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We examine the electronic and magnetic structures of iron telluride KFesTes using first-principle

calculations. We demonstrate that the ground state of this compound is in bicollinear antiferromag-

netic order with Fe local moments (~ 2.6 up) that are ferromagnetically aligned along a diagonal

direction and antiferromagnetically aligned along the other diagonal in the Fe-Fe square lattice, sim-

ilar to the alignment discovered in the parent compound of superconductor a-FeTe. This bicollinear
antiferromagnetic order results from the interplay among the nearest, next-nearest, and next-next-

nearest neighbor exchange interactions, which are mediated by Te 5p orbitals. This finding may

aid our understanding of the interplay between magnetism and superconductivity in the family of

iron-based materials.
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1 Introduction

The search for high-temperature superconductivity and
a novel superconducting mechanism is one of the
most challenging tasks undertaken by condensed-matter
physicists and material scientists. Since the discov-
ery of iron-based superconductors in 2008, such as
LaOFeAs [1] (1111-type), BaFesAss [2] (122-type),
and a-FeSe(Te)(11-type) [3], as well as iron selenide,
K Fes_,Sey [4], the pairing mechanism for these mate-
rials and the search for high-transition temperature su-
perconductors have attracted substantial interest. These
compounds exhibit superconductivity after doping or un-
der high pressures. Like cuprates, they share the same
robust tetrahedral layered structure. Given the magnetic
orders of their parent compounds, these compounds are
in spin-density-wave (SDW) order and have collinear [5,
6], bicollinear [7-9], and block antiferromagnetic (AFM)
structures [10-13] when contained in iron pnictides,
iron chalcogenide, and iron selenide K Fes_, Ses, respec-
tively, at temperatures below a tetragonal-orthorhombic
structural transition temperature.

In addition to the presence of phase separation in
K,Fes_,Ses [14-20], it has generated considerable ex-
perimental and theoretical interest. In particular, the

scanning tunneling microscopy (STM) measurements ob-
tained from K,Fes_,Sey clearly demonstrate phase sep-
aration [17, 18], which suggests that it is phase separated
into iron-vacancy ordered regions and iron-vacancy free
regions. In this case, the former regions insulate with
a vh x5 vacancy ordered pattern, whereas the latter
region is superconducting. Furthermore, neutron scatter-
ing experiments reveal that the v/5 x v/5 vacancy ordered
phase is also AFM ordered [10], which is affected by the
superconducting pairing [21]. Understanding this obser-
vation is difficult in terms of phase separation. In addi-
tion to the v/5 x /5 vacancy ordered phase, an insulating
phase with a v/2 x /2 ordered pattern on the Fe layer
was also observed [15, 16, 22, 23|, which indicates the ex-
istence of an additional symmetry breaking order in the
SC phases [17, 18, 24] using both STM [17, 18] and angle-
resolved photoemission spectroscopy (ARPES) [24].
Theoretically, one author proposed [13] that the
ground state of the alkali-doped iron selenide without
iron vacancies should approach a checkerboard phase, in
which each of the four Fe sites combine into a tetrago-
nal structure. However, the interplay between magnetism
and superconductivity remains unclear in K,Fes_,Ses.
Chemically, K Fe,_,Ses appears to be the most heav-
ily electron-doped iron-based superconductor. This sig-
nificantly differs from other iron-based superconductors,
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which have both hole-like and electron-like Fermi sur-
faces [25-27] in the Brillouin zone. In order to exam-
ine the common aspects of the electronic structure and
pairing mechanism of the iron-based systems that have
the most electron-doped end, we considered the elec-
tronic and magnetic structures found in the isovalent-
substituted compound KFesTes, using the framework of
density functional theory, as the keys to an initial under-
standing of the possible superconducting mechanism.

In this paper, we present theoretical results con-
cerning the electronic and magnetic structures of the
ground state of KFeyTes, which are obtained using in-
tensive first-principle calculations. Similar calculations
were partially provided in Ref. [28]. We reveal that
weak spin fluctuation instability appears at momentum
qd = (m,m/2,0), indicating that the ground state for
KFesTes has a bicollinear AFM structure, which is con-
firmed using magnetic state calculations. Further calcu-
lations demonstrate that there is a strong competition
among the nearest, next-nearest, and next-next-nearest
neighbor exchange interactions between the Fe local mo-
ments that are mediated by Te 5p orbitals. The exchange
coupling is also evaluated, yielding the same magnitude.
This magnetic competition strongly affects the electronic
structure of KFesTes, producing a small orthorhombic
lattice distortion and a bicollinear AFM order of the Fe
moments, which are similar to those found in a-FeTe [7]
and KFeySes [29].

2 Structure and method

We perform first-principle calculations on KFesTey and
demonstrate that the electronic structure of parent
KFesTe, can be regarded as an electron over-doped 11-
type system, rather than on BaFesAsy, which is struc-
turally much more similar [2]. This can be seen in Fig.
1(a). In our calculations, we used the projected aug-
mented wave method [30], which was implemented in
the VASP code [31], and the Perdew—Burke-Ernzerhof
(PBE) exchange correlation potential [32]. All atomic po-
sitions and lattice constants were simultaneously relaxed
in order to determine the ground state with space group
I4/mmm. A 500 eV cutoff in the plane wave expansion
ensures that the calculations converge to 1075 eV. More-
over, the atomic positions and lattice constants were op-
timized until the largest force on any atom was 0.005
eV/A. We used a 9 x 9 x 5 Monkhorst-Pack k-grid Bril-
louin zone sampling throughout our calculations. Fur-
thermore, in the calculation of the electronic and mag-
netic structures of the nonmagnetic (NM), ferromagnetic
(FM), and square AFM Néel states, the a x a FeTe cell
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Fig. 1 (a) The schematically calculated crystal structure of the
unit cell of KFexTes containing two sandwiched FeAs layers. (b)
Schematic top view of the FeTe layer. The large dashed square
is @ X 2a unit cell. The Fe spins in the bicollinear AFM order are
shown by the red arrows.

was taken to be the base cell, and the unit cells were
doubled. The base cells were the v/2a x v/2a and a x 2a,
as well as the 4 x 4 FeTe, cells for collinear, bicollinear,
and block AFM states, respectively. The magnetic con-
figuration of the bicollinear AFM state is shown in
Fig. 1(b).

3 Results and discussion

First, we considered the electronic properties of KFesTe,
in terms of their dependence on structural factors. There-
fore, we performed a full structural optimization of
KFesTes for both the lattice parameters and atomic
positions, including the internal coordinate, zre, of the
Te atom using energy minimization. These results are
summarized in Table 1. Here, we calculated five possi-
ble magnetic configurations using FM, square Néel AFM,
collinear AFM, and bicollinear AFM, as well as the block
AFM orders combined with the nonmagnetic states. The
lattice parameters that were optimized in our NM calcu-
lations exceeded those for KFesSea, which suggests that
the atomic radii of Te are larger than those of Se. In
addition, our results agreed well with previous studies

Table 1 Geometry, energetic and magnetic properties of
KFeaTes. Results in columns of the FM, AFM, Colinear, and Bi-
collinear as well as Block AFM states correspond to their config-
urations using fully optimized structures, respectively. AE is the
total energy difference per iron atom referenced to the fully op-
timized NM structure (@ = b = 4.0537 A, ¢ = 144722 A, and
2Te = 0.3496), and mp. is the local magnetic moment on Fe.

KFesTeo FM AFM Collinear Bicollinear  Block
a (A) 3.8876 4.0838  4.0522 3.8935 4.0421
b(A)  3.8876 4.0838 4.0522 41044  4.0421
c(A) 16.5437 14.9974 14.4937  15.8734 15.8564

2Te 0.3586 0.3534  0.3494 0.3572 0.3579
AEFE (eV/Fe) —0.2559 -0.1262 -0.1052 —0.2750 -0.2644
mpe (UB) 2.719  2.068 2.057 2.619 2.764
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that applied the full-potential method [28].

Second, we examined the NM state of KFeyTes. In
other words, the spin degrees were not included in the
calculation. This work can provide a reference for study-
ing magnetization states. Analyzing the density of states
(DOS) at the Fermi level lets us determine whether the
magnetic state is preferred. Figure 2(a) displays the cal-
culated total DOS, as well as the projected DOS (PDOS)
calculations performed on the Fe 3d and Te 5p orbitals
of KFesTes. The total DOS and PDOS of KFe;Tes re-
semble those of KFeySeq systems [29, 33] and exhibit the
typical characteristics of layered structures, which can
also be seen in the Fermi surface topology in Fig. 2(c).
Here, the DOS can be divided into two parts: the lower
part (3 eV below the Fermi energy), which consists of the
bands formed through the bonding of the Fe 3d and Te
5p orbitals, and the upper part, which basically contains
the Fe 3d orbital bands ranging from —2 eV to 2 eV that
are centered at the Fermi energy. Further examination of
the PDOS data reveals that more than 95% of the states
from —2.0 eV to 0 eV are from Fe 3d orbitals and that
the Fe 3d/Te 5p orbital substantially hybridizes, ranging
from —6.0 eV to 2.0 eV. Thus, we expect Fe 3d electrons
to play a dominant role in conduction, which is mediated
by Te 5p orbitals.

Furthermore, it should be noted that the DOS pro-
vided by the Fe 3d orbitals produces a large value at
the Fermi level. The corresponding value of the DOS
at the Fermi level is Npe(Ey) = 1.24 states per eV
per Fe atom. According to the Stoner criterion [34, 35],
while magnetism may occur with lower DOS values, it
must occur within a band picture if the Stoner criterion,
N(Ef)I > 1, is met. Here, I represents the Stoner pa-
rameter, which assumes values between 0.7 and 0.9 eV
for ions near the center of the 3d series. In this case, the
NM state becomes unstable. Also, we should note that
effective I can be reduced using hybridization. Therefore,
the NM state is unstable against the magnetic states in
the FeTe layer. On the other hand, the low energy band
structure and its corresponding Fermi surface, which are
shown in Figs. 1(b) and (c), respectively, demonstrate
that KFe;Tes is a highly electron-doped compound when
compared with iron-pnictides [25, 26]. The result of this
is a diminished hole pocket at the zone center and an
enlarged electron pocket at the zone corner, which ex-
hibits quite two dimensionality arisen from the nature of
sandwiched FeTe layered structure.

Before exploring the ground state with magnetic or-
der, we calculated the bare electron susceptibility, xo(q),
which provides a signature with magnetic instability at
momentum ¢. Applying the tight-binding model, which
is fitted using maximally localized Wannier functions [36,
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Fig. 2 (a) Total DOS and PDOS on Fe 3d and Te 5p orbitals of
the NM state for KFeaTes. (b) Energy band structure and (c) its
corresponding Fermi surface topology for the NM state of KFexTes.
(d) The real part of bare electron susceptibility xo(g). The Fermi
energies are set to zero.

37], the bare electron susceptibility is given by

v [(k + &, plk, v)[?
N ok Elu‘,kJrq‘ — E,,,k. + 40t

[f(EV,k) - f(Eu,k+¢T)]a

where ), j represents the band energy measured at
Fermi level Er, and f(E, ) is the Fermi-Dirac distri-
bution function for an eigenstate, |k, ). In addition, N
denotes the number of k points used for the irreducible
Brillouin zone integration. The calculated real part of xg
is found in Fig. 1(d). Here, we see that the highly elec-
tron dopant induced small peak appears at momentum
q = (m,7/2,0), which indicates the presence of a weak
AFM spin fluctuation in the FeTe plane. In other words,
the peak in bare electron susceptibility xo(q) suggests
that the ground state of KFesTey has a bicollinear AFM
structure.

In order to analyze the magnetic instability along mo-
mentum ¢ = (7, 7/2,0), which was indicated by the bare
electron susceptibility, xo(g), we calculated five addi-
tional possible magnetic states using FM, square Néel
AFM, collinear AFM, bicollinear AFM, and block AFM
orders. These are listed in Table 1. If the energy for the
NM state is set to zero, the ground state of KFesTe,
has a bicollinear AFM order, in which the Fe moments

Xo(q) =

ferromagnetically align along a diagonal direction and
antiferromagnetically align along the other diagonal di-
rection on the Fe-Fe square, as is shown in Fig. 1(b).
Furthermore, the Fe local moments (~ 2.6up), which
are close to those of KFesSey (with Fe local moments
~ 2.5up) [29], are also similar to those of a-FeTe [7]. The
magnetic moment around each Fe atom is approximately
2.1up—2.7up, weakly varying in our five magnetically or-
dering states. Given the bicollinear AFM structure, our
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calculations indicate a small structure distortion, which
diminishes along the spin-parallel alignment [y-axis in
Fig. 1(a)] and expands along the spin-antiparallel align-
ment [z-axis in Fig. 1(a)], causing a structural transi-
tion from a tetragonal structure to an orthorhombic one.
This readily implies that the direct exchange favors a
shorter Fe-Fe separation, whereas the superexchange fa-
vors a longer Fe-Fe separation.

In order to quantify the magnetic interactions, we as-
sume that the energy differences between these magnetic
orders are predominantly due to the local exchange inter-
actions between the Fe moments with spin S , which can
be effectively modeled by the following frustrated Heisen-
berg model [38], with respective nearest, next-nearest,
and next-next-nearest neighbor couplings Ji, J2, and Js:

ﬁZlegi'§j+JQZ§i-§j+J3 Z gi-gj.
(i,5) ((4,5)) (({3,9)))
(1)

Here, (i,7), ({i,7)), and ({(z, j))) denote the summation
over the nearest, next-nearest, and next-next-nearest
neighboring sites, respectively. This model may overlook
some contributions from the itinerant electrons; how-
ever, we believe it captures the general physics of the
magnetic structures. From the calculated energy data
listed in Table 1, we see that [7, 39], for KFesTes, we
have J; = —8.1 meV/S?%, Jo = —5.37 meV/S?, and
J3 = 7.93 meV/S?. It should be noted that these mag-
netic exchange constants have relatively smaller values
than those found in other iron-based materials [23] be-
cause the magnetic ordering is gradually suppressed by
the electron doped in pristine KFesTes, which results in
weak magnetic fluctuations. This also agrees with the
calculation of susceptibility xo(¢) shown in Fig. 2(d).
In addition, these values indicate that strong competing
exchange interactions exist between the Fe spins. The
bicollinear AFM has less energy than the other configu-
rated AFM states for a frustrated J;—Jo—J3 Heisenberg

model in terms of J3 > Jo/2 and Jy > J1/2.

Finally, we calculated the low energy band structure
and the total DOS, as well as the projected DOS, for
Fe 3d and Te 5p, given the bicollinear AFM state in
KFesTes, which can be seen in Fig. 3. When compared
with the NM phase shown in Fig. 2(a), we find that
most of the states around the Fermi level are gapped
by the bicollinear AFM order. The corresponding elec-
tronic DOS at the Fermi level is N(E;) = 0.448 states
per eV per Fe atom, which is significantly less than that
of the NM state (1.24 states per eV per Fe atom), as
is intuitively expected. In addition, the stability of the
obtained bicollinear AFM state in KFeyTeo can be un-
derstood given the nature of the Fe-Te-Fe bond angle
in iron-based materials [35], which uniquely determines
the tetrahedral crystal environment and the competing
orders between the orbital and lattice degrees of free-
dom. In KFeyTesy, the Fe-Te-Fe bond angle decreases to
a small value (approximately 94.57°) because of the large
radii of the Te atom, which enhance the direct FM in-
teractions between the nearest neighbor Fe spin and the
third-nearest neighbor superexchange interaction medi-
ated by the Te 5p orbitals. This behavior is consistent
with our calculated exchange coupling constants. Fur-
thermore, the weak peak appearing in the spin suscep-
tibility at momentum ¢ = (w,7/2,0) in Fig. 1(d) not
only suggests the presence of SDW in the FeTe layer but
also implies the tight relation between superconductiv-
ity and spin fluctuation. Clarifying the role of this rela-
tionship may provide insight concerning the mechanism
of superconductivity that is driven by electron-electron
correlation [40]. We aim to address this issue in future
studies.

4 Conclusions

We performed first-principle calculations for the study of
the electronic and magnetic structures of KFesTes. Our
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Fig. 3 (a) The low energy band structure and (b) total DOS and PDOS on Fe 3d and Te 5p orbitals for the bicollinear

AFM state for KFeaTey. The Fermi energies are set to zero.
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numerical calculations suggest that spin fluctuation in-
stability appears at momentum ¢ = (w,7/2,0), which
indicates that the ground state for KFe;Tes has a bi-
collinear AFM structure. This is consistent with mag-
netic states calculations. Furthermore, we also deter-
mined a strong competition among nearest, next-nearest,
and next-next-nearest neighbor exchange interactions
between Fe local spins mediated by Te 5p orbitals, pro-
viding the bicollinear AFM order of Fe spins in the
ground states that have a magnetic moment of ~ 2.6up
around each Fe atom. This discovery may provide some
understanding of the interplay between magnetism and
superconductivity in the family of iron-based materials.
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