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We use high resolution angle resolved photoemission spectroscopy and density functional theory
with measured crystal structure parameters to study the electronic properties of CaKFe4As4. In
contrast to the related CaFe2As2 compounds, CaKFe4As4 has a high Tc of 35K at stochiometric
composition. This presents a unique opportunity to study the properties of high temperature su-
perconductivity in the iron arsenides in the absence of doping or substitution. The Fermi surface
consists of several hole and electron pockets that have range of a diameters. We find that the values
of the superconducting gap are nearly isotropic (within the explored portions of the BZ), but are
significantly different for each of the FS sheets. Most importantly, we find that the momentum de-
pendence of the gap magnitude plotted across the entire Brillouin zone displays a strong deviation
from the simple cos(kx) cos(ky) functional form of the gap function, proposed by the scenario of
Cooper-pairing driven by a short range antiferromagnetic exchange interaction. Instead, the max-
imum value of the gap is observed on FS sheets that are closest to the ideal nesting condition in
contrast to previous observations in other ferropnictides. These results provide strong support for
the multiband character of superconductivity in CaKFe4As4, in which Cooper pairing forms on the
electron and the hole bands interacting via a dominant interband repulsive interaction, enhanced
by band nesting.

PACS numbers: 74.25.Jb, 74.72.Hs, 79.60.Bm

The superconducting mechanism in iron-based, high
temperature superconductors is an important topic in
condensed matter physics. One key question is whether
the system should be described within a weak coupling
BCS-type approach with a key role played by the inter-
band repulsion between electron and hole bands, sepa-
rated by the large momentum transfer or by a strong
coupling approach with dominant short-range antifer-
romagetic fluctuations described by the local exchange
interaction[1–7]. The former scenario seemed consistent
with experimental results from a number of iron pnictide
superconductors[8], but was later challenged by the dis-
covery of iron chalcogenide-based superconductors[9, 10].
Theoretical progress in this field was inspired by the dis-
covery of new materials in this family [11] from iron
chalcogenide[12] to single layer FeSe films[13]. Materi-
als with different crystal or electronic structures are ex-
tremely useful and provide new insights for constructing
global models of high temperature superconductivity in
iron-based materials.

Recently, a new iron-based class of superconductors:
AeAFe4As4 (Ae = Ca, Sr, Eu and A = K, Rb, Cs), were
reported (generically referred to as AeA1144)[14, 15]. Al-
though the chemical composition of AeA1144 is the same
as the intensively studied (Ba, K)Fe2As2 system, it has
a different crystal structure type with Ae and A layers
alternatively stacked between Fe2As2 layers. The crystal-
lographically inequivalent position of the Ae and A atoms

changes the space group from I4/mmm to P4/mmm. A
high transition temperature (Tc = 31 - 36 K) and stochio-
metric composition makes the AeA1144 family an ideal
new platform to test existing theories and inspire new
ones. Measurements of its electronic structure and the
momentum dependence of its superconducting gap are of
critical importance.

In this letter, we investigate the band structure and
momentum dependence of the superconducting gap of
CaKFe4As4 with high resolution Angle Resolved Photoe-
mission Spectroscopy (ARPES) and DFT using experi-
mentally obtained crystal structure parameters. Unlike
most other iron-based superconductors, CaKFe4As4 has
a high Tc of 35 K at stoichiometric composition which
allows for the study of iron based high temperature su-
perconductivity in the absence of disorder caused by sub-
stitution. The Fermi surface consists of three hole pock-
ets at the Γ point and two electron pockets at the M
point. The hole pockets have significantly different di-
ameters, which allows us to measure the superconduct-
ing gap for different values of the total momentum k.
We find that the superconducting gap is nearly isotropic
on each FS sheet, but has a significantly different value
for each of the Fermi surface(FS) sheets. Indeed, the
largest superconducting gap is found for pairs of hole
and electron pockets that have a similar diameter, while
other pockets have a smaller value of the superconduct-
ing gap. This observation is in stark contrast to the
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situation in some other ferropnictides. For example, in
LiFeAs, which is another stoichiometric pnictide super-
conductor with multiple Fermi surface sheets, the largest
superconducting gap is found on the smallest hole pocket,
located near the zone center.[16, 17] Therefore, our re-
sults on CaKFe4As4 provide a new important ingredient
that must be included in the superconducting mechanism
of iron-based superconductors.
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FIG. 1. Measured electronic structure of CaKFe4As4. (a)
Fermi surface intensity acquired using photon energy of 6.7
eV and T=40 K. (b) Sketch of the FS based on data in (a). (c)
Measured ARPES intensity along a cut through the Γ point.
Cut position is indicated in panel (b). (d) Sketch of the band
structure based on data in (c). (e)-(h) Same as (a)-(d), but
measured using a photon energy of 21.2 eV. Dashed lines in
(b) and (d) mark the expected parts of the bands and FS that
are not observed due to matrix elements and limiter access to
BZ at low photon energy.

CaKFe4As4 single crystals were grown using the flux
method and extensively characterized by thermodynamic
and transport measurements[15, 19]. The experimen-
tal structure parameters were obtained from single crys-
tal X-ray diffraction. Technical details are provided in
the Supplemental Material. Single phase samples were
cleaved in situ at a base pressure of lower than 8 ×
10−11 Torr. ARPES measurements were performed us-
ing a tunable VUV laser spectrometer [20](hν=6.7 eV,
∆E=4 meV) and helium microwave plasma spectrometer
(hν=21.2 eV, ∆E=8 meV). Assuming that CaKFe4As4
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FIG. 2. (a) calculated 3D Fermi surface of CaKFe4As4 (b-e)
band dispersion along the key symmetry directions with re-
spective orbital contributions marked by color coded outlines.

has the same inner potential (∼12 eV) as (Ba,K)Fe2As2
then 6.7 eV and 21.2 eV light sources measure the elec-
tronic structure around kz = π and kz = 0 respectively
[21, 22]. The energy corresponding to the chemical po-
tential was determined from the Fermi edge of a polycrys-
talline Au reference in electrical contact with the sample.
The consistency of the data was confirmed by measuring
six different samples.

The measured Fermi surface and band dispersion are
shown in Fig. 1. In data collected using a photon energy
of 6.7 eV, three hole pockets are observed at the center of
the zone (α, β and γ shown in panels (a)-(d)). Whereas
the α pocket is fairly round, the shapes of the β and γ
pockets are more square-ish. The approximate diame-
ters of these three pockets are ∼0.2 π/a, ∼0.4 π/a and
∼0.8 π/a respectively. The FS and band structure data
measured using a photon energy of 21.2 eV are shown in
Fig. 1(e)-1(h). At this photon energy, only largest hole
pocket around Γ is observed and its diameter is ∼0.45
π/a. The β pockets is not visible, most likely due to un-
favorable matrix elements. The band responsible for α
hole pocket, is located 30 meV below EF for this value of
kz (Fig. 1(g)). This is consistent with the 3D character of
most inner hole pockets in 122 systems [21, 23]. We note
that this change is not due to an increased sensitivity at
low photon energies - in such a situation, two copies of
the α band would be observed, one below and one above
EF , which is not the case. At the zone corner, a shallow
electron FS pocket (δ) is observed (Fig. 2(g)-2(h)).

The Fermi surface and orbitally resolved band disper-
sion were calculated using Density Functional Theory
(DFT) and a Local Density Approximation (LDA )com-
bination with experimental lattice constants and atomic
positions (obtained from single crystal X-ray diffraction
measurements and shown in Table II of the Supplemen-
tal Material.). The resulting FS and band structure are
shown in Fig. 2. The calculation predicts six hole pockets
– slightly deformed, quasi 2D cylinders centered at the
Γ point of the BZ, yet the ARPES data in Fig. 1 shows
only three Fermi sheets around Γ. Most likely, the inten-
sity of the β sheet is due to three closely located bands
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FIG. 3. (a)-(d) Measured electronic structure at four selected temperatures along cut indicated in (l). The data is divided
by the Fermi-Dirac function. (e) EDCs at kF of β FS pocket. (f) The data from panel (e) after symmetrization. (g)-(i)
Symmetrized EDCs at kF of α, γ and δ FS pockets respectively. kF positions are marked in (l). (j) Symmetrized EDCs at
kF for lowest measured temperature from (f)-(i). Red, vertical dashed lines mark the energy of largest gap (β FS sheet). The
black lines are the fits using phenomenological model [18]. (k) Temperature dependence of the superconducting gaps for all
four pockets. Solid lines are BCS predictions for ∆0 of 10.5 meV, 13 meV, 8 meV and 12 meV. (l) Sketch of the FS with
indication of the cut position and kF positions.

that cannot be resolved experimentally. As in many other
iron based superconductors, there are several 3d orbitals
contributing to the states near the Fermi level. Fig. 2b
shows the band dispersion with color coded orbital con-
tributions. Most importantly, in CaKFe4As4 in addition
to the yz/xz and x2 − y2-orbital contributions to the
Fermi surface pockets, there is also a strong admixture
of 3z2 − r2-states to the α and γ bands, which is some-
what different from the other ferropnictides. In particu-
lar, the contribution of the 3z2 − r2 orbital to the states
near EF depends sensitively on the Fe ionic positions as
the latter are located at the off high-symmetry points in
CaKFe4As4. In fact in this system there are two Fe-As
distances in the As-Fe-As layer, which is in contrast to
other ferropnictides such as LiFeAs and CaFe2As2. The
calculation predicts four electron pockets centered at the
M point. Experimentally, only one pocket can be re-
solved, due to a significant intrinsic linewidth and the
fact that the bottom of these bands is located very close
to EF .

Fig. 3(a)-3(d) shows the measured electronic struc-
ture at several typical temperatures along a cut near the
Γ point. Due to matrix elements, only the β and γ bands
are seen in this cut. Both bands show a clear back bend-
ing structure at low temperature (Fig. 3(a)). We plot the
Energy Distribution Curves (EDCs) at the kF for several

different temperatures in Fig. 3(e). A sharp quasiparti-
cle peak gradually forms as the temperature is decreased
below Tc. We symmetrized the EDCs at kF as shown
in Fig. 3(f)-3(j) prior to performing fitting [24, 25]. A
BCS-based, phenomenological model [18] is used to fit
the EDCs and extract the gap size. Results are shown
in Fig. 3(j)-(k). All gaps follow a BCS-like temperature
dependence and close at Tc with ∆α0 = 10.5 meV, ∆β0

= 13 meV, ∆γ0 = 8 meV and ∆δ0=12 meV, which gives
rise to the ratio of 2∆0/kBTc of 7.4, 9.1, 5.6 and 8.4,
indicating the superconductivity of CaKFe4As4 is in the
strong coupling regime.

We measured the momentum dependence of the super-
conducting gap on the β and δ FS sheets, as summarized
in Fig. 4, to elucidate the symmetry of the order param-
eter in CaFeK4As4. For qualitative analysis, we extract
the EDCs at different kF on the β and δ FS sheets and
symmetrize them in Fig. 4 (a) and 4(b). All symmetrized
EDCs show a clear dip structure at EF and the energy
positions of the quasiparticle peaks do not show much
variation with the FS angle. In Fig. 4(c) we plot the ex-
tracted values of the superconducting gap as a function
of FS angle. The gap sizes on these two FS pockets have
no clear nodes and are roughly isotropic, which directly
excludes the possibility of d-wave paring symmetry in
CaFeK4As4 superconductor. In order to check the kz de-
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FIG. 4. Momentum dependent superconducting gap. (a)-(b)
Symmetrized EDCs at different KF on the β and δ FS pockets.
(c) Extracted superconducting gap from EDCs in (a) and (b).
The Γ-X direction is set to 0 degree. (d) kz dependence of
superconducting gap on the β FS pocket. Data were taken
with a photon energy of 5.7 eV, 6.2 eV and 6.7 eV. Data in
(a)-(d) were taken at 22 K. (e) Plot of the extracted gap on
four FS sheets in Fig. 3(j) versus momentum distance from Γ.
The black dashed line is a fit with the function ∆|coskxcosky|,
∆=16 meV. (f) Measured diameters of four Fermi pockets.

pendence of the superconducting gap, we measured the
gap size on the β FS with three different photon ener-
gies that cover more than 0.2π/c in momentum space as
shown in Fig. 4(d). The gap size does not show much
variation within this kz momentum range either, indicat-
ing the quasi-2D nature of CaFeK4As4.

With the measured amplitude of superconducting gap
on all four FS of CaFeK4As4, we can now check the va-
lidity of the previously proposed gap functions. In the
strong coupling approach [26, 27], the pairing of elec-
trons occurs because of a short-range interaction. If the
antiferromagnetic exchange in iron based superconduc-
tors is dominated by next neighbor coupling (J2) [5],
the superconducting gap can be described by a single
functional form in the entire Brillouin Zone given by
∆(k) = ∆0| cos kx cos ky| (or | cos kx + cos ky| in the 2Fe
per unit cell) [26]. Apparently, in this gap function, a
FS sheet with a smaller diameter would have a larger
superconducting gap around the Brillouin zone center,
which is consistent with the measured gap size on the

smallest hole pocket in several pnictide superconductors
[8, 28, 29]. At the same time, another interpretation of
this feature also exists in the purely band description of
the s±-wave superconductivity in which the large size of
the superconducting gap on the smallest pocket is at-
tributed to the dominant interband Cooper-pair scatter-
ing between electron and hole bands of different sizes. In
the absence of direct nesting, the magnitude of the gap
is larger on that band, which has a smaller kF [30, 31]. In
Fig. 4(e) we compare the measured gap sizes on different
FS with a ∆0| cos kx cos ky| function. The gap size on the
α FS is much smaller than the value of the gap, expected
from the fit function. (a ∼15 meV gap size is needed
to achieve a match.) Therefore the failure of applying
the ∆0| cos kx cos ky| function on our measured gap indi-
cates that the superconductivity in CaFeK4As4 may not
be immediately described within the short-range anti-
ferromagnetic fluctuation model. Instead, the measured
gaps are consistent with band description of supercond-
cutivity. In particular, in contrast to other ferrpnictides
some of the bands in CaFeK4As4 are nested, i.e.- the β
FS with the largest gap size among three hole FS has
the best nesting condition with the δ electron band FS
(Fig. 4(f)). It is known theoretically that the nesting
between electron and hole bands enhances the repulsive
interband interaction between them[1]. Once this inter-
action becomes larger than the intra-band ones it favors
s± symmetry of the superconducting gap with gap mag-
nitudes being maximal on the Fermi surfaces that are
maximally close to the AF instability, while other gaps
on non-nested Fermi surfaces will be smaller.

In the simple mechanism of the s± superconducting
gap driven by strong inter-band repulsion (which is much
bigger than the intra-band interaction due to nesting of
the electron and hole bands) the superconducting gaps
on each Fermi surface appear to be equal and opposite in
sign. Once the intra-band interactions and further Fermi
surfaces (not nested) are added, the superconducting gap
equations acquires the matrix form and the exact distri-
bution of the gaps on each FS start to depend on various
factors such as DOS, orbital content, etc. However, the
analysis of these equations in the past [32–35] has shown
that the largest gaps always appear on those FSs, which
show the largest tendency towards AF instability, which
corresponds to nesting of electron and hole bands.

In many of the other iron-based superconductors,
xz/yz orbitals contribute mostly to the hole and elec-
tron Fermi surfaces near the Γ and M point respec-
tively. Within the s± scenario the SC gaps appear to
be maximal on these orbitals due strong intra-orbital
(inter-band) nesting of the electron and hole pockets.
There are, however scenarios (including the s++-wave
mechanism[36]) in which nesting does not play an impor-
tant role and which also predict the largest sc gaps to be
on the xz/yz orbitals. One of our most important finding
is that in the 1144 compound there are not just xz/yz
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orbitals but also z2 and x2 − y2, which participate in
the intra-orbital inter-band nesting. This provides strong
support in favor of the s± scenario of superconductivity
driven by nesting of the electron and hole bands.

In conclusion, we measured the electronic structure
and values of the superconducting gap of a new mem-
ber of iron arsenic high temperature superconductor
- CaKFe4As4. We find the superconducting gap is
nearly isotropic within the explored region of the BZ.
The largest gap is observed on the β hole and δ elec-
tron sheets, which have very similar diameters, whereas
the α and γ sheets have smaller values of the SC gap
as they have no electron counterparts of similar di-
ameter. This strongly supports the multiband charac-
ter of the s±-wave symmetry of the superconducting
gap in which the Cooper-pairing forms on the electron
and hole bands with strong interband repulsive interac-
tion, enhanced by the nesting of the electron and hole
bands. Raw data for this manuscript is available at
http://lib.dr.iastate.edu/ameslab datasets/.
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