
show the transport and magnetization measurements of
CaKFe,As,. The high zero-resistance critical transition
temperature 7, of 35 K with sharp superconducting transition
indicated that the samples were of high quality. The ex-
periments of surface morphologies and tunneling spectra
were performed in a home-built STM [35]. CaKFe,As, sin-
gle crystals were first precooled to ~120 K in 2% 10 " Torra
high vacuum and then cleaved in situ. Commercial Pt/Ir tips
(Unisoku Co., Ltd.) were calibrated on a clean Au(111)
surface before performing STM/S experiments. A constant-
current mode was used to obtain topographic images, and the
bias voltage was applied to the sample. The tunneling spectra
were measured using a standard lock-in technique with a
0.2 mV modulation voltage at 973 Hz. The STM/S experi-
ments were performed at 6 K.

3 Results and discussion

Figure 2(a) depicts a typical topographic image of CaKFe,As,.
The surface morphology can be divided into two regions,
labeled Region-I and Region-II. Region-I1 is full of separated
stripes. Figure 2(b) shows the zoom-in morphology of Re-
gion-II. The averaged distance between adjacent stripes was
~7.8 A, which was approximately two times the in-plane
lattice constant of CaKFe,As, [21]. Therefore, the stripes
observed were probably the so-called 1x2 reconstructions
observed in 122-type compounds. In addition, as shown by
the green and yellow lines in Figure 2(b), stripes could rotate
90° and possess phase shifts of half a unit, which agreed with
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Figure 1 (Color online) (a) Schematic crystal structure of CaKFe,As,. (b) Temperature dependence of normalized resistance of CaKFe,As,. Inset: Zoom-in
temperature-normalized resistance curve. (¢) Temperature dependence of magnetic moments measured in zero-field cooled and field cooled modes with a 10-

Oe magnetic field. (d) Schematic illustration of .f2 x /2 structure formed by AE or A atoms. (e) Schematic illustration of 1x2 stripes (blue stripes) formed

by As atoms.

the characteristics of 1x2 reconstructions [7,15]. The mor-
phology in Region-1 completely differed from that in Re-
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Figure 2 (Color online) (a) STM topographic image (Vmpe=—40 mV,
1;,=100 pA) of CaKFe,As,. (b) Zoom-in image of the area outlined by the
red box in (a). (c), (d) Height profiles taken along the yellow and green
arrows in (a), respectively. (¢) STM topographic image (Vmpe=—150 mV,
1;,=100 pA) with ~J2 x &J2 structure measured in another area of Region-
I. The upper inset is a zoom-in image of (e). The lower inset is the FT
pattern of (e).

gion-1II, which indicated that these two regions correspond to
different surface terminations. This scenario is further sup-
ported by the sharp steps between Region-I and Region-II, as
shown by the topological profiles in Figure 2(c) and (d). In
some clean areas of Region-I, a square lattice was found.
Figure 2(e) depicts a representative image of the square
lattice, and the lower inset shows the results of the Fourier
transform (FT). According to the FT pattern, the lattice
period was calculated to be 5.3 A, which was approximately
A2 times the in-plane lattice constant [21]. Therefore, the
ordered lattice observed in Region-I resulted from the
N2 x \J2 surface reconstruction.

There are several explanations for the origin of surface
reconstructions. Since the bonding between the AE/A and As
layers was weaker than that in the Fe-As layers, the cleavage
was most likely to occur between the adjacent AE/A and As
layers, which led to two possible types of exposed surfaces.
One was that each side of the cleaved surface acquired 50%
AE/A atoms to maintain charge neutrality. In this case, either
N2 x[2 or 1x2 reconstruction would be induced by the
reorder of AE/A atoms due to spontaneous energetic pre-
ference [28,36], the surface distortions due to the structural
transition from tetragonal to orthorhombic [37], or the in-
ward relaxations of AE/A atoms due to antiferromagnetic
ordering [17]. Figure 1(d) shows an example of /2 x /2
reconstruction formed by AE/A atoms. The other case was
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that the AE/A layer was destroyed, leaving the exposed As
layer with some AE/A clusters. The exposed As layer could
also form /2 x /2 or 1x2 reconstruction due to small
buckling that arose in the magnetic orthorhombic phase
[36,38,39], the distortions of the Fe layer induced by the
structural transition [12], or the relaxations of surface strain
due to the underlying AE/A layer [40]. An illustration of 1x2
reconstruction formed by As atoms is shown in Figure 1(e).

Combined with the crystal structure (Figure 1(a)), we ar-
gued that the observed /2 x 2 and 1x2 lattices corre-
sponded to the reconstructed AE/A and As layers,
respectively, because Region-I was 90 pm higher on average
than Region-II (see Figure 2(c) and (d) for examples).
Nevertheless, it is necessary to clarify why the step height
was less than the crystallographic spacing between the AE/A
and As layers (150 pm) [21]. In fact, the height recorded by
STM depends on both the geometrical corrugations and the
local density of states. Therefore, the relatively high density
of states in the As layer compared with that in the AE/A
layer, supported by theoretical calculations [20], yielded a
step smaller than the crystallographic spacing. One may ar-
gue that this analysis is not rigorous since the calculated
density of states may be further modified by surface re-
constructions. Fortunately, in the same layer with Region-I,
we captured a new-type morphology with features that re-
inforced our conclusion. These morphologies shown in
Figure 3(a) and (b) not only contain the surface reconstruc-
tion highlighted by yellow solid lines but also show a dis-
ordered structure, which smoothly merges with the /2 x /2
reconstruction. The disordered structure marked by red dots
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Figure 3 (Color online) (a), (b) Typical STM topographic images of
CaKFe,As, with surface reconstructions, clusters, and atoms. Setpoint:
Viample==60 mV, 1;;=100 pA for (a) and Vmpe=—100 mV, ;,=100 pA for
(b). (¢) Zoom-in image of the area outlined by the red box in (a). (d), (e)
Height profiles taken along the yellow arrow in (a) and green arrow in (b),
respectively.
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should be contributed by AE/A atoms that have not yet
formed regular lattice after cleavage. The As layer is unlikely
to exhibit such a disordered structure because a relatively
intact layer is expected due to the strong bonding between As
and Fe atoms.

According to our scenario, the As lattice should be ob-
served through the hollows in the AE/A layer. Owing to the
covering of AE/A atoms, the underlying As layer might not
be reconstructed. As indicated by the white dots in Figure
3(c) (zoom-in image of Figure 3(a)), a lattice with a period of
~3.9 A was resolved. The period was almost the same as the
in-plane lattice constant [21]. This 1x1 lattice was 90 pm
lower on average than the /2 x /2 lattice (see Figure 3(d)
and (e) for examples), reminiscent of the step height between
1x2 and /2 x J2 lattices. In addition, the 1x1 lattice was
oriented 45° with respect to the ~/2 x /2 lattice (white and
yellow coordinate axes), which agreed with the case shown
in Figure 1(d). Therefore, it is reasonable to conclude that the
I1x1 and 1x2 lattices correspond to the original and re-
constructed As layers, respectively, whereas the /2 x /2
lattice is contributed by the reconstructed AE/A layer.

Now, we focus on the electronic structures of the As and
AE/A layers. Figure 4(b) shows the tunneling spectra col-
lected at several typical locations in Figure 4(a). The tun-
neling spectrum measured on the intact As layer showed two
pairs of peaks located at 7.5 and 18.6 mV. The inner peak is a
feature of the superconducting energy gap because the en-
ergy value is the same as that reported in other studies
[29,38,41,42]. Owing to the large characteristic bias voltage,
the origin of the outside peak should be the bosonic mode
that is widely observed in iron-based superconductors [43-
45]. To reveal this feature more clearly, the second derivative
curve d’I/dV° versus V is plotted in Figure 4(d), wherein a
clear dip is recognized (black dashed line). Statistically, the
energies of the superconducting coherent peak and dip of
d’I/dV* were determined to be (7.3£0.4) and (20.0+£0.9) mV,
respectively. Therefore, the energy value of the bosonic
mode was calculated to be Q ~ (20.0—7.3) meV=12.7 meV,
which agreed with the energy of spin resonance mode
measured by inelastic neutron scattering [34,46]. The asso-
ciation between the outside peak and bosonic mode could be
further verified by studying the temperature dependence of
tunneling spectra in the future [43,47]. The ratio Q/(kgT,)~
4.3 fell into the universal relationship between 7, and the
energy of the spin resonance mode [43], indicating the re-
levance of spin fluctuation in the superconducting pairing of
CaKFe,As,. By contrast, the tunneling spectrum measured
on the defect of the As layer (the green dot) did not show a
well-defined superconducting gap and bosonic mode, which
was likely due to the competition between superconductivity
and magnetism induced by the exposed Fe layer [7,48].
Figure 4(c) shows a set of tunneling spectra measured along
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Figure 4 (Color online) (a) STM topographic image (Vumpe=—60 mV, 1;,=100 pA) of CaKFe,As,. (b) Tunneling spectra measured at the locations marked

by the corresponding colored points in (a). The red and black dashed lines indicate the position of the superconducting coherent peaks and the right-wing of
the bosonic modes, respectively. (¢) Spatially resolved tunneling spectra measured along the yellow arrow in (a). The red dashed lines indicate the position of
the superconducting coherent peaks. (d) The second derivative curves calculated from the corresponding colored curves in (b). The black dashed line
indicates the location of the dip associated with the bosonic mode. (e) Typical topographic image (Vgmp.=—40 mV, 1;,=100 pA) with J2 x JJ2 structure.
(f) Spatially resolved tunneling spectra measured along the yellow arrow in (e). The red dashed lines indicate the position of the superconducting coherent

peaks.

the yellow arrow in Figure 4(a). Although the differential
conductance at high bias voltage varies with position, the
energy of the superconducting gap is spatially uniform, in-
dicated by the dashed lines.

As shown by the red and violet curves in Figure 4(b), the
tunneling spectra measured on the AE/A layer also have
features of the superconducting gap and bosonic mode. In-
terestingly, the energies of the superconducting gap and
bosonic mode (the red and black dashed lines in Figure 4(b))
slightly changed compared with those measured on the As
layer, which suggested that the surface reconstructions of
CaKFe,As, had limited effects on the electronic states. The
independence of electronic structures on morphologies was
also indicated in another STM study of CaKFe,As, [42] and
observed in other systems, such as stoichiometric super-
conductor KCa,Fe, As,F, [49,50]. There are some reasonable
explanations for this phenomenon. (1) The absence of
change in the superconducting gap may be induced by the
proximity effect since the coherence length of CaKFe,As,
[51] is larger than the crystallographic spacing between the
AE/A and As layers [21]. (2) The density of states of the AE/
A layer is featureless despite surface reconstructions. (3)
Varied surface terminations mainly affect the spectral weight
through the tunneling matrix elements but do not change the
pairing strength [8,42]. The homogeneity of electronic states
of the AE/A layer was also studied (Figure 4(f)), where the
tunneling spectra were measured along the yellow arrow in
Figure 4(e). The superconducting gap was found to be re-
latively homogeneous, which might benefit from the absence
of a dopant disorder [6,52].

Finally, we discuss whether the superconducting gap ob-
tained in reconstructed surfaces can represent the bulk
properties of CaKFe,As,. The energies of the super-

conducting gap measured using bulk-sensitive techniques,
such as tunnel-diode resonator [29], polarization-resolved
Raman spectroscopy [30], muon spin rotation and relaxation
31], nitrogen-vacancy centers magnetometry [32], and op-
tical conductivity [33], were approximately 5.77, 6.8, 8.6,
8.66, and 9.0 meV, respectively. In our STS experiments, the
superconducting gap was determined to be (7.3£0.4) meV,
which fell into the range given by bulk-sensitive measure-
ments. In addition, the bosonic mode energy in our experi-
ments agreed with the value obtained by inelastic neutron
scattering experiments [34,46]. Therefore, we argue that the

—

4 Conclusions

In summary, the surface morphologies and electronic states
of CaKFe,As, were investigated by STM/S. We captured
three typical morphologies with 1x1, 1x2, and /2 x /2
lattices. By analyzing the geometrical relationships among
these morphologies, the 1x1, 1x2, and /2 x /2 lattices
were identified as the original As, reconstructed As, and
reconstructed AE/A layers, respectively. The tunneling
spectra collected on the reconstructed As and AE/A layers
had an almost identical superconducting energy gap as well
as bosonic mode. In addition, the value of the super-
conducting gap obtained on the reconstructed surface agreed
with the value measured using bulk-sensitive techniques.
Therefore, the surface reconstructions of CaKFe,As, did not
significantly change the electronic structure. Our study
provides morphological characteristics of various cleavage
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surfaces of iron pnictide superconductors and clarifies the
limited effects of surface reconstructions on electronic states.
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