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Structural, electronic, and dynamical properties of the tetragonal
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Compounds with a tetragonal ThCr, Si,-type structure are characterized by the possibility of the isostructural
phase transition from the tetragonal phase to the collapsed tetragonal phase induced by the external pressure. An
example of a compound with such a phase transition is KFe,As,, which belongs to the family of the iron-based
superconductors. In this paper, we investigate the effects of the phase transition on the structural, electronic, and
dynamical properties of this compound. Performing the ab initio calculations, we reproduce the dependence
of the lattice constants on pressure and analyze the changes of the interatomic distances in the tetragonal
and collapsed tetragonal phases. Using the tight binding model with maximally localized Wannier orbitals, we
calculate and discuss the influence of pressure on the electronic band structure as well as on the shape of the
Fermi surface. We found a precursor of the phase transition in the form of enhancement of overlapping between
two Wannier orbitals of As atoms. In order to better understand the superconducting properties of KFe,As,,
we study the orbital-projected Cooper pairs susceptibility as a function of pressure. We found a decrease
of susceptibility with the increasing pressure in a good qualitative agreement with experimental observation.
The structural transition also influences the phonon spectrum of KFe,As,, which exhibits pronounced changes
induced by pressure. Some phonon modes related with the vibrations of Fe and As atoms show an anomalous,
nonmonotonic dependence on pressure close to the phase transition.
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I. INTRODUCTION

A discovery of the high-temperature iron-based supercon-
ductors (IBSC) in 2008 [1] opened a period of intensive
studies of these compounds [2-6]. One of the most inves-
tigated family is AFe,As; (or shortly A122), where A is an
alkali metal or rare-earth metal. In this family, a heavily hole-
doped K122, which crystallizes in the tetragonal ThCr,Si,-
type structure (I4/mmm, space group 139), is particularly
interesting. It is the end-member of the Ba;_,K,122 series,
where the maximum 7, = 38 K is achieved at optimal doping
x ~ 0.4 [7]. K122 with T, ~ 3.5 K [8,9], in contrary to the
Bal22 compound, does not show any magnetic order [10].

In a general case, the IBSC exhibit a structural phase tran-
sition from the tetragonal phase to the orthorhombic one due
to changes in temperature or chemical pressure [11]. K122
crystallizes in the tetragonal phase and under external pressure
exhibits a phase transition from the tetragonal (T) to the
collapsed tetragonal (cT) phase, with the same symmetry but
with strongly and not uniformly modified lattice parameters.
The T-cT phase transition has been reported not only for the
IBSC (like, e.g., K122 [12,13], Cal22 [14], Bal22 [15,16],
and Eul22 [17]), but also for other compounds with the
ThCr,Si,-type structure (e.g., StrRh,P, [18], CaFe,P, [19],
EuFe,P; [20], SrCo,As; [21], or BaCr,As; [22]).
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External pressure changes the superconducting properties
of the K122 tetragonal phase. 7, shows a nonmonotonic
behavior on pressure [12,13,23-26], with a minimum at p. ~
1.8 GPa [26]. Around this point, 7, shows a universal V—
shape dependence in the weak pressure regime [27], what
has been reported not only in the case of K122 [26], but
also for Rb122 [27] and Cs122 [28]. Early experimental stud-
ies at higher pressures report two different superconducting
domes around the structural phase transition with the en-
hanced critical temperature in the collapsed tetragonal phase
[12]. The band structure calculations predicted the occurrence
of the Lifshitz transition and the change of gap symmetry
from d-wave to sy-wave when entering the cT phase [29].
However, more recent studies indicated a gradual suppression
of superconductivity under pressure with 7, going to zero
at ~11 GPa and an absence of superconductivity in the cT
phase [25].

The isostructural phase transition also influences the dy-
namical properties of 122 crystals. Significant changes in the
atomic vibrations, mainly along the z direction, have been
observed in high-pressure measurements using the inelastic
x-ray and neutron scattering for Cal22 [30] and the nuclear
resonant inelastic scattering for Sr122 [31]. One should expect
similar effects in K122, however, the phonon properties of this
compound have not been studied yet.

In this paper, in order to obtain a deeper insight in the
structural phase transition from the T phase to the cT phase,
structural, electronic, and dynamical properties of K122 under
hydrostatic pressure have been studied using the density func-
tional theory (DFT). We analyze in details changes in the elec-
tron band structure and discuss the Lifshitz transition induced
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by pressure. Using the tight binding model (TBM) constructed
within maximally localized Wannier (MLW) functions, we
study the effect of pressure on the pairing susceptibility and
discuss the mechanism that leads to suppression of super-
conductivity in K122. Our studies can be generalized to
other members of the 122 family and help to explain the
partial cT phase in a new IBSC 1144 family [32-34] (e.g.,
CaKFe4As; [35,36], RbEuFe Ass, and CsEuFesAsy [37]).
The present paper is organized as follows. In Sec. II, we
show and describe the influence of the external hydrostatic
pressure on physical properties of the system, especially: the
main structural properties (Sec. II A), electronic properties
(Sec. II B), superconducting properties II C, and dynamical
properties (Sec. IID). Finally, we summarize the results in
Sec. 1.

II. NUMERICAL RESULTS AND DISCUSSION

Main DFT calculations were performed using the projector
augmented-wave method [39], within the generalized gradient
approximation [40] to the exchange-correlation functional,
implemented in the VASP program [41,42]. The method of
Methfessel-Paxton broadening technique [43] with 0.2 eV
width of smearing was adopted to describe the partial occu-
pancies for each wave function. A k-mesh of 16 x 16 x 8
points in the Monkhorst-Pack scheme [44] was used for inte-
gration in the reciprocal space and the energy cutoff for plane
wave expansion of 450 eV was applied. The crystal structure
was optimized using the conjugate gradient technique with
the energy convergence criteria set at 10~7 and 1073 eV for
electronic and ionic iterations, respectively, in the conven-
tional cell. During calculations, the lattice constants a and ¢
as well as the position of As atoms (zas) were optimized. The
optimization procedure was repeated for various hydrostatic
pressures imposed on the K122 structure. The numerical
results and characterization of the optimized parameters will
be shown in Sec. IT A.

Next, for the optimized structures, we present the elec-
tronic properties of the system in the normal phase, i.e., not su-
perconducting one (Sec. II B). Additionally, we predict prop-
erties of the K122 in the superconducting state by using the
Cooper pairs susceptibility, described in details in Ref. [45].
To do this, we express the Bloch states in the form of the
TBM using the MLW orbitals [46]. These calculations were
performed by the WANNIER9O program [47,48]. We chose d
orbitals centered at Fe atoms and p orbitals centered at As
atoms building the 16-orbital TBM. The calculations were
performed in a primitive unit cell. The TBM was also used to
find the shape of the Fermi surfaces (FS) on a 50 x 50 x 50 k
grid and orbital projections.

In the last part, the phonon calculations are presented
(Sec. ITD). The dynamical properties of K122 were calculated
using the direct force constant approach (the Parlinski-Li-
Kawazoe method) [49] implemented in the PHONON program
[50]. In these calculations, we used the supercell containing
2 x 2 x 2 conventional cells, with simultaneous reduction of
the k mesh to 4 x 4 x 2. The force constants were obtained
from first-principle calculations of the Hellmann-Feynman
forces by VASP and they were used to build a dynamical

matrix of the crystal. Phonon frequencies were obtained by
the diagonalization of the dynamical matrix.

A. Isostructural phase transition

As it was mentioned, K122 crystallizes in a tetragonal
ThCr,Si,-type structure (I4/mmm, space group: 139), which
consists of Fe, As, layers separated by potassium layers. With
increasing hydrostatic pressure, the phase transition from T
to cT structure occurs around 16 GPa. At this transition, the
crystal structure does not change its symmetry. In both phases,
the primitive unit cell contains single KFe;As, chemical
formula, but it is more convenient to use the crystallographic
cell, which is shown in Fig. 1(a). In this cell three nonequiv-
alent atoms K, Fe, and As are placed at the crystallographic
sites: 2a(0, 0, 0), 4d(0.5,0,025) and 4¢(0, 0, za5), respec-
tively, defining all remaining atomic positions. In the absence
of pressure, the structural parameters of the K122 tetragonal
phase were specified as a = b = 3.842 A, ¢ = 13.861 A,
and zas = 0.3525 [51]. Within our numerical calculations we
founda = b =3.782 A, c = 13.876 A, and z5s = 0.3469.

The pressure dependence of the optimized structural pa-
rameters (distances between atoms, an angle between two
Fe-As bonds, lattice constants as well as volumes of the
crystallographic cell and the FeSe layer) are presented in
Figs. 1(b)-1(e). The differences beetween the theoretical lat-
tice constants and the experimental data [12] in the entire
range of pressure are smaller than 1.5%. This is a typical error
in DFT calculations and it does not depend much on pressure.
Therefore our structural studies under pressure are reliable
and enough accurate to reproduce the relationship between the
lattice parameters and pressure observed experimentally by
the diffraction studies [12]. This can clearly be demonstrated
by comparing Fig. 1(d) with Fig. 3(c) shown in Ref. [12].
The lattice parameter a first decreases up to p ~ 8 GPa and
then starts to increase. The lattice constant ¢ decreases in a
whole range of pressures. A sharp enlargement of parameter
a and sudden reduction of parameter ¢ point out that the
T-cT phase transition occurs at p = 14 GPa. The measured
x-ray diffraction spectra taken at room temperature indicate
an abrupt change of lattice parameters around 16 GPa. Such
discrepancy between the measured and calculated pressure of
the isostructural transition is not surprising taking into account
that the calculated lattice constants correspond to temperature
0 K. Above the phase transition, parameter a decreases again
with pressure.

The unusual modifications of lattice parameters with pres-
sure are induced by the changes of interatomic distances
[Fig. 1(b)]. Especially, the relation between the As-As inter-
layer distance and the distances of Fe-As and Fe-Fe in the
FeAs plane seems to be crucial. Results of detailed analysis
of the crystal geometry (Fig. 1) are presented below.

(i) The shortest interatomic distance is that between the Fe
and As atoms within one FeAs layer [Fig. 1(b)]. Its length,
2.32 A, is slightly smaller than the sum of Fe and As covalent
radii indicating strong Fe-As bonds within the layers. With
increasing pressure the Fe-As distance decreases very slowly.

(ii)) The second shortest distance between neighboring
Fe atoms, which initially equals 2.68 A, decreases with in-
creasing pressure achieving minimum around 10 GPa. Then
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FIG. 1. (a) The conventional cell of the tetragonal (/4/mmm) structure of KFe,As,. The image was rendered using VESTA software [38].
Pressure dependencies of the following structural parameters: (b) Fe-As, Fe-Fe, K-As, and As-As (as labeled) interatomic distances, (c) angle
o between two Fe-As bonds [shown in (a)] and distance ha of As atom from Fe plane, (d) lattice constants a and ¢, and (e) volume V of the
K122 crystal cell (in a conventional standard) and relative volume Vias/V of Fe-As layer [shown in (a)].

it grows up around the phase transition and under higher
pressure it starts slow decreasing again.

(ii1) The interlayer distance between two As atoms [labeled
as As-As in Fig. 1(b) and shown as a blue dashed line
in Fig. 1(a)] equals to 4.25 A at zero pressure and drops
dramatically to 2.94 A under compression to 15 GPa. In ¢T
phase, the increasing pressure leads to further shortening of
this distance, however, the rate of distance decrease is notably
slower.

(iv) The interplanar As-Fe-As bond angle [marked in
Fig. 1(b) as «] shows a nonmonotonous dependence on
pressure and changes abruptly around the phase transition
[Fig. 1(c)]. Further increasing of pressure leads to only small
changes of this angle.

(v) The internal parameter ha,, denoting a distance be-
tween As-atoms and Fe-atom planes (a half of the FeAs
layer width), first increases and then decreases with increasing
pressure, showing the abrupt reduction at the phase transition
[Fig. 1(b)]. Additional increase of the pressure leads to only
small decrease of its value.

(vi) Changes of the lattice constants [Fig. 1(d)] with in-
creasing pressure leads to simultaneous change of the volume
of the tetragonal crystallographic cell and volume of the FeAs
layer [Fig. 1(e)]. At the transition point both values change
discontinuously as a consequence of the collapse.

(vii) Above the isostructural phase transition, all inter-
atomic distances slowly decrease with an approximately linear
dependence on pressure.

The sharp decrease of the As-As distance with pressure is
the common feature of compounds belonging to 122 family
and exhibiting the T-cT phase transition. The distance be-
tween interlayer arsenic atoms decreases with pressure reach-
ing a value that is lower than a sum of the van der Waals
radii in the cT phase. For this reason the tetragonal collapse
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observed in the 122 compounds under pressure is discussed
taking into account the direct bond formation between inter-
layer As atoms or the overlap of arsenic 4p, orbitals [52-54].
At the same time, the strong in-plane Fe-As and Fe-Fe bonds
become weaker and consequently the system changes its
typical two-dimensional character to the three-dimensional
collapsed phase at high pressure.

The evolution of charge density distribution with pressure
in KFe,As, presented in a-c plane passing through the As
atoms (Fig. 2) confirms previous findings. At zero pressure
[Fig. 2(a)] the strong covalent As-Fe bonds are characterized
by the high charge density between these atoms while the
weakly bonded neighboring FeAs planes are separated by the
regions with a low charge density. The isocharge lines plotted

(d) 30.0 GPa

(a) 0.0 GPa (b)13.5 GPa (c)15.0 GPa

VIR PN PN

charge

min

FIG. 2. Contour maps of the spatial distribution of charge density
in KFe;As; in plane passing through interlayer As atoms calculated
for four hydrostatic pressures. The densities from min = 0 to max =

0.345¢/ A’ are presented using contours plotted in logarithmic mode.
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(a) 0.0 GPa

(b)13.5 GPa (c)15.0 GPa (d) 30.0 GPa

FIG. 3. p.-like maximally localized Wannier orbital localized
around As atoms. For the simplicity only orbital originating from one
As atom is shown. The second p,-like orbital can by obtained by the
mirror point symmetry. Red and blue colors of the orbital correspond
to different signs of the wave function. The primitive unit cell of
K122 is shown for a comparison.

in logarithmic mode (as implemented in VESTA software)
demonstrate the significant differences of densities. Due to
the very low charge density between two As atoms the large
As-As distance is easily shortened by the imposed pressure
until the T-cT transition pressure is achieved and the charge
density is substantially higher. Finally, at 30 GPa the charge
density between interlayer As atoms is just as high as that
between atoms belonging to the single FeAs layer.

In the orbital representation, the formation of As-As bonds
is related to the overlap between the p, orbitals of As atoms
from neighboring FeAs layers. In Fig. 3, we show the evolu-
tion of p.-like MLW orbital centered at one As atom. With
increasing pressure the shape of this orbital is changing. We
can observe the emergence of an additional part of the orbital
located outside the primitive cell. Since the 122 structure
exhibits the mirror point symmetry, the p, orbital associated
with the nearest As atom (in the same unit cell) exists with the
opposite phase. Initially focused in one unit cell [Fig. 3(a)],
the orbitals begin to play a more important role in the bonding
between the neighboring primitive cells along the z direction.
As we can see, in contrary to the behavior of the isocharge
surface at p = 0 GPa, the p,-like Wannier orbitals show a
precursor of bonding between two neighboring cells along the
z direction below the structural phase transition.

B. Electronic structure

As we mentioned above, for a reproduction of the electron
band structure of the K122 compound, we fitted the TBM
using the MLW orbitals basis. To construct 16 bands in the
TBM, we take the Fe 3d orbitals and As 4p orbitals [55]. A
comparison of the band structure obtained within the ab initio
(DFT) calculations and that extracted from the TBM (in the
absence of the external pressure) is shown in Fig. 4. Around
the Fermi level and far below, the model very well reproduces
the band structure obtained within the DFT. As we can see, the
used model is more adequate than the previous ones, e.g., the
five-orbital/ten-band model [56,57]. For each pressure, we fit
the parameters of the TBM, independently.

The obtained TBM defines the hopping integrals between
different orbitals in several neighboring unit cells in every
direction (precisely to all cells included in the supercell built
of 13 x 13 x 13 unit cells, while the initial cell is located at

--------- TB model

FIG. 4. A comparison of the band structures of K122 obtained
from DFT calculations (red solid lines) and tight binding model in
maximally localized Wannier orbitals (blue dotted lines). Results in
the absence of the hydrostatic pressure.

the center of the supercell). It should be noted that near the
structural phase transition, hopping integral changes its value
due to larger overlap between orbitals along the z axis. The
largest modifications are found for the p, orbitals localized
on two neighboring As atoms along the z direction [shown
as blue dashed line in Fig. 1(a)]. For this bond the hopping
integral changes its value from 1.394 to 1.901 eV. This change
is associated with the emergence of stronger As-As interlayer
bonding [52-54], described in the previous section.

The spectra measured by the angle resolved photoemission
spectroscopy (ARPES) showed the existence of three hole
pockets centered at the I point and four small hole pockets
around the X point [8,58-60]. A comparison of these results
with the DFT calculations is presented in Fig. 5. To achieve
a consistency of these results with our DFT calculations
it is necessary to shift theoretical results of approximately
75 meV to lower energies [cf. blue and red lines Fig. 5(b)].
A similar comparison can be done for the FS obtained by
ARPES [Fig. 5(c)]. To do this, we have calculated the spectral
function A(k, w) at the “new” shifted Fermi level w = E,‘j:ff.
The obtained result is shown as a color map in Fig. 5(d).
As we can see, the structure of shifted bands found by the
DFT calculations very well reproduces the shape and size of
the experimental FS. Such a small shift of the Fermi level
can be treated effectively as doping that changes the average
number of particles by dn ~ 0.075 [61]. Here, it should be
noted that such small doping does not change qualitatively
the obtained electronic structure. This fixed “shift” of the band
energies was applied in the rest of calculations in the presence
of pressure. We should also note that real samples may include
some small deviations from the ideal stoichiometry, which are
very difficult to observe experimentally.

One should also have in mind that the DFT calcula-
tions for IBSC, e.g., Refs. [6,56,63-70], often give the band
structure shifted with respect to the experimental ARPES
data [60,71-74]. Moreover, from a comparison of the band
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FIG. 5. Comparison of experimental ARPES results and DFT
calculations. (a) ARPES band structure along the I'-X direction
around the Fermi level. (b) Comparison of the DFT results (blue line)
with ARPES spectra from panel (a) (background and red line). The
DFT band structure is shifted with respect to experimental results by
approximately 75 meV to higher energy (cf. blue and red lines). The
green line denotes the Fermi level obtained from the ARPES. (c) The
Fermi surface at I'-X plane obtained by ARPES. (d) Comparison
of the calculated spectral function A(k, w) at the effective (shifted)
Fermi level w = E;ﬂ (background) with ARPES data (red dots).
ARPES data are adopted from Ref. [58].

structure obtained from the ARPES and DFT calculations,
we can observe not only the shift of the Fermi level, but
also different effective masses m*, i.e., different 1/m*
[02E; / 8k2]k:kp. The experimental value of the effective elec-
tron mass m*/m, is reported in the range from 6 to 20
[67,75,76]. This discrepancy is a consequence of the incorrect
description of correlations in IBSC by the DFT approach.
This is a well-know problem, which has been discussed many
times in the literature [77-79] and can be solved by the
band renormalization [80] or the combination of DFT with
the dynamic mean-field theory (DMFT) [81-87]. A better
inclusion of the correlation effects gives more realistic band
structures, ordering of magnetic moments, effective masses as
well as Fermi surfaces [88]. However, in the present work,

FIG. 6. (a) The first Brillouin zone of the tetragonal structure
(I4/mmm) and its high-symmetry points. The Fermi surface of K122
at ambient pressure (b), before the structural transition (c), and after
the structural phase transition (d). The image was rendered using
XCRYSDEN software [62].

the main objective is the influence of pressure on properties
of K122, therefore, the purpose of the Fermi level shift is to
obtain the proper band structure at zero pressure.

The FS of the IBSC have a characteristic cylindrical shape
[72,86,89,90]. The FS calculated for K122 at p = 0 GPa using
the shifted Fermi level, shown in Fig. 6(b), agrees with the
experimental results obtained by ARPES [8,60]. It is formed
by three holelike bands, which participate in a creation of
three pockets in the middle of the Brillouin zone (BZ) along
the I'-Z line and four small pockets located close to the
corners of the BZ (at the X-P line).

With increasing pressure, a shape of the FS is modified
both in the neighborhood of the BZ boundary at k, = 7 /c and
close to the X-P-Y, boundary [cf. Figs. 6(b) and 6(c)]. The
pocket observed close to the X point at p = 0 GPa is shifted
to the zone boundary and changes its character from holelike
to the electronlike at higher pressures. This type of changes in
the FS of K122 has been already discussed [12] and reported
also for other 122 family members [91,92].

A further increase of pressure causes the occurrence of
a new structure in the I'-X (k, = 0) plane of the FS when
the system passes through the structural transition pressure
[Fig. 6(d)]. This phenomenon is known as Lifshitz transition
induced by the pressure [93]. To discuss it more precisely
we calculate the orbital-projection band structure. Details of
these calculations are presented in Appendix B. The results of
numerical calculations are shown in Fig. 7 for the Fe d orbitals
and As p orbitals (left and right columns, respectively). K
ions do not have considerable contribution in the presented
energy range and do not play any role in the construction
of the TBMs. In the case of the Fe d orbitals, the structural
transition modifies the bands close to the Fermi level mainly
along the X-Y-X line [cf. Figs. 7(a) and 7(c)]. Some parts of
the d,;/d,, bands located just below the Fermi level in the T
phase are shifted above it in the c¢T phase. Similar behavior
is observed for the As p orbitals, where the modifications of
the bands in this part of the BZ are even more pronounced [cf.
Figs. 7(b) and 7(d)]. Two bands associated with the p.-like

134103-5



PTOK, STERNIK, KAPCIA, AND PIEKARZ

PHYSICAL REVIEW B 99, 134103 (2019)

(a) Fe 13.5 GPa

-

) \ : jl

T XY b3 r
(c) Fe 15.0 GPa

2.0 \ T FA

,/ﬂnl | <

T XY

b A
®) 50 >

13.5 GPa
ARy

DPa /Py P2

E Er €V)

(d)

FIG. 7. Electron band projections on Fe d orbitals (left column) and As p orbitals (right column). Sizes of dots correspond to the value of
the contribution of a given orbital, while their colors correspond to their type (as labeled). The results obtained below (top row, p = 13.5 GPa)
and above (bottom row, p = 15.0 GPa) the structural phase transition (in the T and cT phases, respectively).

orbitals (marked by the red and blue ovals) located below the
Fermi level are shifted by increasing pressures above it. The
band projections on the p,- and p,-like orbitals do not change.

The Lifshitz transition associated with the T-cT phase
transition in K122 is mainly caused by shift of bands lying
along X-Y-X line. These bands initially located below Fermi
level are moved above it. Another change observed above the
transition pressure is the enhanced band energy dispersions
along the I'-Z. It is interesting to note that filling of all bands
is changed at the Lifshitz transition. This is experimentally
observed, e.g., in Hall coefficient Ry, which is proportional
to the inverse of the total filling 1/n [94]. For K122, the Hall
coefficient changes its sign at the structural transition [13,26].

The Lifshitz transition leads to the modification of the
FS topology. It also changes contributions of given orbitals,
which forms the FS. A perfect nesting between electron and
hole pockets of the FS [95] reported in many families of the
IBSC [4,35,96-100] occurs in the absence of the external
pressure. However, in K122 at pressures below the isostruc-
tural transition the perfect nesting is not observed, and one
cannot expect an existence of any magnetic order or nematic
phases [101,102]. The situation looks different for the cT
phase. In this case, the Lifshitz transtion (i.e., the emergence
of new pockets of the FS around the boundary of the BZ)
leads to the FS shape [12,92] resembling that observed in
the magnetic YFe,Ge,, what has been suggested also in
Ref. [103]. Similar properties can be also expected in the case

of YRu,Ge,, which present the same Fermi surface structure
[104]. The other indication of the presence of the magnetic
order in the cT phase is the vanishing superconducting state.
Its disappearance can be a consequence of the competition
between magnetism and superconductivity.

C. Superconducting properties

IBSC are characterized by the unconventional super-
conductivity [105-107], i.e., the anisotropic gap (symmetries
other than s-wave, typically sy symmetry [65,108-110])
and mediated by antiferromagnetic spin fluctuations
[11,56,57,108,111,112]. In the relation to this, in the
absence of the pressure, the experimental results for
K122 show that this material is characterized by the
d-wave-type gap with nodal lines [69,113], what was
reported, e.g., in magnetic penetration-depth [114,115],
thermal conductivity [9,115-117] or nuclear quadrupole
resonance [9] measurements. However, with increasing
pressure, the gap symmetry can be changed from d to s1. [29].

In the low-pressure regime, K122 exhibits a sudden change
of behavior of critical temperature 7, from its initial de-
crease with pressure to an increase above pressure p, =
1.75 GPa [26]. Moreover, the universal V-shape temperature-
pressure phase diagrams of K122, Rb122 and Cs122 have
been reported [27]. In addition, the critical magnetic field
initially decreases with the external pressure, whereas above
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FIG. 8. (a) Total electronic density of states (black solid line and
the shadow) and partial electronic DOS projected onto orbitals of
Fe and As atoms (color labeled lines as indicated) at p = 0 GPa.
(b) Contributions of given types of the orbitals to the total DOS at
the Fermi level as a function of the external pressure. f,, denotes the
contribution of d.,, d,,, and d,, orbitals of the Fe atoms together,
e, denotes the contribution of d> and d,»_,» orbitals of Fe atoms
together, whereas p is the joint contribution of all p-like orbitals of
As atoms.

pc it increases with pressure [118]. Experimental analyses
of the FS in the presence of weak pressure do not provide
any additional information about superconducting properties
[119]. At higher pressures (p > 4.5 GPa), the critical tem-
perature decreases and superconductivity disappears above
11 GPa [25].

Superconducting properties of 122 systems result from the
filling of d orbitals [75]. By analogy to Bal22, one can expect
that strong electron pairing should be present in the 3d,./y,
Fe orbitals [120]. In this context, the orbital contribution to
the total DOS at the FS [presented in Fig. 8(b)] can be an
important indicator of the role of particular orbitals in the
superconducting state. In the absence of external pressure,
the local maximum in the DOS is located near the Fermi
level [Fig. 8(a)]. The results of our calculations presented in
Fig. 8(b) show the contributions of d and p orbitals to the total
DOS. As we can see, with increasing pressure an influence of
the f,, orbitals at the Fermi level decreases initially from 60%
to 37%. Next, at larger pressures, its value is approximately
constant, while the contribution of the e, (p) orbitals decreases
(increases) dramatically around the phase transition.

Similar analysis can be performed by using the Cooper
pairs susceptibility (for details of the method see in, e.g.,

>
=
2
e
ol
9
2 i i i
2004 e s SRR SEEEEET SRS
T phase ‘ .¢T phase |
0.02 SR TEET TR, . L —
0.00 | | | | |
0 5 10 15 20 25 30

p (GPa)

FIG. 9. The pressure dependence of the superconducting intra-
band susceptibility originating from particular groups of the orbitals
[as labeled, denotations as in Fig. 8(b)].

Ref. [45]). This quantity tells us about a tendency of the sys-
tem to realize superconductivity. As we can see from Fig. 9,
similarly as discussed previously, a role of d orbitals decreases
with increasing pressure. If we assume that only d.;/,. or-
bitals on Fe atoms are responsible for superconductivity (cf.
Ref. [120]), the decreasing value of susceptibility in these
orbitals is consistent with the diminution of superconductivity
under pressure observed experimentally.

D. Dynamical properties

In this section, we analyze the influence of pressure and
structural phase transition on lattice dynamics in K122. De-
tails of the calculation method are described in Appendix C.
The phonon dispersion relations calculated at p = 0 GPa are
presented in Fig. 10. At any point in the Brillouin zone, there
are 15 vibrational normal modes as it is expected for a crystal
with 5 atoms in the primitive unit cell. Phonon frequencies
cover the range up to 9 THz including a small gap around

10 T I T

Frequency (THz)

0 T /o
r Xy s T z N PY %

FIG. 10. Phonon dispersion curves of K122 along the high-
symmetry directions of the first Brillouin zone at p = 0 GPa.
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12 () 0.0 GPa (p)13.5 GPa (¢)15.0 GPa  (d)30.0 GPa
T T I — T T B —

Frequency (THz)

I N |
3 4 50 1 2 3 4 50 1 2 3 4 5

DOS/PDOS (a.u.)

FIG. 11. Total phonon DOS (shaded grey area) and partial
phonon DOS (red, blue, green lines correspond to the K, Fe, and As
atoms, respectively) for several values of the hydrostatic pressure.

6 THz. The total phonon density of states and individual
contributions of atoms to the total DOS are presented in
Fig. 11. At zero pressure, the vibrations of potassium atoms
dominate at low frequencies between 2 and 4 THz (red lines),
while the vibrational frequencies of Fe and As atoms (blue and
green lines, respectively) cover a whole frequency range. With

(a) K 135 CPa (b) Fe
12 T T T T T 12 T T

13.5 GPa

increasing pressure all phonon frequencies shift to higher
energies with the largest changes observed for the vibrations
of K atoms. A small gap in the phonon DOS observed
at p =0, disappears at higher pressures. Additionally, the
intensities of peaks creating the highest-frequency part of
spectra dramatically change between 13.5 and 15 GPa. Over-
all, the spectra obtained below [Figs. 11(a) and 11(b)] and
above [Figs. 11(c) and 11(d)] the structural phase transition
are clearly distinct due to strong changes in the interatomic
distances and interactions. The lack of any imaginary (soft)
modes in the phonon DOS indicates a dynamical stability of
K122 up to p = 30 GPa.

Next, we follow through the phonon dispersion relations at
13.5 and 15.0 GPa (Fig. 12) to analyze in detail the changes
in lattice dynamics induced by the phase transition. Colors of
lines correspond to the phonon projection on a given direction
(x, y, and z directions correspond to red, green, and blue
color, respectively), while the line thickness corresponds to
the projection value. In this way, we present the contribution
of vibrations of a chosen atom to a selected phonon branch in a
given direction. The dispersion curves taken at both pressures
are quite similar, however, some differences are noticeable.
The K atom vibrations contribute strongly to optical branches
in a narrow range of frequencies around 6 THz and their fre-
quencies increase slightly due to the phase transition. The Fe
atoms contribute mainly to the highest-energy optical modes
as well as to the acoustic modes. The vibrations of Fe atoms
along the z direction are particularly strong at well defined

As 13.5 GPa

10 - : : e s > o ) =

o]

Frequency (THz)

Frequency (THz)
T

0 11 |

\ T T 12 TT T T T T

Frequency (THz)
T

| |1 L | 0 Ll | 1

T XY X r z N PY Z T XYy X I z PY Z
(e) Fe 15.0 GPa () As  15.0 GPa
12 T T - T T 12 T T I T T 12 T T - T T
- z — g L p
1ol T~ A4 W 10
3 5 ] 5 |
= 8 E st —Es- -
= = -
s > X
2 6 = )( ~ B .
o) 5 —— 5
s, N =
S o4l N G4
= g y L y
= &S [ x
2 21 21
N 4
0 L1 | | 1 L1 0 L | I L [ 0 Ll | | [ L1
r XY X Z N PY Z T XYy ¥ r z N PY Z N XYy ¥ I z N PY, Z

FIG. 12. The phonon band structure projections on atoms (columns as labeled) and directions (line colors) below (top row, p = 13.5 GPa)
and above (bottom row, p = 15.0 GPa) the structural phase transition. Sizes of dots correspond to the value of the contribution of oscillations
of a given atom, while their colors determines the direction of that oscillations. Red, green, and blue colors correspond to oscillations in x, y,

and z directions, respectively.
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Raman-active modes

Ay, (6.182 THz) Byy (7.165 THz)

Infrared-active modes

E,(3.111 THz)

A,, (3.649 THz) E, (8.463 THz)

A,, (8.622 THz)

FIG. 13. Schematic illustration of Raman and infrared active
modes in KFe,As,. In the parenthesis the frequency of each mode
is given.

branches started from the I" point at 7.78 THz. In spite of the
contraction of lattice constant c the Fe-Fe interatomic distance
increases so the frequency of this mode decreases to 7.14 THz.
This effect is also very strong for the Fe modes propagating
along the I'-Z direction. The strongest As vibrations are
observed at the I', X, Y, and P high-symmetry points. The
frequencies of these modes are slightly lower than frequencies
of the most intensive Fe phonons. The largest changes induced
by the phase transition are observed for the As modes around
7 THz with polarization along the z direction.

Frequencies at the I" point can be verified experimentally
using the Raman and infrared (IR) spectroscopy. Group theory
analysis indicates that the 12 optical modes form the follow-
ing irreducible representations at the Brillouin zone center,
Top = 2E) 4 2Ay, + 2E[Y + A1y + By, where Ay, E,, and
Bj, modes are Raman active and A,,, E, are infrared active.
In agreement with the dimension of these representations, all
E modes are doubly degenerate at the I point. Atomic dis-
placements corresponding to the Raman and IR active modes
in K122, schematically presented in Fig. 13, are consistent
with those observed previously in KCo,Se, [121]. There are
no Raman modes associated with the vibrations of the K
sublattice. In contrast, vibrations of K atoms dominate in two
of the IR active modes E, and A,,. The first is related to the
strong atomic movements of K atoms along the z direction and
the other one with vibrations in perpendicular plane whereas

(a)  Raman active modes (b) infrared active modes
12 T T L e L A

10/ 4 1op .

T phase cT phase L d

gl- T phase cT phase _|

-
L
4/

\\

Frequency (THz)
=)}
T

Frequency (THz)
[=)}

4 |

—E_ (FeAS(L10)) T
— A {AS0.0.1]} | — A‘;u X001} | |

20 — B, {Fe[0,0.1]} 2+ E, (Fe,As(1,1,0)) [
- E, {FeAs(110)) A, (Fe.As0.0.1])

. |
00 5 10 15 20 25 30 00 5 10 15 20 25 30
Pressure (GPa) Pressure (GPa)

FIG. 14. Evolution of Raman active (a) and infrared active
modes (b) frequencies with pressure.

the amplitudes of As and Fe atoms are about one tenth of K
displacements.

In Fig. 14, the pressure dependence of each of eight
optic modes at the I' point is presented. To characterize
these modes, the symmetry, names of atoms that are mainly
involved in, and the direction of atomic movements are
given. For example, B, {Fe[0, 0, 1]} identifies vibrations of
Fe atoms along the z direction described by the B;, symmetry
and Az {Fe, As(1, 1, 0)} represents vibrations dominated by
movements of As and Fe in the xy plane.

At zero pressure, the two lowest modes are the IR phonons
related with the strong movements of K atoms in the (1,1,0)
plane and along the [0,0,1] direction. Their frequencies sys-
tematically increase with pressure, however, the slopes of
lines become steeper in close vicinity of the structural phase
transition, i.e., between 13.5 and 15 GPa [Fig. 14(b)]. Sim-
ilarly, pronounced changes in frequencies are observed for
all modes in this region of pressure. The frequency of the A,
mode, which involves vibrations of Fe and As atoms along the
z direction shows a nonmonotonic behavior. First, it increases
up to 10 GPa, then drops between 10-15 GPa, and increases
again above the phase transition. A similar behavior is found
for two Raman modes A, and B, representing vibrations
of As and Fe atoms, respectively, along the z direction. As
it is shown in Fig. 12, these modes correspond to the most
intensive phonons propagating along the I'-X and I'-Z direc-
tions. They can be promising objects for experimental and
theoretical investigations of phonons or even phonon-electron
interactions as it was shown in the case of Ba;_,K,Fe,As,
(x = 0.28, superconducting 7, = 29 K), Sri_, K Fe,As, (x =
0.15, 7. = 29 K), and nonsuperconducting Bal22 single crys-
tals [122], Bag ¢Ko4FesAs, [123], or Fe(4,Te _,Se, [124].

There are no experimental data on phonon dispersion
relations or phonon DOS for the undoped K122 compound.
Neutron scattering measurements of the phonon DOS in
Sr0,6K0_4FezAs2 (TC =32 K) and C30,6N30_4F62A82 (TC =
28 K) compared with the Bal22 compound show that the
doping or exchange of alkali atoms affect mainly the low
and intermediate frequency range of the spectra [125]. The
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spectrum presented in Fig. 11(a) confirms this findings as
the potassium atoms vibrate with low frequencies and in the
high-frequency part of the spectrum only Fe and As atoms
are involved. Experimental studies of the pressure depen-
dence of vibrational frequencies in both the tetragonal and
collapsed tetragonal phases have been performed for Cal22
using the inelastic x-ray and neutron scattering [30] and more
recently for Sr122 using the nuclear resonant inelastic x-ray
scattering [31]. It has been found that the phonon frequency
shifts induced by pressure are well explained by changes in
relevant bond lengths throughout the entire pressure range.
Our calculations also indicate that nonmonotonic changes in
the distance between two neighboring Fe atoms [Fig. 1(b)]
significantly influence the vibrational frequency of the Fe-
Fe stretching Bj, mode along the z axis. As a result, the
frequency softening is observed just a few GPa below the
isostructural transition. On the other hand, phonons polarized
in the (1,1,0) plane stiffen under the imposed pressure. In
general, in accordance with the previous studies [30,31], the
structural phase transition influences much stronger phonon
modes polarized along the z direction than those in the xy
plane.

Let us stress that the IBSC are unconventional supercon-
ductors in the sense that phonons likely do not play a dominant
role in their superconductivity. The calculations based on the
density-functional perturbation theory lead to the conclusion
that the total electron-phonon coupling is too weak to explain
their high 7. [108,126—128], but strong enough to have a
non-negligible effect on superconductivity, for instance, by
frustrating the coupling with spin fluctuations and inducing
the order parameter nodes [128]. Therefore the analysis per-
formed in this section may be important for full understanding
of the superconducting properties of K122.

III. SUMMARY

Using the ab initio calculations, we have studied the in-
fluence of pressure and the isostructural phase transition on
the properties of the KFe,As, superconductor. The obtained
lattice parameters as functions of pressure show a very good
agreement with the experimental data.

To explore the electronic and superconducting properties,
we have built the 16-orbital tight biding model within the
maximally localized Wannier orbitals. The compatibility be-
tween the resulted electronic structure and that obtained from
DFT calculations has been mainly taken into account in the
selection of TBM parameters.

We have discussed the mechanism leading to the phase
transition from the tetragonal phase to the collapsed tetragonal
phase, which is associated with an enhancement of bonding
between As atoms along the z direction. We have revealed the
precursor of the phase transition in a form of an additional part
of the Wannier orbital on the As atoms.

We have investigated changes of the Fermi surface induced
by pressure and analyzed the Lifshitz transition that occurs
when the system passes through the isostructural phase tran-
sition. The detailed studies of the pressure dependence of
As-p and Fe-d bands have demonstrated that the new structure
observed in the I'-X plane of the FS results from the shift of
some bands located below the Fermi level to energies above it.

To specify the role of the particular orbitals in the super-
conducting state, the orbital contributions to the total DOS
have been also considered. We have found that in the T
phase the contributions of e, and 1, orbitals to the total
DOS at the Fermi energy decrease with pressure achieving
at the transition pressure the values significantly smaller than
rapidly growing the p orbital contribution. We have also
investigated the effect of pressure on the pairing susceptibility.
Modification of the electronic structure and the calculated
pairing susceptibility allow us to conclude that the imposed
pressure should reduce 7, in agreement with the experiment.

Finally, we have analyzed the changes in lattice dynamics
induced by pressure and found a significant modification of
phonon spectra, especially the modes corresponding to vibra-
tions of Fe and As atoms along the z directions. They show the
anomalous, nonmonotonic dependence of phonon frequency
on pressure close to the isostructural phase transition. This
result can be verified experimentally using the Raman and
infrared spectroscopy.
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APPENDIX A: TIGHT-BINDING MODEL

The TBM in the MLW functions (orbitals) [46] can be
expressed in the form:

_ ny o
H= E 'R R CRuc CR vo»

RR ,pv,0

(AD)

where tl’;’;, is the hopping elements between orbitals n and
v localized at sites indicate by vectors R and R’. Here,
CzTe;m (crus) 1s the creation (annihilation) operator [in the
orbital (Wannier) basis] of an electron with spin o at orbital
u of R atoms. From the ab initio (DFT) calculation, the
hopping integrals can be found by the WANNIER90 program
[47,48]. The Hamiltonian in the momentum space takes the
form

M= Hulh)c},, o,

kpvo

(A2)

where

H (k) = > exp (ik - )" (A3)
§

Here, we take § = R — R’ - the distance between two atoms
in the real space and 7"’ = tl’; ;e" The band structure can be
found by a diagonalization of the matrix (A3). Then, the
Hamiltonian takes the diagonal form

HE) =Y Ekno o ino (A4)
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where Ey,, denotes n-th eigenenergy of (A3) and d,jm (dins)
is the new creation (annihilation) operator [in the band (Bloch)
basis] of the electron with momentum k and spin o. Addition-
ally, the band number is given by n. Relations between the
operators in the Wannier basis and the Bloch basis are given
by the unitary transformation:

dkna = Z Z/{kvnckva- (AS)

Matrix U is composed by the eigenvectors of the matrix
H,,, (k) (A3) and diagonalizes (transforms) the Hamiltonian
from the form (A2) into (A4).

APPENDIX B: ORBITAL PROJECTIONS
OF ELECTRONIC BAND STRUCTURE

The density of states (DOS) from its definition is given as

1
p@) = == ({enolciy,))

kvo

1
= —— D Wduoldy,,)) = ;A(k, ), (BD)

kno

where A(k, w) is the spectral function. Substituting (A4)
and (AS5) to (B1), we can find an exact expression of
the DOS:

P(@) =3 WUon*8(@ = Exno) { = Y pu(@).  (B2)
v kno v

Coefficients |U.,|*> denote projections of the nth electronic

(spin o) band (at momentum k) with energy Ej,, onto the

Wannier orbital v. Here, p,(®) plays the role of the partial

electronic DOS, projected onto v orbital.

APPENDIX C: DYNAMICAL MATRIX

The dynamical properties of the system are given by the
dynamical matrix:

1
N/mjmj
where g is the phonon wave vector and m; denotes the mass
of the atom j. Here, ®,4(j0, j'n) is the force constants tensor
(o and B is the direction index: x, y, and z) between atoms j
and j" localized in the initial (0) and nth primitive unit cell,
which can be find from the ab initio method using, e.g., the
Parlinski-Li-Kawazoe method [49].

Energy spectrum of vibrations with a wave vector ¢ is given
as an eigenproblem of dynamical matrix (C1):

ZDéjﬁ;;(q)eaqﬁj’ = [Qq eeqajs
7B

Dli(g) = 3 @us(j0, myexp(ig -R,).  (Cl)

(C2)

where 2., corresponds to the frequency of & branch phonon.
Here, 3N-component eigenvector e, ; describes the polariza-
tion of the phonon with frequency €2, and wave vector g.
Additionally, from the definition, the chosen components of
the polarization vector e,y ; describe the oscillations of the
atom j in the direction «.

Similarly as for electrons, we can define the total phonon
DOS for frequency €2, which is given by

P =) 8(2— Q). (C3)
eq

It can be expressed by the partial phonon DOS [denoted as
Paj(S2)]:

2
PR =D 1 lecqu;8(Q— Qeg) p =Y puj(Q), (C4)
aj eq o
along directions o and/or atoms j. As a consequence, a
coefficient |eg4q j|2 denotes the influence of ¢ phonon with a
wave vector ¢ on to the oscillations of j atom in « direction.
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