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High resolution angle-resolved photoemission spectroscopy (ARPES) measurements are carried out on CaKFe4As4,

KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 superconductors. Clear evidence of band folding between the Brillouin

zone center and corners with a (𝜋,𝜋) wave vector has been found from the measured Fermi surface and band

structures in all the three kinds of superconductors. A dominant
√
2 ×

√
2 surface reconstruction is observed

on the cleaved surface of CaKFe4As4 by scanning tunneling microscopy (STM) measurements. We propose that

the commonly observed
√
2 ×

√
2 reconstruction in the FeAs-based superconductors provides a general scenario

to understand the origin of the (𝜋,𝜋) band folding. Our observations provide new insights in understanding the

electronic structure and superconductivity mechanism in iron-based superconductors.
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The parent compounds of the FeAs-based super-

conductors usually have a collinear antiferromagnetic

order with a wave vector (𝜋,𝜋) below the magnetic

transition temperature.[1−4] With doping, the antifer-

romagnetic order gets suppressed and antiferromag-

netic fluctuation develops.[4−8] The (𝜋,𝜋) antiferro-

magnetic order or fluctuation plays an important role

in dictating the physical properties and superconduc-

tivity in iron-based superconductors.[4,6,7,9,10] In the

optimally doped (Ba0.6K0.4)Fe2As2 superconductor,

the band folding connected with the wave vector (𝜋,𝜋)

is observed, although the antiferromagnetic order is

fully suppressed.[11,12] The nature of the order that is

responsible for the band folding remains unclear.[11,12]

The identification of the (𝜋,𝜋) ordering and revela-

tion of its origin are important in understanding the

superconductivity mechanism and related physics in

iron-based superconductors.

In this work, we performed high-resolution

angle-resolved photoemission spectroscopy (ARPES)

on three kinds of FeAs-based superconductors,

CaKFe4As4, KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2.

In all these samples, we observe clear signatures of

band folding between the Brillouin zone center (𝛤 )

and corners (M) connected by a (𝜋,𝜋) wave vector.

From our scanning tunneling microscopy (STM) mea-

surements on CaKFe4As4, we find that there is a√
2×

√
2 reconstruction on the As-terminated surface.

Such a surface reconstruction provides a possible way

to understand the (𝜋,𝜋) band folding in the measured

FeAs-based superconductors.

The CaKFe4As4, KCa2Fe4As4F2 and

(Ba0.6K0.4)Fe2As2 single crystals were prepared us-

ing the self flux method.[13−15] They all have high
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quality and show sharp superconducting transi-

tions of 𝑇C ∼ 35 K with a width of 0.3 K for

CaKFe4As4,[13] 𝑇C ∼ 33.5 K with a width of 1 K

for KCa2Fe4As4F2
[16] and 𝑇C ∼ 38 K with a width of

0.5 K for (Ba0.6K0.4)Fe2As2.[15] High resolution angle-

resolved photoemission measurements were carried

out on our lab-based ARPES system equipped with a

helium discharge lamp as the light source, which can

provide the photon energy of ℎ𝜈 = 21.218 eV (He I),

and a Scienta DA30L electron energy analyzer.[17,18]

The energy resolution was set at 10 meV for the Fermi

surface mapping and at 4 meV for band structure

measurements. The angular resolution is ∼0.3∘. All

the samples were cleaved in situ at 18 K and mea-

sured in ultrahigh vacuum with a base pressure better

than 5 × 10−11 mbar. The Fermi level is referenced

by measuring on a clean polycrystalline gold that is

electrically connected to the sample. High resolution

STM experiments were performed at 5 K on a Cre-

aTec ultra-high vacuum (UHV) STM/nc-AFM system

with a base pressure of 2 × 10−10 mbar. The samples

used in the STM measurements were cleaved in situ

below 77 K and immediately transferred to an STM

chamber. All STM images were obtained in constant

current mode and the voltages referred to the bias on

samples with respect to the tip. The tungsten tip was

prepared via electrochemical etching and calibrated

on a clean Au(111) substrate.

Figure 1(a) shows the crystal structures of

CaKFe4As4, (Ba0.6K0.4)Fe2As2 and KCa2Fe4As4F2

superconductors. They share the same FeAs-

(K,Ba,Ca)-FeAs structural unit. Among all the pos-

sible cleavage surfaces, because of the weak bonding

between the FeAs layer and the adjacent (K,Ba,Ca)

layer, the As-terminated surface is common for all

these three kinds of superconductors. Figures 1(b)–

1(d) show the Fermi surface mapping of CaKFe4As4,

KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 superconduc-

tors, respectively. These three kinds of supercon-

ductors exhibit similar Fermi surface topology, i.e.,

two or three hole pockets around 𝛤 and a small

electron-like pocket around 𝑀 surrounded by strong

spots. These results are consistent with the previ-

ous measurements.[16,19−22] We note that, around the

𝑀 point, in addition to the regular small electron-like

pocket and surrounding strong spots, there is an extra

large circle as marked by red arrows in Figs. 1(b)–1(d).

In spite of their weak spectra weight, these circles

can be clearly observed, particularly in CaKFe4As4
[Fig. 1(b)] and KCa2Fe4As4F2 [Fig. 1(c)]. We also

note that the shape and size of the circles around 𝑀

are similar to those of the outmost hole-like pockets

around 𝛤 .
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Fig. 1. Crystal structure and Fermi surface mapping

of CaKFe4As4, KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2
superconductors. (a) Schematic crystal structure of

CaKFe4As4, KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 Su-

perconductors. (b)–(d) Fermi surface mapping of

CaKFe4As4 measured at 18K (b), KCa2Fe4As4F2 mea-

sured at 38K (c) and (Ba0.6K0.4)Fe2As2 measured at

18K (d) using the Helium lamp with a photon energy of

ℎ𝜈 = 21.218 eV. These images are obtained by integrating

the spectral weight within a ±5meV energy window with

respect to the Fermi level 𝐸F. The weak large hole-like

pockets around 𝑀 are marked by red arrows. For conve-

nience, the Brillouin zone corners are labelled as 𝑀1, 𝑀2,

𝑀3 and 𝑀4.

In order to resolve the large circle feature around

𝑀 more clearly and have a direct comparison with

the Fermi surface around 𝛤 , Fig. 2(b) shows the sec-

ond derivative image of the Fermi surface mapping

[Fig. 2(a)] of CaKFe4As4. We find that the extra cir-

cle around 𝑀 [labelled as 𝛾′ in Fig. 2(b)] is identical

to the outmost hole pocket (𝛾) around 𝛤 , as shown

by the red solid and dashed circles with the same size.

Figures 2(c)–2(l) directly compare the band structures

measured along two sets of momentum cuts (cut 1,

cut 2) and (cut 3, cut 4) in both the superconduct-

ing state and normal state. All these momentum cuts

are along the 𝛤–𝑀1 direction; cut 1 (cut 3) around

𝛤 and cut 2 (cut 4) around 𝑀2 are connected by a

(𝜋,𝜋) wave vector [because (±𝜋,±𝜋) are equivalent,

we simply use (𝜋,𝜋) throughout the paper]. To show

the band structures more clearly, Figs. 2(e)–2(h) and

Figs. 2(k)–2(l) show the second derivative images of

the measured band structures. Along cut 2, in addi-

tion to the usual bands around 𝑀2, there appears an

extra band labelled as 𝛾′ in Figs. 2(f) and 2(h). The

position of this 𝛾′ band relative to 𝑀2 is the same as

that of the 𝛾 band relative to 𝛤 . They also exhibit
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identical dispersions as shown by the red solid and

dashed lines with the same shape. The same is true

when comparing the band structures measured along

cut 3 [Fig. 2(k)] and cut 4 [Fig. 2(l)]. In this case, an

extra band is observed along cut 4 around 𝑀2 [𝛾′ in

Fig. 2(l)] which is identical to the 𝛾 band along cut 3

around 𝛤 in Fig. 2(k). Figures 2(m) and 2(n) show

the comparison of MDCs at the Fermi level for the

momentum cuts (cut 1, cut 2) and (cut 3, cut 4), re-

spectively. The position of the 𝛾′ band relative to 𝑀2

observed for cut 2 and cut 4 is quantitatively consis-

tent with that of the 𝛾 band relative to 𝛤 observed for

cut 1 and cut 3. The above direct comparison of the

Fermi surface and band structure strongly indicates

that there is a band folding between 𝛤 and 𝑀 with a

wave vector (𝜋,𝜋). This band folding can be observed

in both the normal and superconducting states.
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Fig. 2. Fermi surface folding and band structure folding in CaKFe4As4. [(a), (b)] Fermi surface mapping (a)

and its second derivative image (b) of CaKFe4As4 superconductor measured at 18K using the Helium lamp with

a photon energy of ℎ𝜈 = 21.218 eV. These images are obtained by integrating the spectral weight within a ±5meV

energy window with respect to the Fermi level 𝐸F. The outer 𝛾 Fermi surface sheet around 𝛤 is marked by a red

circle. The same circle, shifted to the 𝑀 point, agrees well with the additional hole-like pocket around 𝑀 . [(c), (d)]

Band structure measured along cut 1 (c) and cut 2 (d) at 18K. [(e), (f)] Corresponding second derivative images

of (c) and (d). [(g), (h)] Second derivative images of the band structure measured along cut 1 (g) and cut 2 (h)

at 45K. [(i), (j)] Band structure measured along cut 3 (i) and cut 4 (j) at 18K. [(k), (l)] Corresponding second

derivative images of (i) and (j). The location of these cuts is shown in (a). They are all along the 𝛤–𝑀1 direction.

The observed bands around 𝛤 are labelled as 𝛼, 𝛽 and 𝛾. The outer 𝛾 band around 𝛤 is marked by a red line. The

same line, shifted to the 𝑀 point by a wave vector (𝜋,𝜋), agrees well with the additional hole-like band 𝛾′ around

𝑀 . (m) MDCs at 𝐸F of the band structure measured at 18K for cut 1 in (c) (black line) and cut 2 in (d) (red line).

(n) MDCs at 𝐸F of the band structure measured at 18K for cut 3 in (i) (black line) and cut 4 in (j) (red line).

We also found evidence of the (𝜋,𝜋) band folding in

KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 superconduc-

tors, as shown in Fig. 3. Figures 3(a)–3(d) directly

compare the band structures measured along two mo-

mentum cuts (cut 1 and cut 2) in KCa2Fe4As4F2. Cut

1 and cut 2 are shifted relative to each other by a

wave vector (𝜋,𝜋). Along cut 2, there appears also an

extra band labelled as 𝛾′ in Fig. 3(d). The 𝛾′ band

around 𝑀 can be considered as a replica of the 𝛾

band around 𝛤 because they are identical and can

be connected by a (𝜋,𝜋) wave vector. The same is

true when comparing the measured band structures

in (Ba0.6K0.4)Fe2As2, as shown in Figs. 3(e)–3(h). In

this case, the 𝛾′ band around 𝑀 [Fig. 3(h)] is a replica

of the 𝛾 band around 𝛤 [Fig. 3(g)]. The quantitative

consistency of the MDCs’ peak position [marked by

grey dashed lines in Figs. 2(i)–2(j)] further confirms

the band folding between 𝛤 and 𝑀 with a wave vec-

tor (𝜋,𝜋) in KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 su-

perconductors. These observations, together with the

Fermi surface folding in Fig. 1, indicate that there is

a common folding effect between the Brillouin zone

center and corner with a (𝜋,𝜋) wave vector in these

FeAs-based superconductors.

In the parent and underdoped BaFe2As2, spin-

density wave (SDW) order plays an important role in

determining its electronic structure[5,7,8] and ARPES

experiments have shown clear (𝜋,𝜋) band folding due
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to such a long-range SDW order.[23−26] However,

in the stoichiometric CaKFe4As4, KCa2Fe4As4F2

and optimally doped (Ba0.6K0.4)Fe2As2 supercon-

ductors, the long-range SDW order is completely

suppressed.[27−29] Therefore, the (𝜋,𝜋) band folding

we observe in these superconductors can not be at-

tributed to the SDW order. To the best of our knowl-

edge, from scattering experiments, there is no re-

port of any other long-range order in these super-

conductors. It is natural to ask whether the band

folding can be related to the surface effect. To this

end, we performed high resolution STM experiments

on CaKFe4As4. Figure 4(a) shows STM topogra-

phy of CaKFe4As4 measured at 5 K in a large scale

(100 nm×100 nm) and Fig. 4(b) shows a typical atom-

ically resolved image zooming in the area marked in

Fig. 4(a). The bright spots form a square lattice;

the distance between the two adjacent bright spots

is 0.536 nm. This distance is
√

2 times the lattice

constant. This observation is consistent with the

previous STM results[30] and Fig. 4(b) represents As-

terminated surface. In the bulk CaKFe4As4, the As

atoms in the As layer also form a square lattice. The

distance between two nearest As atoms is the same as

the lattice constant (𝑎 = 0.387 nm), as shown in the

left panel of Fig. 4(c). On the As-terminated surface,

surface reconstruction occurs, resulting in the different

height and different density of states on the two adja-

cent As atoms.[30] This renders half of the As atoms in

the top As layer resolved while the other half invisible

[right panel of Fig. 4(c)], giving rise to the
√

2 ×
√

2

reconstructed structure in Fig. 4(b). This
√

2 ×
√

2

structure is dominant on the cleaved surface.[30] This

reconstruction expands the initial unit cell of 𝑎 × 𝑎

[left panel in Fig. 4(c)] into
√

2𝑎×
√

2𝑎 [right panel in

Fig. 4(c)] in real space and, correspondingly, reduces

the initial first Brillouin zone by half in the momentum

space [Fig. 4(d)]. It causes band folding between the

𝛤 and 𝑀 points with a wave vector (𝜋,𝜋) [Fig. 4(d)],

as we have observed in CaKFe4As4.
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Fig. 3. Band structure folding in KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 superconductors. [(a), (b)] Band struc-

tures of KCa2Fe4As4F2 measured at 38K along the 𝛤–𝑀1 direction crossing 𝛤 (a) and 𝑀 (b). [(c), (d)] Correspond-

ing second derivative images of (a) and (b). [(e), (f)] Band structures of (Ba0.6K0.4)Fe2As2 measured at 18K along

the 𝛤–𝑀1 direction crossing 𝛤 (e) and 𝑀 (f). [(g), (h)] Corresponding second derivative images of (e) and (f). The

location of the momentum cuts is shown in the insets of [(c), (d)] and [(g), (h)]. The inner, middle and outer bands

are labelled as 𝛼, 𝛽 and 𝛾. The 𝛾 band in (c) and (g) is indicated by red solid lines while 𝛾′ (red dashed lines) in (d)

and (h) represents the replica band of 𝛾. (i) MDCs at 𝐸F of the band structure of KCa2Fe4As4F2 superconductor

for cut 1 (a) (black line) and cut 2 (b) (red line). (j) MDCs at 𝐸F of the band structure of (Ba0.6K0.4)Fe2As2
superconductor for cut 3 (e) (black line) and cut 4 (f) (red line).

The
√

2 ×
√

2 surface reconstruction is a general

phenomenon observed in FeAs-based superconductors.

In optimally doped (Ba0.6K0.4)Fe2As2, the
√

2 ×
√

2

buckling reconstructed Ba(K)-terminating layers are

commonly observed on the cleaved surface.[31] In

KCa2Fe4As4F2, the
√

2 ×
√

2 reconstruction of the
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potassium or calcium atoms is observed by STM on

each cleaved surface.[32] The
√

2 ×
√

2 surface re-

construction has also been observed in many other

FeAs-based superconductors.[33−38] The common oc-

currence of the
√

2 ×
√

2 surface reconstruction pro-

vides a general scenario to understand the (𝜋,𝜋)

band folding commonly observed in the FeAs-based

superconductors.[11,12]

(c) (d)

(a) (b)

Surface 
reconstruction

10 nm 1 nm

0.536 nm

b a

a T a

As As'

M2

(p,p)

G

2a T  2a

Fig. 4. STM observation of surface reconstruction in

CaKFe4As4 and its effect on the Fermi surface folding.

(a) STM topography of the cleaved surface at 5K (𝑉 =

−40mV, 𝐼 = 80pA). (b) Atomic-resolution STM image

of the area marked by a red square in (a) (𝑉 = −40mV,

𝐼 = 4nA). The bright spots form a square lattice. The dis-

tance between two nearest bright spots is 0.536 nm, which

is
√
2 times of the lattice constant (𝑎 = 0.387 nm). This

surface is considered to be As-terminated.[30] The black

filled circles represent the As atoms resolved in the top

layer, while black empty circles represent the position of

the As atoms that are not resolved. (c) Schematic of the

As layer in the bulk (left panel) and on the surface (right

panel). On the surface, the two adjacent As atoms have

different height with different densities of states[30] so that

only half the As atoms (solid circles, As) are resolved to

form a
√
2×

√
2 surface reconstruction while the other half

(empty circles, As′) are not observed. The green and pink

squares represent the unit cell before and after the surface

reconstruction, respectively. (d) Schematic of the Fermi

surface folding in CaKFe4As4. The inner and outer hole

pockets around 𝛤 are indicated by black and blue circles,

while the electron pocket at 𝑀 is indicated by the red cir-

cle. The first Brillouin zones before and after the surface

reconstruction are marked by the green and pink squares,

respectively. The dashed circles represent the folded Fermi

surface sheets with a wave vector (𝜋,𝜋) between 𝛤 and 𝑀 .

In summary, we have carried out high-

resolution ARPES measurements on CaKFe4As4,

KCa2Fe4As4F2 and (Ba0.6K0.4)Fe2As2 superconduc-

tors. From the measured Fermi surface and band

structures, we have found clear evidence of band fold-

ing between the 𝛤 and 𝑀 points with a (𝜋,𝜋) wave

vector in all the three kinds of superconductors. Our

STM measurements on CaKFe4As4 reveal dominant

√
2 ×

√
2 surface reconstruction on the cleaved sur-

face. We propose that such a
√

2×
√

2 reconstruction,

which is also commonly observed in other FeAs-based

superconductors, provides a general scenario to un-

derstand the origin of the (𝜋,𝜋) band folding. These

results provide new insights in understanding the elec-

tronic structure and superconductivity mechanism in

iron-based superconductors.
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