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Origin of the superconducting state in the collapsed tetragonal phase of KFe2As2
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Recently, KFe2As2 was shown to exhibit a structural phase transition from a tetragonal to a collapsed
tetragonal phase under an applied pressure of about 15 GPa. Surprisingly, the collapsed tetragonal phase hosts a
superconducting state with Tc ∼ 12 K, while the tetragonal phase is a Tc � 3.4 K superconductor. We show that
the key difference between the previously known nonsuperconducting collapsed tetragonal phase in AFe2As2

(A = Ba, Ca, Eu, Sr) and the superconducting collapsed tetragonal phase in KFe2As2 is the qualitatively distinct
electronic structure. While the collapsed phase in the former compounds features only electron pockets at the
Brillouin zone boundary and no hole pockets are present in the Brillouin zone center, the collapsed phase in
KFe2As2 has almost nested electron and hole pockets. Within a random phase approximation spin fluctuation
approach we calculate the superconducting order parameter in the collapsed tetragonal phase. We propose
that a Lifshitz transition associated with the structural collapse changes the pairing symmetry from d wave
(tetragonal) to s± (collapsed tetragonal). Our density functional theory combined with dynamical mean-field
theory calculations show that effects of correlations on the electronic structure of the collapsed tetragonal phase
are minimal. Finally, we argue that our results are compatible with a change of sign of the Hall coefficient with
pressure, as observed experimentally.

DOI: 10.1103/PhysRevB.91.140503 PACS number(s): 71.15.Mb, 71.18.+y, 74.20.Pq, 74.70.Xa

The family of AFe2As2 (A = Ba, Ca, Eu, K, Sr) supercon-
ductors, also called 122 materials, has been intensively inves-
tigated in the past due to its richness in structural, magnetic,
and superconducting phases upon doping or application of
pressure [1–6]. One phase whose properties have been recently
scrutinized at length is the collapsed tetragonal (CT) phase
present in BaFe2As2, CaFe2As2, EuFe2As2, and SrFe2As2

under pressure, and in CaFe2P2 [7–14]. The structural collapse
of this phase has been shown to be assisted by the formation
of As 4pz-As 4pz bonds between adjacent Fe-As layers,
giving rise to a bonding-antibonding splitting of the As
pz bands [15]. It has been argued that this phase does
not support superconductivity due to the absence of hole
cylinders at the Brillouin zone center and the corresponding
suppression of spin fluctuations [10,16,17]. However, recently
Ying et al. [18] investigated the hole-doped end member of
Ba1−xKxFe2As2, KFe2As2, under high pressure and observed
a boost of the superconducting critical temperature Tc up to
12 K, precisely when the system undergoes a structural phase
transition to a CT phase at a pressure Pc ∼ 15 GPa. These
authors attributed this behavior to possible correlation effects.
Moreover, measurements of the Hall coefficient showed a
change from positive to negative sign upon pressure, indicating
that the effective nature of charge carriers changes from holes
to electrons with increasing pressure. Similar experiments are
also reported in Ref. [19].

KFe2As2 has a few distinct features: At ambient pressure,
the system shows superconductivity at Tc = 3.4 K and follows
a V-shaped pressure dependence of Tc for moderate pressures
with a local minimum at a pressure of 1.55 GPa [20]. The
origin of such behavior and the nature of the superconducting
pairing symmetry are still under debate [21–27]. However, it
has been established by a few experimental and theoretical

*guterding@itp.uni-frankfurt.de

investigations based on angle-resolved photoemission spec-
troscopy, de Haas–van Alphen measurements, and density
functional theory combined with dynamical mean-field theory
(DFT+DMFT) calculations that correlation effects crucially
influence the behavior of this system at P = 0 GPa [28–35].
Application of pressure should nevertheless reduce the relative
importance of correlations with respect to the bandwidth
increase. In fact, recent DFT+DMFT studies on CaFe2As2

in the high-pressure CT phase show that the topology of the
Fermi surface is basically unaffected by correlations [36,37].
One could argue, though, that at ambient pressure CaFe2As2

is less correlated than KFe2As2, and therefore in KFe2As2

correlation effects may be still significant at finite pressure.
In order to resolve these questions, we performed density

functional theory (DFT) as well as DFT+DMFT calculations
for KFe2As2 in the CT phase. Our results show that the
origin of superconductivity in the collapsed tetragonal phase
in KFe2As2 lies in the qualitative changes in the electronic
structure (Lifshitz transition) experienced under compression
to a collapsed tetragonal phase, and correlations play only a
minor role. Whereas in the tetragonal phase at P = 0 GPa,
KFe2As2 features predominantly only hole pockets at the
Brillouin zone center, at P ∼ 15 GPa, in the CT phase, signif-
icant electron pockets emerge at the Brillouin zone boundary,
which, together with the hole pockets at the Brillouin zone
center, favor a superconducting state with s± symmetry, as we
show in our calculations of the superconducting gap function
using the random phase approximation (RPA) spin fluctuation
approach. Moreover, our results in the tetragonal phase of
KFe2As2 at P = 10 GPa suggest a change of pairing symmetry
from dxy (tetragonal) to s± upon entering the collapsed phase
(see Fig. 1). This scenario is distinct from the physics of
the CT phase in CaFe2As2, where the hole pockets at the
Brillouin zone center are absent. For comparison, we will
present the susceptibility of collapsed tetragonal CaFe2As2,
which is representative for the collapsed phase of AFe2As2

(A = Ba, Ca, Eu, Sr). Our findings also suggest an explanation
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FIG. 1. (Color online) Crystal structure, schematic Fermi surface
(dashed lines), and schematic superconducting gap function (back-
ground color) of KFe2As2 in the one-Fe Brillouin zone before and
after the volume collapse. The Lifshitz transition associated with the
formation of As 4pz-As 4pz bonds in the CT phase changes the
superconducting pairing symmetry from dxy to s±.

for the change of sign in the Hall coefficient upon entering the
CT phase in KFe2As2.

Density functional theory calculations were carried out
using the all-electron full-potential local orbital (FPLO) [38]
code. For the exchange-correlation functional we use the
generalized gradient approximation (GGA) by Perdew, Burke,
and Ernzerhof [39]. All calculations were converged on
20 × 20 × 20 k-point grids.

The structural parameters for the CT phase of KFe2As2

were taken from Ref. [18]. We used the data points at P ≈
21 GPa, deep in the CT phase, where a = 3.854 Å and c =
9.6 Å. The fractional arsenic z position (zAs = 0.367 95) was
determined ab initio via structural relaxation using the FPLO

code. We also performed calculations for the crystal structure
of Ref. [19], where a preliminary experimental value for the
arsenic z position was given. The electronic structure is very
similar to the one reported here. For the CT phase of CaFe2As2

we used experimental lattice parameters from Ref. [40] (T =
40 K, P ≈ 21 GPa) and determined the fractional arsenic z

position (zAs = 0.370 45) using FPLO. All Fe 3d orbitals are
defined in a coordinate system rotated by 45◦ around the z axis
with respect to the conventional I4/mmm unit cell.

The electronic band structure in the collapsed tetragonal
phase of CaFe2As2 and KFe2As2 is shown in Fig. 2. These
results already reveal a striking difference between the CT
phases of CaFe2As2 and KFe2As2: While the former does not
feature hole bands crossing the Fermi level at � and only one
band crossing the Fermi level at M (π,π,0), the latter does
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FIG. 2. (Color online) Electronic band structure of the collapsed
tetragonal phase in (a) CaFe2As2 and (b) KFe2As2. The path is
chosen in the one-Fe equivalent Brillouin zone. The colors indicate
the weights of Fe 3d states.

feature hole pockets at both � and M in the one-Fe equivalent
Brillouin zone. The reason for this difference in electronic
structure is that KFe2As2 is strongly hole doped compared to
CaFe2As2.

In Fig. 3 we show the Fermi surface in the one-Fe equivalent
Brillouin zone at kz = 0. In both cases, the Fermi surface
is dominated by Fe 3dxz/yz character. The hole cylinders in
KFe2As2 span the entire kz direction of the Brillouin zone,
while only a small three-dimensional hole pocket is present
in CaFe2As2 (see Ref. [41]). For KFe2As2, the hole pockets
at M (π,π,0) and the electron pockets at X (π,0,0) are
clearly nested, while no nesting is observed for CaFe2As2.
It is important to note here that the folding vector in the 122
family of iron-based superconductors is (π,π,π ), so that the
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FIG. 3. (Color online) Fermi surface of the collapsed tetragonal
phase in (a) CaFe2As2 and (b) KFe2As2 at kz = 0. The full plot spans
the one-Fe equivalent Brillouin zone, while the area enclosed by the
gray lines is the two-Fe equivalent Brillouin zone. The colors indicate
the weights of Fe 3d states.
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hole pockets at M(π,π,0) will be located at Z (0,0,π ) after
unfolding the bands to the effective one-Fe picture [42].

After qualitatively identifying the difference between the
CT phases of CaFe2As2 and KFe2As2, we calculate the non-
interacting static susceptibility to verify that the better nesting
of KFe2As2 generates stronger spin fluctuations. For that
we constructed 16-band tight-binding models from the DFT
results using projective Wannier functions as implemented in
FPLO [43]. We keep the Fe 3d and As 4p states, which corre-
sponds to an energy window from −7 to +6 eV. Subsequently,
we unfold the 16-band model using our recently developed
glide reflection unfolding technique [42], which produces an
effective eight-band model of the three-dimensional one-Fe
Brillouin zone.

We analyze these eight-band models using the three-
dimensional (3D) version of random phase approximation
(RPA) spin fluctuation theory [44] with a Hamiltonian H =
H0 + Hint, where H0 is the eight-band tight-binding Hamilto-
nian derived from the ab initio calculations, while Hint is the
Hubbard-Hund interaction. The arsenic states are kept in the
entire calculation, but interactions are considered only between
Fe 3d states. Further information is given in Ref. [41].

The noninteracting static susceptibility in orbital space is
defined by Eq. (1), where matrix elements as

μ(�k) resulting
from the diagonalization of the initial Hamiltonian H0 connect
orbital and band space denoted by indices s and μ, respectively.
The Eμ are the eigenvalues of H0 and f (E) is the Fermi
function:

χ
pq
st (�q) =− 1

N

∑

�k,μ,ν

as
μ(�k)ap∗

μ (�k)aq
ν (�k + �q)at∗

ν (�k + �q)

× f (Eν(�k + �q)) − f (Eμ(�k))

Eν(�k + �q) − Eμ(�k)
(1)

The observable static susceptibility [41] is defined as the sum
over all elements χbb

aa of the full tensor χ (�q) = 1
2

∑
a,b χbb

aa (�q).
The effective interaction in the singlet pairing channel is

constructed from the static susceptibility tensor χ
pq
st which

measures strength and wave-vector dependence of spin fluctu-
ations, via the multiorbital RPA procedure. Both the original
and effective interaction are discussed, e.g., in Ref. [45]. We
have shown previously that our implementation is capable of
capturing the effects of fine variations of shape and orbital
character of the Fermi surface [46].

At first glance, the observable static susceptibility displayed
in Fig. 4 is comparable for CaFe2As2 and KFe2As2. A key
difference is, however, revealed upon investigation of the
largest elements, i.e., the diagonal entries χaa

aa . These show
that in CaFe2As2 the susceptibility has broad plateaus, while
in KFe2As2 the susceptibility has a strong peak at X (π,0,0)
in the one-Fe Brillouin zone, which corresponds to the usual
s± pairing scenario that relies on electron-hole nesting. In
CaFe2As2 the pairing interaction is highly frustrated because
there is no clear peak in favor of one pairing channel.

We have also performed spin-polarized calculations for
KFe2As2 at P ≈ 21 GPa in order to confirm the antiferro-
magnetic instability we find in the linear response calculations.
Out of ferromagnetic, Néel, and stripe antiferromagnetic order,
only the stripe antiferromagnet is stable with small moments
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FIG. 4. (Color online) Summed static susceptibility (top) and its
diagonal components χaa

aa (bottom) in the eight-band tight-binding
model for (a), (c) CaFe2As2 and (b), (d) KFe2As2 in the one-Fe
Brillouin zone. The colors identify the Fe 3d states.

of 0.07μB on Fe, in agreement with our calculations for the
susceptibility.

The leading superconducting gap function of KFe2As2 in
the CT phase is shown in Fig. 5. As expected from our
susceptibility calculations, the pairing symmetry is s wave
with a sign change between electron and hole pockets. While
the superconducting gap is nodeless in the kz = 0 plane, the
kz = π plane does show nodes where the orbital character
changes from Fe 3dxz/yz to Fe 3dxy . Note that this kz = π

structure of the superconducting gap is exactly the same as in
the well-studied LaFeAsO compound [44], which shows that
the CT phase of KFe2As2 closely resembles usual iron-based
superconductors, although it is much more three dimensional
than, e.g., in LaFeAsO.

We have also calculated the superconducting gap function
for KFe2As2 at P = 10 GPa in the tetragonal phase and
find dxy as the leading pairing symmetry [41]. The dominant
dx2−y2 solution obtained in model calculations based on
rigid band shifts [22,24] is also present in our calculation,
but as a subleading solution. Our results strongly suggest
that the Lifshitz transition, which occurs upon entering the
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FIG. 5. (Color online) Leading superconducting gap function
(s±) of the eight-band model in the one-Fe Brillouin zone of KFe2As2

in the CT phase at (a) kz = 0 and (b) kz = π .
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TABLE I. Mass renormalizations m∗/mLDA of the Fe 3d orbitals
in the collapsed tetragonal phase of KFe2As2 calculated with the
LDA+DMFT method.

dz2 dx2−y2 dxy dxz/yz

1.318 1.309 1.319 1.445

collapsed tetragonal phase, changes the symmetry of the
superconducting gap function from d wave (tetragonal) to s

wave (CT) (see Fig. 1). The possible simultaneous change of
pairing symmetry, density of states, and Tc potentially opens up
different routes to understanding their quantitative connection.

In order to estimate the strength of local electronic
correlations in collapsed tetragonal KFe2As2, we performed
fully charge self-consistent DFT+DMFT calculations. We
used the same method as described in Ref. [35]. The DFT
calculation was performed by the WIEN2K [47] implementation
of the full-potential linear augmented plane wave (FLAPW)
method in the local density approximation (LDA) with 726 k

points in the irreducible Brillouin zone. We checked that the
results of FPLO and WIEN2K agree on the DFT level. The Bloch
wave functions are projected to the localized Fe 3d orbitals, as
described in Refs. [48,49]. The energy window for projection
was chosen from −7 to +13 eV, with the lower boundary
lying in a gap in the density of states. For the solution of
the DMFT impurity problem, the continuous-time quantum
Monte Carlo method in the hybridization expansion [50]
as implemented in the ALPS [51,52] project was employed
(see Ref. [41] for more details). The mass renormaliza-
tions are directly calculated from the analytically contin-
ued real part of the impurity self-energy �(ω) via m∗

mLDA
=

1 − ∂ Re �(ω)
∂ω

|ω→0.
Table I displays the orbital-resolved mass renormalizations

m∗/mLDA for KFe2As2 in the collapsed tetragonal phase. The
obtained values show that local electronic correlations in the
CT phases of KFe2As2 and CaFe2As2 [36,37] are comparable.
As in CaFe2As2, the effects of local electronic correlations on
the Fermi surface are negligible (see Ref. [41]). The higher

Tc of the collapsed phase in the absence of strong correlations
raises the question of how important strong correlations are in
general for iron-based superconductivity. This issue demands
further investigation.

Finally, the change of dominant charge carriers from hole
to electronlike states measured in the Hall coefficient under
pressure [18] is naturally explained from our calculated Fermi
surfaces. While KFe2As2 is known to show only hole pockets
at zero pressure, the CT phase features also large electron
pockets. On a small fraction of these electron pockets, the
dominating orbital character is Fe 3dxy (Fig. 3). It was shown
in Ref. [53] that quasiparticle lifetimes on the Fermi surface
can be very anisotropic and long-lived states are favored where
marginal orbital characters appear. As Fe 3dxy character is
only present on the electron pockets, these states contribute
significantly to transport and are responsible for the negative
sign of the Hall coefficient.

In summary, we have shown that the electronic structure of
the collapsed tetragonal phase of KFe2As2 qualitatively differs
from that of other known collapsed materials. Upon entering
the CT phase, the Fermi surface of KFe2As2 undergoes a
Lifshitz transition with electron pockets appearing at the
Brillouin zone boundary, which are nested with the hole
pockets at the Brillouin zone center. Thus, the spin fluctuations
in collapsed tetragonal KFe2As2 resemble those of other
iron-based superconductors in noncollapsed phases, and the
superconducting gap function assumes the well-known s±
symmetry. This is in contrast to other known materials in
the CT phase, such as CaFe2As2, where hole pockets at the
Brillouin zone center are absent and no superconductivity is
favored. Based on our LDA+DMFT calculations, the CT
phase of KFe2As2 is significantly less correlated than the
tetragonal phase, and mass enhancements are comparable to
the CT phase of CaFe2As2. Finally, we suggest that the change
of dominant charge carriers from hole to electronlike can be
explained from anisotropic quasiparticle lifetimes.
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