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Iron telluride ladder compounds: Predicting the structural and magnetic properties of BaFe, Te;
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Since the discovery of pressure-induced superconductivity in the two-leg ladder system BaFe,X; (X = S, Se),
with the 3d iron electronic density n = 6, quasi-one-dimensional iron-based ladders have attracted considerable
attention. Here, we use density-functional theory to predict that the novel n = 6 iron ladder BaFe,Te; could
be stable with a similar crystal structure as BaFe,Se;. Our results also indicate that BaFe,Te; will display a
complex 2x2 block-type magnetic order. Due to the magnetic striction effects of this block order, BaFe,Tes;
should be a magnetic noncollinear ferrielectric system with a net polarization 0.31 xC/cm?. In general, the
similar electronic density and magnetic ground state of Te- and Se-based ladders indicates both should display
similar properties. In particular, the physical and structural similarity with BaFe,Se; suggests that BaFe,Te;

could become superconducting under high pressure.

DOI: 10.1103/PhysRevB.101.144417

I. INTRODUCTION

Since the initial discovery of superconductivity in fluorine-
doped two-dimensional (2D) iron square lattices LaFeAsO,
iron-based compounds have rapidly developed into one of
the most important branches of unconventional supercon-
ductors in condensed-matter physics and materials science
[1-4]. In the nonsuperconducting parent compounds, their
magnetic ground state is known as collinear stripe order, i.e.,
the so-called C-type antiferromagnetic (AFM) order, with
some exceptions such as block types and bicollinear types
[3-6]. Since most superconducting phases always emerge
next to the suppression of antiferromagnetism by carrier
doping or pressure, the AFM order and AFM spin fluctu-
ations are considered to be important for superconductivity
[7.8].

Recently, pressure-induced superconductivity was ob-
served in the two-leg quasi-one-dimensional ladder sys-
tem BaFe, X3 (X =S, Se) with electronic density n = 6.0
[9,10], researching high-temperature iron-based superconduc-
tors [11-21]. BaFe,S; displays a stripe-type (CX) AFM or-
der, similar to other 2D iron-based superconductors, below
120 K [9,15]. By applying hydrostatic pressure, this system
displayed an insulator-metal transition [16,22] and supercon-
ductivity was observed at P ~ 11 GPa near a first-order mag-
netic phase transition where the AFM order was suppressed
[9,23]. These recent developments in the context of two-leg
iron ladders remind us of the previous results for copper
ladders where superconducting tendencies upon doping were
theoretically predicated and later confirmed experimentally
[24-26]. In fact, in iron ladders, similar pairing tendencies
were observed upon hole doping by theoretical research
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based on density-matrix renormalization group (DMRG) at
intermediate Hubbard coupling strengths [13,17]. Another
possible explanation of superconductivity relies on bandwidth
controlled by pressure [9].

BaFe,Se; also shows pressure-induced superconductivity
[10,20], but in addition it displays an exotic 2x2 block-
type magnetic order below 256 K under ambient conditions
[27]. Due to its enhanced degree of electronic correlation
[28,29], the physical properties of BaFe,;Se; become more
complex. For example, the existence of an orbital-selective
Mott phase (OSMP) was found by neutron experiments at am-
bient pressure [30]. This OSMP of BaFe,Se; was theoretically
discussed based on DMRG methods by using multiorbital
Hubbard models as well [31-33]. However, an additional
striking experimental discovery was recently reported for
this interesting material: The existence of a polar state with
possible polar orbital ordering was confirmed by neutron
diffraction methods combined with optical second-harmonic-
generation signals [34]. In fact, this material was first theo-
retically predicted to be multiferroic because the block-type
magnetic order can produce displacements of Se inducing
broken inversion symmetry [35]. It should be noted that
BaFe;Se; is the first reported iron-based system to become
both superconductor and multiferroic. Moreover, the polar
state of BaFe,Sej is an exotic noncollinear ferrielectric (FiE)
phase instead of a plain ferroelectric (FE) one [34,35]. To our
best knowledge, noncollinear FiE order was only proposed in
a few compounds, such as MO, X, (M = Mo/W, X = Br/Cl)
[36] and strained BiFeOs3 [37]. It is reasonable to assume that
finding this exotic 2x 2 block-type magnetic order with quasi-
one-dimensional ladders defines an effective feasible path to
explore FiE materials. Besides, considering the similar atomic
average electronic density in many iron superconductors, it
is conceivable to obtain the superconducting phase in other
potential n = 6 ladders as well.
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However, to our best knowledge, there is no other iron
ladder reporting to display the 2x2 block-type magnetic or-
der. According to our previous Hartree-Fock [38] and density-
functional theory (DFT) calculations [21], the block type was
expected to be stable in a large region of the Hund coupling Jy
and Hubbard U phase diagram in n = 6 iron ladders. Hence,
it can be reasonably assumed that the magnetic ground state
of n = 6 Te-based iron ladders, not synthesized yet, may also
display the block-type order if it can be prepared. Actually, the
n = 5.5 iron Te-based ladder was synthesized in experiments
[39] but it was recently predicted to display CX-type magnetic
order [21]. Considering that the ionic radius of Rb™ (~1.47 A)
and Ba’™ (~1.434 A) are similar, we believe it should be
possible to prepare Te-based n = 6 iron ladders with chemical
formula BaFe,Tes.

In the present paper, we performed first-principles DFT
calculations for the BaFe,Te; system. Our theoretical results
indicate that BaFe,Te; should be stable with a similar crystal
structure as BaFe,Se;. Because in the past, DFT has suc-
cessfully predicted many new compounds before they were
truly prepared, such as blue phosphorene [40] and phosphorus
carbide [41,42], our structural prediction should be reliable.
Moreover, the 2x2 block-type spin order is also predicted to
be the most likely magnetic ground state in our calculations
for this compound. In addition, we found that BaFe,Te;
should display noncollinear FiE order driven by the 2x2
block-type magnetic order via magnetic exchange striction.
The magnetic state and electronic structure similarity with
BaFe,Se; further suggests that BaFe,Tes could also become
superconducting under high pressure.

II. METHOD

To understand the physical properties of the BaFe,Te; sys-
tem, first-principles DFT calculations were performed based
on the projector-augmented wave (PAW) pseudopotentials
with the Perdew-Burke-Ernzerhof (PBE) exchange functional,
as implemented in the VIENNA AB INITIO SIMULATION PACK-
AGE code [43-46]. Since the spin-polarized PBE-GGA func-
tion is known to provide an accurate description of the iron-
based 123-type two-leg ladder systems [12,16,19,20,22], in
this paper we do not add an additional Hubbard U .

Due to the quasi-one-dimensional ladder structure, the
magnetic coupling in-ladder should be the dominant factor
affecting the energies and physical properties. Various pos-
sible (in-ladder) magnetic configurations were imposed on
the iron ladders [21] [see Fig. 1(e)] to predict the magnetic
properties, such as nonmagnetic (NM), ferromagnetic (FM),
CX types with FM rungs and AFM legs, CY type with AFM
rungs and FM legs, G type with both AFM rungs and legs,
and 2 x2 magnetic block types. Considering previous neutron
results for two-leg iron ladders [9,27], the (7, 7, 0) order was
adopted for the CX-AFM and block-AFM orders. The plane-
wave cutoff energy was 500 eV. Since different magnetic
configurations have different minimal unit cells, the mesh
was appropriately modified for all the candidates to render
the k-point densities approximately the same in reciprocal
space (as example, 7x5x11 for the FM type). In addition,
we have tested that these k-point meshes already lead to
converged energies when compared with denser meshes. Both
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FIG. 1. (a)~(d) Schematic crystal structure of BaFe,Te; (elec-
tronic density n = 6) with the conventions green = Ba, blue = Fe,
dark yellow = Te. For better comparison, we used the space group
Pbnm instead of the conventional Pnma since the lattice vectors of
the Pbnm space group are the same as in the Cmcm space group. Note
that the difference between Pbnm and Pnma space groups is only
regarding the choice of a unique axis. (a), (b) Sketch of the possible
crystal structures of BaFe,Te; for the Cmcm (No. 63) and Pbnm
(No. 62) phases, respectively. (c), (d) One iron ladder with high-
lighted FeTe, tetrahedra for the Cmcm and Pbnm phases, respec-
tively. (e) Sketch of possible antiferromagnetic magnetic configura-
tions in each ladder. Spin up and spin down are distinguished by
different colored balls. The figure is reproduced from a previous
paper [21].

the lattice constants and atomic positions were fully relaxed
with different spin configurations until the Hellman-Feynman
force on each atom was smaller than 0.01 eV/A.

The phonon spectra was calculated using the finite dis-
placement approach and analyzed by the PHONONPY soft-
ware [47,48]. Furthermore, to estimate the FE polarization,
the Berry phase method was adopted [49,50]. In addition
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TABLE 1. The optimized lattice constants (A), local magnetic moments (in up/Fe units) within the default PAW sphere, and band gaps
(eV) for the various magnetic configurations using the Cmcm structure. Also included are the energy differences (meV /Fe) with respect to the
block-B AFM configuration in the Pbnm phase, taken as the reference of energy. All the magnetic states discussed here were fully optimized

starting from the Cmcm or Pbnm structure, respectively.

Space group Magnetic configuration a/b/c M Gap Energy
Cmcem NM 9.738/11.991/5.672 0 0 385.8
FM 9.805/13.195/5.634 292 0 155.7

CX 9.805/12.825/5.703 2.60 0 84.3

CYy 9.756/13.214/5.630 2.77 0.22 61.8

G 9.799/12.812/5.682 2.54 0 160.7

Block A 9.837/13.203/5.632 2.87 0.17 44.0

Block B 9.823/13.131/5.652 2.85 0.3 249

Pbnm NM 9.177/12.200/5.658 0 0 385.2
FM 9.852/13.397/5.532 2.90 0 1254

CX 9.729/13.131/5.652 2.63 0.05 56.6

CYy 9.894/13.178/5.590 2.79 0.23 51.5

G 9.840/12.852/5.643 2.46 0.06 140.3

Block A 9.806/13.424/5.577 2.86 0.26 3.1

Block B 9.824/13.182/5.615 2.85 0.32 0

to the standard DFT calculation discussed thus far, the
maximally localized Wannier function method was employed
to fit Fe 3d’s five bands by using the WANNIER90 packages
[51].

III. RESULTS

A. Crystal structure

As shown in Fig. 1, we constructed two crystal structures
[Cmcem (No. 63) and Pbnm (No. 62) phases] for BaFe,Tes,
because those two types of phases were found experimentally
in other 123-type iron ladders [27,52]. In the Cmcm phase [see
Fig. 1(a)], the FeTe, tetrahedra are aligned in the ac plane.
The Pbnm phase [see Fig. 1(b)] can be visualized as adding a
tilting of the FeTe, tetrahedra along the ¢ axis on the Cmcm
phase of BaFe,Tes;, while the two FeTes tetrahedra along
the rung direction are rotated counterclockwise/clockwise,
respectively. As a consequence, as shown in Figs. 1(c)-1(d),
the iron ladder would slightly distort with two different iron-
iron distances along the leg direction in the Pbnm phase while
the iron-iron distances are equal in the ideal Cmcm ladder. By
comparing the energies of the two phases with a NM state,
the Pbnm phase was considered to be the most likely crystal
structure of BaFe,Te; (~1.3 meV/f.u. lower than Cmcm
phase) after the lattice constants and atomic positions were
fully relaxed. However, note that the energy difference of the
two phases for the NM state are quite small and this issue will
be discussed in the next section.

For completeness, starting from the crystal lattice with
Cmcm (No. 63) and Pbnm (No. 62) symmetry plus various
magnetic states, the different spin configurations were fully
relaxed. The DFT results indicate that the crystal structure of
BaFe;Tes should be similar to BaFe,Sej instead of BaFe,S;.
In the nontilting ladder structure, all the energies of different
magnetic configurations were higher than the corresponding
energies of the tilting ladder structure [see Table I]. Hence, we
conclude that the Pbnm (No. 62) phase should be the favored
structure of BaFe,Tes.

B. Stability

As shown in Figs. 2(a) and 2(b), there is a small imaginary-
frequency branch in the phonon spectrum of the Cmcm struc-
ture of BaFe,Tes, which will lead to spontaneous distortions.
By removing the unstable phonon modes, the symmetry de-
creases from Cmcm to Pbnm. This small imaginary-frequency
issue also corresponds to the small energy difference between
the Cmcm and Pbnm phases. According to group theory
analysis using the AMPLIMODES software [53,54], this
spontaneous distortion mode is a Y>* mode. For comparison,
the phonon spectrum of the Pbnm structure of BaFe,Tes is
displayed in Figs. 2(c) and 2(d), which is dynamically stable
(no unstable modes). Furthermore, we also investigated the
elastic-stability conditions that indicated the Pbnm structure
of BaFe,Te; should be elastically stable. Moreover, based
on the optimized structure for the block-B AFM magnetic
order, we calculated the phonon spectrum corresponding to
this magnetic state. The results indicate that this magnetic
ground state is also stable, as shown in Fig. 2(e).

The elastic matrix of BaFe,Te; has nine nonzero inde-
pendent matrix elements (Ciy, Ci2, Ci3, Coa, Caz, Cs3, Cua,
Css, Cee) due to the mmm Laue class features of the Cmcm
space group (No. 63) and Pbnm space group (No. 62) [55].
These values of the elastic matrix constants C;;’s satisfy the
Born stability criteria for an orthorhombic system [55]. We
calculated the elastic matrix for both Cmcm and Pbnm phase
as summarized in Table II.

TABLE II. The calculated elastic matrix elements (Cj;, in
units of Gpa) corresponding to BaFe,Te; for the Cmcm and
Pbnm phases.

Ci Co Cz Cpn Gz Gy Cu GCs  Ce

No.63 484 21.1 30.8 343 282 90.8 153 235 129
No.62 48.8 237 29.1 388 274 88 157 23.1 139
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FIG. 2. (a)—(d) Phonon spectrum of BaFe,Te; (electronic density
n = 6) for NM state. The coordinates of the high symmetry points
in the bulk Brillouin zone (BZ) are given by I' = (0, 0, 0), X =
(0.5,0,0),S =(0.5,0.5,0), Y = (0,0.5,0),Z = (0,0,0.5),U =
(0.5,0,0.5),R =(0.5,0.5,0.5), T(0,0.5,0.5). (a) Sketch of the
entire BZ for the Cmcm phase of BaFe, Tes. (b) Phonon spectrum of
the Cmcm phase along Y-T'. (c) Sketch of the entire BZ for the Pbnm
phase of BaFe,Te;. (d) Phonon spectrum of the Pbnm phase along
Y-I". (e) Phonon spectrum of BaFe,Te; (electronic density n = 6)
for the block-B AFM state. The coordinates of the high-symmetry
points BZ are given by L = (-0.5,0,0.5), M = (-0.5, 0.5, 0.5),
A =(-05,0,0),I'=(0,0,0),Z = (0,—-0.5,0.5), V= (0,0,0.5).

The necessary and sufficient Born criteria for an or-
thorhombic system are the following [55]:

(1) The matrix C is definite positive.

(2) All eigenvalues of C are positive.

(3) All the leading principal minors of C (determinants of
its upper-left £ xk submatrix, 1 < k < 6) are positive.

4)

Ci1 >0, CiCxn > Ch, (1
C11C»C33 + 2C12C13C3 — C11C223 - C22C123 — C33C > 0,
2
Ciyy >0, Cs5>0, Cg >0, 3)
Ci+C;; —2C; > 0. 4)

As a consequence, BaFe,Te; should be elastically stable.

C. Magnetism

Previous studies of iron-based superconductors suggest
that in the parent compound they all ordered magnetically.
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FIG. 3. (a) Sketch of block-A and block-B spin patterns studied
here. Spin up and down are represented by blue and brown circles,
respectively. The A and B red labels are different ladders located in
different layers. The two tellurium sites denote locations above and
below the iron plane defined by hollow and solid circles, respectively.
(b) The density of states near the Fermi level based on the block-B
states (, 7, 0) for BaFe,Te;. Blue: Ba; red: Fe; green: Te. (c) The
density of state near Fermi level based on the block-B states (7, 7, 0)
for BaFe,Se;. Blue: Ba; red: Fe; green: Se.

Then, our next task is to understand the magnetic ground state
of the here predicted new Te-based ladder. For this purpose,
various possible (in-ladder) magnetic arrangements were tried
[see Fig. 1(e)]. Considering previous neutron-based studies
for BaFe,Se; [27], the two possible block-AFM orders that
were tried here are shown in Fig. 3(a). Our main results for
BaFe, Te; are summarized in Table 1.

Under ambient conditions, our results indicate that the
block-B AFM order is the most stable ground-state magnetic
order among all the candidates considered here. For the block-
B AFM state, the calculated local magnetic moment of Fe is
2.85 up/Fe, quite close to the value observed experimentally
and theoretically for BaFe,Ses [20,27]. The calculated energy
gap of the block-B AFM order is about 0.32 eV, which is
slightly smaller than the calculated value of BaFe,Ses [20,35].
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Moreover, BaFe,Tes could become metallic under high pres-
sure after considering previous DFT calculations and exper-
iments for related ladders [9,10,16,20]. A structural phase
transition in the case of BaFe,Se; was found under pressure,
with the tilting ladders becoming nontilting, corresponding
to a transition from the Pbnm symmetry to an ideal Cmcm
symmetry [20,52]. Hence, in principle, BaFe,Tes should also
display a structural phase transition under pressure although
this aspect requires further detailed calculations beyond the
scope of this paper.

According to the calculated density of states (DOS) for the
block-B (7, m, 0) AFM order [see Fig. 3(b)], the bands near
the Fermi level are primarily contributed by Fe-3d orbitals
which are highly hybridized with Te-5p orbitals. The total
bandwidth of the iron bands corresponding to the magnetic
ground state of BaFe,Te; (~7 eV) is slightly smaller than the
bandwidths of BaFe,S; (~8 eV) [21] and BaFe;Se;(~7.6eV)
[56] [see Fig. 3(c)]. This suggests that the degree of electronic
correlation effects of the Te-based ladders should be similar
to other iron n = 6 ladders, although only explicit calcula-
tions of the Hubbard and Hund couplings, both important in
multiorbital systems, can confirm this assumption. Because
many believe that the block-type magnetic order of BaFe,Se;
is related to an orbital selective Mott state induced by elec-
tronic correlations [27,31-33], it is reasonable to conclude
that BaFe,Tes; could also display this interesting state as
well. Of course, more powerful many-body techniques based
on multiorbital Hubbard models are required to confirm this
OSMP hypothesis.

D. Ferrielectricity

Due to magnetic-exchange striction effect, the block spin
configuration will break parity symmetry but will not break
space-inversion symmetry in the iron ladder. However, as
shown in Fig. 4(a), the displacements of the Te atoms would
break space-inversion symmetry. This will induce local
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FIG. 4. (a) Sketch of the Fe-Te ladders A and B with block
AFM order. Partial Te atomic displacements induced by the exchange
striction effect of the Block order of Fe. (b) Vector of polarizations
of the different ladders A and B, as well as the net polarization.
(c) Sketch of one ladder with the optimized bock-B AFM order of
BaFe,Te;, showing the NN spin up-up (or down-down) and NN spin
up-down Fe-Fe distances. (d) Sketch along ladder B of the optimized
block-B AFM order of BaFe,Te;. The different heights of Te are
marked h, and h,, respectively.
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FIG. 5. (a) Sketch of Fe-Te ladder A with 7 -phase shift of block
AFM order. Partial Te ionic displacements moved down, which is
induced by the exchange striction effect of block order of Fe. (b),
(c) The electronic density difference (BaFe,Se; minus BaFe,Tes).
(b) The Te-Fe-Te-Fe bonds plane. (c) The iron ladder plane.

dipoles for each iron ladder since irons would move in the
same direction perpendicular to the ladder’s plane. Due to
the phase difference between the A and B ladders in the
block-B AFM state of BaFe,Tes, the induced polarization of
each ladder is, in principle, opposite. However, there will be a
remaining net polarization along the a axis since the ladders
A and B are slightly tilting, as displayed in Fig. 4(b). This
conclusion is also supported by group theory analysis [57].

It should also be noticed that the m-phase shift will not
change the direction of P. Although there is a w-phase shift
in each AA/BB ladder plane for the block-A AFM (7, m, 0)
order, the movements of Te atoms, induced by the block order,
are all in the same direction as shown in Fig. 5(a).

In our fully optimized crystal structure of block-B AFM
order of BaFe,Tes, the nearest-neighbor (NN) distances of
spin up-up [or down-down] Fe-Fe are d; =2.583A and
dr =2.594 A, and the NN distances of spin up-down Fe-Fe
are ds = 3.031 A and d> = 3.020 A, as displayed in Fig. 4(c).
Meanwhile, our DFT results indicate that the heights of Te(1)
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and Te(2) are different: 1.987 A and 1.454 A, respectively,
which is in agreement with our symmetry and group analysis
mentioned in the previous paragraph. Those numerical results
show that the FE dipole of BaFe,Tes; would be larger than
the value of BaFe,Ses; by comparing the height difference
of different chalcogens (for Te: Ak ~ 0.53 A, while for Se:
Ah~0.22 A [35]). The calculated P of BaFe,Te; is about
0.31 uC/cm?, which is larger than the value for BaFe,Se;
(0.19 C/cm?) [35]. The FiE polarization is directly propor-
tional to the effective ionic charge and relative displacement
from paraelectric state, and inversely proportional to volume.
Although the difference in distance of the heights of Te is
more than twice that of the heights of Se, the value of the
polarization of BaFe,Tes; is not twice as large as that of
BaFe,Se;. This is because we also have to consider that
the effective ionic charge within chalcogenides decreases
from Se to Te, while the volume of BaFe,Se; is smaller
than Ba,Fe,Te;. We present the electronic density difference
between BaFe,Se; and BaFe,Tes in Figs. 5(b) and 5(c). It
is clearly shown that the Se anions with bright red spheres
attract more electrons than the Te anions, while the dark blue
negative electronic density difference in the iron ladder plane
indicates that the Fe cations lost electrons in the case of Se
as compared with the BaFe, Tes system. Overall, this suggests
that the electronegativity of Te is weaker than Se.

More importantly, because the ladders for each layer are
tilted in different directions, the corresponding induced FE
dipoles would correspond to a noncollinear order as shown
in Fig. 4(b). Its noncollinearities may be easily modulated
by external electric fields. If we only consider the exchange
striction without magnetic order, the space group of our fully
relaxed FiE structure is Pnm2; (No. 31), which is consistent
with recent neutron experiments for BaFe,Ses [34].

IV. ADDITIONAL DISCUSSION

In Fig. 6(a), we present the projected band structure of
the fully optimized NM states for the five iron 3d orbitals
corresponding to BaFe,Tes;. For better understanding, we
changed the lattice vectors of the Pbnm space group to the
conventional Pnma space group where the b axis is along
the ladder direction, the ¢ axis is perpendicular to the ladders
but still in the iron layer, and the a axis is perpendicular to
the iron layer. It is clearly shown that the band structure is
more dispersive along the ladder direction (X — S path) than
other directions, which indicates the quasi-one-dimensional
ladder behavior along the k, axis. Near the Fermi level, the
bands are mainly contributed by d.., d,;, and ds2_,» [note
that the cartesian axes correspond to the lattice axis of Pnma
symmetry [28]; i.e., the x axis is a, y axis is b, and z axis is ¢ in
Fig. 1(b)]. Based on the Wannier fitting results, the bandwidth
of the five iron orbitals is about 4.1 eV, as shown in Fig. 6(b).
Since the crystal constants of the fully optimized NM state
are usually smaller than the experimental lattice constants in
iron ladder systems, the “real” noninteracting bandwidth of
the five iron orbitals would be smaller than this value. To
better understand the electronic correlation of BaFe,Te; and
the electronic structural similarity with BaFe,Ses, we display
the electronic structure of BaFe,Se; for the fully optimized
NM phase in Fig. 7. In BaFe,Ses;, the band structure is quite

!
|

[u—

Energy (eV)
=)

FIG. 6. (a) Projected band structures of BaFe,Te; (electronic
density n = 6) for the nonmagnetic (NM) state. The Fermi level
is shown with dashed lines. The weight of each iron orbital is
represented by the size of the circle. (b) The original band dis-
persion is shown by blue solid lines, while the Wannier inter-
polated band dispersion is shown using green dashed curves for
BaFe,Te;. The coordinates of the high symmetry points in bulk BZ
are given by I' = (0,0, 0), Z = (0,0,0.5), T = (—0.5,0,0.5), X =
(=0.500), S=(-0.5,0.5,0), Y =(0,0,5,0), U=(0,0.5,0.5),
R = (-0.5,0.5,0.5).

similar to BaFe,Te; because the Fermi levels are also mainly
contributed by d.., d,;, and d;._,» orbitals. As shown in
Fig. 7(b), the bandwidth of the 123-Se n = 6 ladder for the
optimized NM structure is about 4.5 eV. Considering the
similar bandwidth and band structure with BaFe,Ses, it is
reasonable to assume that electronic correlation effects would
be as interesting in Te-based ladders as they are in Se-based
ladders.

The vast majority of reported 2D iron superconductors
[1-4] display a similar structural lattice, magnetic ground
state, and electronic structure. Then, it is reasonable that
according to our DFT results, the physical and structural prop-
erties of our predicted BaFe,Te; are very similar to those of
BaFe,Se;. The BaFe,S; has a CX-type AFM order at ambient
conditions, and the superconducting transition temperature
of BaFe,S; is higher than BaFe,Se; (the 2x2 block-type
AFM order). It suggests that BaFe,Tes; could also become
superconducting under pressure although with a lower
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FIG. 7. (a) Projected band structures of BaFe,Se; (electronic
density n = 6) for the nonmagnetic (NM) state. The Fermi level
is shown with dashed lines. The weight of each iron orbital is
represented by the size of the circle. (b) The original band dispersion
is shown by blue solid lines, while the Wannier interpolated band
dispersion is shown using green dashed curves for BaFe,Se;. The
coordinates of the high symmetry points in bulk BZ are given by
I'=(0,0,0),Z=1(0,0,05), T=(-0.5,0,0.5), X =(-0.500),
S =(-0.5,0.5,0),Y=(0,0,5,0),U=(0,0.5,0.5),R=(-0.5,0.5,
0.5).

transition temperature than BaFe,S; because our 123-Te lad-
der is very similar to BaFe,Se; which has a lower critical
temperature than the 123-S ladder.

Since the pressure-induced superconducting phase domes
of iron ladders were found near the AFM phase [9,10], it is
reasonable to assume that the driving force of superconduc-
tivity are the AFM spin fluctuations [12,20]. The block AFM
order of BaFe,Se; was considered to possibly change to the

stripe CX-AFM structure due to a structural transition under
pressure [10,20]. In this scenario, the magnetic fluctuations
of BaFe,Se; were considered to be induced by the competi-
tion between block- and CX-type magnetic orders, while the
magnetic fluctuations of BaFe,S; were attributed entirely to
the CX-type AFM order. Hence, it is reasonable to assume
that the competition between block and CX-type magnetic
order would be the driving force for superconductivity in
high-pressured BaFe,Te; as well. It should also be noted
that, in previous 2D iron superconductors, the dy, orbital was
considered to be very important to understand the transition
temperature [58,59], corresponding to our d,. orbital lying
in the iron ladder plane. This issue deserves to be studied
more in depth by powerful many-body techniques, beyond the
capabilities of the DFT calculations.

V. CONCLUSION

In summary, the two-leg iron ladder compound BaFe,Tes,
with the iron density n = 6 was systematically studied by
using first-principles calculations. The block-B type AFM
state is here predicted to be the most likely magnetic ground
state. Considering the exotic Block order and strong correla-
tion in this n = 6 iron Te ladder, the phenomenon of OSMP
is expected. In addition, using the symmetry analysis and
DFT calculations, the presence of noncollinear ferrieletricity
in BaFe,Te; is here predicted as induced by the magnetic
exchange striction effects of the block order. Moreover, con-
sidering the magnetic state similarity and electronic structure
with other iron ladders, BaFe, Te; may become superconduct-
ing under higher pressure. Our overarching conclusion is that
the n = 6 iron Te ladder is worth being studied by theoretical
and experimental procedures because using Te could lead to
interesting results, such as exotic magnetic states, an OSMP,
noncollinear ferrieletricity, as well as superconductivity under
high pressure.
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