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Motivated by recent developments in the study of quasi-one-dimensional iron systems with Fe>*, we compre-
hensively study an Fe*" chalcogenide chain system. Based on first-principles calculations, the Fe** chain has
a similar electronic structure to that discussed before for the Fe?* chain, because of the similar FeX, (X = S
or Se) tetrahedron-chain geometry. Furthermore, a three-orbital electronic Hubbard model for this chain was
constructed using the density matrix renormalization group method. A robust antiferromagnetic coupling was
unveiled in the chain direction. In addition, in the intermediate electronic correlation U/W region, we found an
interesting orbital-selective Mott phase with the coexistence of localized and itinerant electrons (U is the on-site
Hubbard repulsion, while W is the electronic bandwidth) based on the orbital-selective behavior observed in
the charge fluctuations. Furthermore, we do not observe any obvious pairing tendency in the Fe** chain in
the electronic-correlation U/W region, where superconducting pairing tendencies were reported before in iron
ladders. This suggests that superconductivity is unlikely to emerge in the Fe*t systems. Our results clearly
establish the similarities and differences between Fe>"and Fe*" iron chains, as well as iron ladders.

DOLI: 10.1103/th25-rvx7

I. INTRODUCTION

The discovery of pressure-induced superconductivity in
the two-leg ladder compounds BaFe,S; [1] and BaFe,Se;
[2], both with 3d® configuration, has attracted intense inter-
est in the iron chalcogenides with a quasi-one-dimensional
(Q1D) Iattice structure. This discovery has rapidly developed
into another exciting new branch of research on iron-based
superconductors [3—12]. In those two-leg ladder systems,
the interplay among charge, spin, orbital, and lattice de-
grees of freedom in a reduced dimensional phase space,
induces many interesting phenomena such as orbital-selective
magnetism [13,14], spin block states [15,16], ferroelectric-
ity [17,18], orbital-selective Mott phases (OSMP) [19-23],
insulator-metal transitions under pressure [24,25], as well
as orbital order [26]. Motivated by these intriguing discov-
eries in two-leg ladder systems, a natural question arises:
Can iron chains, with similar FeX; (X = S or Se) tetrahedron
structures, also display similar physical properties and exotic
electronic phases?

To our best knowledge, unlike the well-discussed iron lad-
ders, the study of iron chains is still in its early stages. Several
iron chalcogenide chains, with different electronic densities,
have already been synthesized, such as BaFe,X; (X = S, Se)
[27,28], Ce,O,FeSe; [29,30], and AFeX, (A = K, Rb, Cs,
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and Tl, X = S or Se) [31-34]. Their crystal structures are
displayed in Fig. 1. Although these iron-chain compounds
crystallize in different space groups, they all share a com-
mon structural character: 1D FeX, (X = S or Se) chains built
from edge-sharing FeX, (X = S or Se) tetrahedron blocks, as
shown in Fig. 1(b).

The BaFe;X4 (X =S, Se) family is a typical iron chain
with Fe3* [27,28], corresponding to the electronic configura-
tion of iron 3d°, and crystallizes in the I4/m crystal structure
(No. 87), as shown in Fig. 1(a). A recent neutron experiment
revealed a strong antiferromagnetic (AFM) coupling along
the chain direction (¢ axis) and a small ferromagnetic(FM)
canting along the b axis [36]. The Fe>* material Ce,O,FeSe,
(3d®) has an Ibam crystal structure, which is structurally re-
lated to the iron-based superconductor LaFeAsO, as shown in
Fig. 1(c). Interestingly, Ce,O,FeSe, displays a FM coupling
along the chain direction [29,30]. The origin of the FM order
along the chains in Ce,O,FeSe, can be explained by a novel
“half-full” mechanism involving the large entanglement be-
tween half-filled and fully occupied orbitals proposed by L.-F.
Lin et al. [37]. In addition, an interesting FM OSMP with both
localized and itinerant electrons has also been discussed in the
presence of electronic correlations under crystal-field splitting
and doping effects [38,39] by using the many-body density
matrix renormalization group (DMRG) technique.

The AFeX, (A =K, Rb, Cs, and Tl and X =S or Se)
family is also an Fe*" chain system, with electronic density
3d’. They have the same chemical formula but different space
groups [31,40-42], as displayed in Figs. 1(d)-1(f). Neutron

©2026 American Physical Society
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FIG. 1. (a) Schematic crystal structure of BaFe, Xy (X = S or Se) with space group 14/m (No. 87) in the conventional cell (purple, Ba;
brown, Fe; green, Se or S). (b) Sketch of the ac plane viewed along the iron-chain direction, using BaFe,Se4 as an example. (c) Schematic
crystal structure of Ce,O,FeSe, with space group Ibam (No. 72) in the conventional cell (blue, Ce; red, O; brown, Fe; green, Se). (d) Schematic
crystal structure of AFeX, (A = K or Rb; X = S or Se) with space group C2/c (No. 15) in the conventional cell (purple, K or Rb; brown, Fe;
green, Se or S). (e) Schematic crystal structure of TIFeX, (X = S or Se) and CsFeSe, with space group C2/m (No. 12) in the conventional cell
(purple, T1; brown, Fe; green, Se or S). (f) Schematic crystal structure of CsFeS, with space group Immm (No. 71) in the conventional cell
(purple, Cs; brown, Fe; green, S. All the crystal structures were visualized with the VESTA code [35].

diffraction experiments also found a strong AFM coupling
along the chain direction [31,33] in these Fe3* chains. As
summarized in Table I, both Fe** (3d°) and Fe** (3d°) chain
systems exhibit very similar crystal structures along the chain
direction, suggesting potential similarities in their physical
properties. However, they also have some differences. Consid-
ering the present studies on iron Q1D systems, several physi-
cal questions naturally arise. At intermediate couplings, could
the OSMP regime be realized in the Fe** chain? What causes
the different magnetic coupling along the chain direction for
the Fe** and Fe?* chains? Can a unified picture be established
to understand magnetic correlations across different iron chain
systems? Can superconductivity occur in an Fe3* chain?

To address these questions, we comprehensively study an
Fe®* chalcogenide chain, using BaFe,Se, as a model system,
employing a combination of density functional theory (DFT)

and DMRG methods. Our DFT results show that the five
iron orbitals of BaFe,Se, also display entangled bonding and
antibonding characteristics between different orbitals with
large interorbital hoppings, which is quite similar to the case
discussed for the Fe** chain [37]. The three-orbital model
DMRG calculations indicate a very robust AFM coupling
along the iron chain in the Fe’t system. At the intermedi-
ate electronic correlation U /W region, an interesting OSMP
regime was also obtained in the Fe*™ chain with the co-
existence of localized and itinerant electrons. By modifying
the electronic density to n = 4 in our three-orbital electronic
Hubbard model, corresponding to Fe?*, using the hopping
matrix and crystal-field splitting from our case, remarkably,
we found an FM state. In addition, changing the hopping ma-
trix and crystal field splitting to those of the Fe>* chain, using
the electronic density n = 3 (corresponding to the Fe’T), we

TABLE 1. Summary of key structural and magnetic properties of various iron-chain systems, including space groups, valences of iron,
nearest-neighbor Fe-Fe distances (A), Fe-X (X =S or Se) bond lengths, magnetic correlations along the iron chain, magnetic transition
temperatures 7* (K) and magnetic moments (ug/Fe), as obtained from experimental studies.

Column Space group Valence Fe-Fe Fe-X Magnetism T* Magnetic moment
BaFe,Sey4 [27,36] 14/m +3 2.742 2.349 AFM 310 2.09
BaFe,S, [28] 14/m +3 2.646 2218

Ce,0,FeSe, [29,30] Ibam +2 2.850 2.447 FM 171 3.33
KFeSe, [31,33] C2/c +3 2.815 2.363/2.369 AFM 310 3
KFeS, [31,33] C2/c +3 2.698 2.231/2.237 AFM 250 2.43
RbFeSe; [31,33] C2/c +3 2.831 2.383/2.386 AFM 250 2.66
RbFeS; [31,33] C2/c +3 2.716 2.235/2.245 AFM 188 1.83
CsFeSe, [40] C2/m +3 2.806/2.838 2.356/2.366

TIFeSe, [32,41] C2/m +3 2.737/2.753 2.344/2.355 AFM 290 2.1
TIFeS, [32,41] C2/m +3 2.641/2.663 2.257/2.295 AFM 196 1.85
CsFeS, [33,42] Immm +3 2.699/2.721 2.262/2.220 AFM 1.88
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obtained an AFM state. These results supported the mech-
anism proposed by our previous study [37], indicating that
the electronic density of iron is responsible for the different
magnetic behaviors in Fe3* and FeZt chains. Moreover, we do
not observe a clear pairing tendency in the Fe** chain at both
intermediate and strong electronic correlations, suggesting
that superconductivity is unlikely to emerge in these systems,
or that the superconducting transition temperature, if present,
would be very low. In this case, our results clearly establish
the similarities and differences between Fe?* and Fe' iron
chains, in contrast to FeZt ladders.

II. METHODS
A. DFT method

To calculate the electronic structure of BaFe,Se4, first-
principles DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP), within the projector
augmented wave (PAW) method [43—45]. The electronic cor-
relations were considered by using the generalized gradient
approximation (GGA) within the Perdew—Burke-Ernzerhof
exchange-correlation potential [46]. Here, the plane-wave cut-
off was set as 500 eV, and the k-point mesh was 8 x 8 x 12 for
the nonmagnetic calculations. For the calculation of the den-
sity of states, the k-point mesh used was to 12 x 12 x 16. In
addition to the standard DFT calculations, the maximally lo-
calized Wannier functions (MLWFs) method was employed to
fit the Fe 3d bands and obtain hopping parameters and crystal-
field splitting by using the WANNIER90 packages [47].

B. DMRG method

To study the three-orbital electronic Hubbard model dis-
cussed in Sec. III [see Eqs. (1) and (2)], we used the
many-body DMRG method [48-50], where the DMRG +
+ computer package was employed [51]. In the present
DMRG calculations, at least 1400 states were kept and up
to 21 sweeps were performed during the finite-size algorithm
evolution. In previous studies of the same three-orbital Hub-
bard model but for materials with different hoppings and
crystal-field splittings, using the same value for the number
of kept states was shown to provide a good description of
the chain systems studied, considering the balance between
the accuracy of physical quantities and computational costs
[37,52,53]. In addition, an electronic filling n = 3 in the three
orbitals was considered. Here, a chain cluster lattice geometry
with open-boundary conditions (OBC) was used for differ-
ent lengths L. The truncation error remained below 10~ for
the calculation of spin—spin correlation, spin structure factor,
charge occupancy, charge fluctuation, and squared spin. Fur-
thermore, different lengths L and states m were considered in
the study of the pairing tendencies.

To help readers reproduce our results, an example input file
and additional details of the input parameters are described in
the Supplemental Material [54].

III. MODEL SYSTEM
A. DFT results of BaFe,Sey

First, we briefly present the DFT results for the represen-
tative material BaFe,Se,. Based on the experimental crystal
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FIG. 2. (a) Density of states near the Fermi level of BaFe,Se,
for the nonmagnetic phase (gray, total; blue, Ba; red, Fe; cyan, Se).
(b) Projected band structures of the nonmagnetic phase of BaFe,Se,.
Note that the local {x, y, z} axes of the projected orbitals correspond
to crystal axes {a, b, c}, where the z axis is the ¢ axis and the x or y
axes are the a or b axes. The weight of each Fe orbital is represented
by the size of the (barely visible) circles. (c) The crystal-field split-
ting energies of the five Fe 3d orbitals obtained by Wannier fitting.
More details can be found in the Supplemental Material [54].

structure [27], we investigated the electronic structures for the
nonmagnetic state of BaFe,Se4. The DFT results clearly es-
tablish both the similarities and differences between the Fe’*
and Fe?t iron-chain systems, arising from their structurally
similar chain geometry.

As shown in Fig. 2(a), the states near the Fermi level are
mainly contributed by the Fe 3d orbitals hybridized with the
Se 4p states. Furthermore, the Fe 3d bands of BaFe,Se, are
mainly located in the energy range from —1.5 to 1.5 eV,
while the Se 4p bands are extended in real space. Compared
with the bandwidth of the Fe 3d orbitals in the Fe?* chain
Ce,0,FeSe; system (~2.5 eV) [37], the Fe 3d bandwidth is
slightly larger (~3 eV) for this Fe’* iron chain, indicating a
slightly enhanced nature of the itinerant behavior of the Fe 3d
states in BaFe,Sey.

Furthermore, the reported spin magnetic moments for the
Fe** chains range from approximately 1.8 to 3 ug/Fe, as
displayed in Table I, which is significantly lower than the
spin magnetic moment of the free Fe’" ions (~5 ug/Fe).
This behavior is quite common in the iron-based supercon-
ductors with FeX, tetrahedral coordination [55-57]. Using
the local spin-density approximation (LSDA), which is
widely applied in the DFT context of the Q1D and two-
dimensional iron-based chalcogenides systems [5,24,55,58],
we calculated that the local magnetic moment of Fe is about
2.82 pg/Fe. This value is also larger than the experimental
value (~2.09 ug/Fe). This may be caused by the coexistence
of localized Fe spins and itinerant electrons in the Q1D
systems [57]. Another possible reason is that the quantum
fluctuations are strong for the iron-based Q1D systems [55].

The DFT band structure of the nonmagnetic phase of
BaFe,Se, [see Fig. 2(b)] is more dispersive from I' to Z
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(parallel to the chains) along the chains than along other
directions, such as I' to X along the a axis. This anisotropy
indicates a dominant QID behavior along the k, axis caused
by the Q1D iron-chain lattice geometry. Similar to the case
of Ce,0,FeSe, with 3d° configuration, when interactions are
neglected, the five iron orbitals of BaFe,Se, also display en-
tangled bonding and antibonding characteristics. In addition,
we also obtained crystal-field splitting energies for the five
iron 3d orbitals [54], based on the maximally localized Wan-
nier functions [47], as displayed in Fig. 2(c), which are similar
to those in the Fe?* chain Ce,0,FeSe, [37]. Because of the
similar FeSe, chain geometry in the Fe?* and Fe** chains, the
interorbital hoppings (nonzero off-diagonal matrix elements)
are also found to be large in the case of BaFe,Ses (3d°).
More Wannier-fitting results can be found in the Supplemental
Material [54].

B. Model Hamiltonian

In the present study, as an example of an Fe’* chalco-
genide chain, we employ a canonical three-orbital Hubbard
model defined on a 1D chain geometry, including the kinetic-
energy and interaction terms given by H = Hj + Hiy. The
tight-binding kinetic component is

He= Yty Ciirgy THC)+ Y Aynie, (1)

ioyy' iyo

where the first term represents the hopping of an electron
between orbitals y at site i and orbitals y’ at the nearest-
neighbor (NN) site i + 1. cjgy(cigy) is the standard creation
(annihilation) operator, y and y’ indicate the different orbitals,
and o is the z-axis spin projection. A, denotes the crystal-field
splittings of orbital y .

The electronic-interaction portion of the Hamiltonian in-
cludes the standard intraorbital Hubbard repulsion U, the
electronic repulsion U’ between electrons in different orbitals,
the Hund’s coupling Jy, and the on-site interorbital electron-
pair-hopping terms. Formally, it is written as

J
Hinl =U anyniw + (U/ — TH) Z iy Njyr

iy

r<y'
~21 ) Siy-Siy +Ju Y (PPy +He),
1/<ly’ V<ly’

@)

where the standard relation U’ = U — 2Jy is assumed, and
the interorbital pair-hopping operator is P, =c; , City -

Here, we consider a three-orbital Hubbard model with
three electrons per site, corresponding to the iron valence
Fe** (3d°). In principle, for the Fe* chain materials with a
3d> configuration, all five iron 3d orbitals contribute to the
low-energy bands near the Fermi surface [see Fig. 2(b)]. How-
ever, in the DMRG calculations, five-orbital Hubbard-type
models require significantly larger computing costs with more
hoppings, crystal-field splittings, Hund’s coupling, and Hub-
bard interactions because of the exponential increase in the
local Hilbert space and substantial entanglement growth,
which is impossible with our present computing resources.

Thus, here we consider the three-orbital Hubbard model
in our DMRG simulations, for both physical and computa-
tional considerations, following our previous study of iron
chains and ladders with a similar edge-sharing FeX, tetra-
hedron structure [37,52,59]. The case n = 4 (four electrons
in three orbitals), the typical electronic density used in iron
superconductors where iron is in the Fe?* valence state, cor-
responds to six electrons in five orbitals [52,59,60]. Thus,
the Fe*" chain discussed here corresponds to n =3 in the
three-orbital model. Note that the three-orbital model has
been widely employed in theoretical studies of real iron-based
superconducting systems, and multiple efforts have provided
evidence that the three-orbital approximation gives a good
description of the material’s physical properties [20,37,59—
61]. For example, in the Fe?*t iron ladder system BaFe,Ses,
the three-orbital DMRG studies [20,59] successfully cap-
tured the essential physics of the block OSMP, providing a
consistent description of the original experimental discover-
ies [13,14]. A similar situation arises in iron-chain systems.
Our previous three-orbital DMRG work [37] on the Fe?t
chain compound Ce,O,FeSe, demonstrated excellent agree-
ment between theory and experiment [30]. Furthermore, for
the Fe?" iron-chain K3Fe,Sey, our three-orbital model suc-
cessfully reproduced the block-type magnetic order observed
in neutron-scattering experiments [62]. Taken together, these
examples support the conclusion that the three-orbital model
captures the essential physics of Fe-based chain and ladder
systems.

The crystal-field splitting and hopping matrix elements are
obtained from BaFe,Se4, as a concrete example. The noninter-
acting tight-binding band structure along the chain direction,
using the nearest-neighbor hopping matrix and crystal-field
splitting obtained from BaFe,Sey, is displayed in Fig. 3(a),
which qualitatively reproduces the corresponding DFT
bands.

The hopping matrix for the three-orbital chain system is
obtained from the MLWFs of BaFe,Se, in orbital space as
follows:

—0.457 0.045 —0.495
tyy =| 0.045 0224 0.107 |. 3)
—0.495 0.107 —0.439

The crystal field splitting of the three orbitals is chosen
as Ag = —0.446, Ay = —0.235, and A, =0.206, all in
eV units. The total kinetic energy bandwidth W is about
2.6 eV for the three-orbital model. All the parameters men-
tioned above, including the hopping matrix and crystal-field
splittings, were discussed in Note II of the Supplemental
Material [54].

C. Observables

To study the three-orbital 1D Hubbard model for varying
U/W, several observables were measured using the DMRG
many-body technique. Although we use a SU(2)-symmetric
Hamiltonian model as defined in this work, we did not
explicitly implement the SU(2) symmetry in the DMRG simu-
lations. Instead, we implemented canonical DMRG with U(1)
spin symmetry only, conserving the total S. It is well known
that DMRG calculations based only on U(1), rather than
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FIG. 3. (a) The noninteracting tight-binding band structure along
the chain direction with nearest-neighbor hopping obtained from the
example material BaFe,Se,. In this particular material (BaFe,Se,),
there are two iron atoms in the chain, thus there are six bands in
our tight-binding calculations. (b)(d) Spin—spin correlation S(r) =
(S; - S;) (with r = |i — j| inreal space). (c)(e) The spin structure fac-
tor S(gq) as a function of U/W at Jy/U = 0.25, respectively. Here, we
use a chain lattice geometry with L = 16 and L = 24, respectively.
(f) Spin structure factor S(g = ) for different electronic correlations
U/W and different lengths L = 16 and L = 24, respectively.

full SU(2), can describe ferromagnetic tendencies correctly.
Within this framework, spin-up and spin-down sectors are
treated explicitly on a U(1) basis. Accordingly, the number

of kept states reported in this work refers to U(1)-symmetric
bases, rather than SU(2) multiplet bases.
The spin—spin correlation is defined as

S(r) = (S;i - 8;). “
Here, r = |i — j|, and the spin at site i is

Si = % 22 ChyaapCiyps )
op

14

where 0,4 are the matrix elements of the Pauli matrices.
The corresponding structure factor for spin is

1 (i
S@ =7 2 eSS, ©)
J.k
The site-averaged occupancy of the orbitals is
1
ny = Z(niya)- @)
The orbital-resolved charge fluctuation is defined as
1
ony == 3 (m3.1) = tny.)?). ®)
i

The mean value of the squared spin for each orbital is
defined as

(8%, = %DSW +Siy). ©)
1

While it is true that in 1D or QID systems, alterna-
tive nonmagnetic ordered phases, such as dimerized states,
valence-bond-solid phases, and charge-density-wave states,
can in principle emerge in certain parameter regimes, their
existence should have appeared in our calculations. But they
did not. Maybe by changing some model parameters, these
competing phases may become relevant in some regions. But
we employ hoppings and crystal-field splittings from DFT for
the materials that are the focus of this work, and then solve
the Kanamori-Hubbard multiorbital model within our best
abilities via DMRG. Playing with the vast parameter space
to discover additional phases is charming as an idea, but it is
totally beyond the scope of the present work, which focuses
on specific materials. DFT renders our work realistic for the

materials of that are the focus of this work.

IV. DMRG CALCULATIONS
A. Spin-spin correlation

As shown in Fig. 3(b), the spin—spin correlation S(r) =
(S;i - S;) decays rapidly as the distance r increases in the small
Hubbard interaction U/W region (see U/W = 0.1 as an ex-
ample), where the distance is defined as r = |i — j|, with i and
Jj being site indices [63]. Accordingly, the spin structure factor
S(q) does not show an obvious peak in reciprocal space, indi-
cating paramagnetic (PM) behavior. In this region, the kinetic
term plays the leading role, resulting in a metallic PM state.

As U/W increases, the spin—spin correlation S(r) increases
at larger distances (see U/W = 0.8 case), as displayed in
Fig. 3(b). In addition, the spin structure factor S(g) also
displays a sharp peak at ¢ = m, indicating a staggered spin
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pattern [see Fig. 3(c)]. Note that, eventually, at large distances,
quantum fluctuations will prevent full long-range order in the
one-dimensional model. Strictly in one-dimensional systems
with continuous symmetry, as implied by the Lieb—Schultz—
Mattis theorem, the spin—spin correlations eventually should
decay slowly as a power law. In our results, although the
strong spin correlations unveiled here resemble long-range
order, in much larger systems the power-law decay will quite
likely be observed. Moreover, we note that weak couplings
between chains will stabilize the unveiled tendencies into
long-range patterns with the canonical staggered antiferro-
magnetic order for the real material BaFe,Se, system. Here,
we do not make any claim of long-range order in one di-
mension in the paper. We focus on the dominant tendencies,
which likely will become true long-range order after adding
weak coupling between chains. This staggered spin pattern
is also supported by DFT + U calculations for BaFe,Se,, as
discussed in the Supplementa Material [54].

By further increasing U/W, we did not find any other
magnetic pattern in the range of U/W (U/W < 10), indicating
that the AFM coupling is robust along the chain direction
[see Figs. 3(b) and 3(c)]. Furthermore, we also calculated S(r)
and S(q) at larger L (L = 24), as displayed in Figs. 3(d) and
3(e), respectively. The results are similar to those for L = 16.
Then, we conclude that the staggered AFM order is robust
in the Fe** iron chain against changes in lattice length L. This
conclusion is in good agreement with the present experimental
results for 3d> iron-chain systems: BaFe,Ses [36], AFeX,
(A=K orRband X = S or Se) [31], and TIFeX, (X = S or
Se) [32]. This strong AFM coupling along the chain can be
easily understood. In the half-filled multiorbital model, both
intraorbital and interorbital hoppings favor the AFM coupling
owing to the Pauli principle.

To better understand the PM—-AFM phase transition in
this system, we calculated the spin structure factor at ¢ =
for different values of U/W. Figure 3(f) clearly indicates a
PM-AFM phase transition around U/W = 0.2 with a peak
appearing in the spin structure factor S(g), where the S(g =
) begins to rapidly increase, indicating that AFM order
forms. Furthermore, it should also be noticed that the specific
boundary values of the PM—AFM phase transition are only
a crude approximation, because finite-lattice-size effects and
the use of a limited number of states in DMRG would affect
the specific boundary values. In the present work, our purpose
is not to provide a rigorous determination of the boundary
of AFM correlations, but to determine the existence of the
dominant phase regions.

B. Charge fluctuations

In addition, we calculated the site-averaged occupation
number n,, as a function of U/W at Jy /U = 0.25, as shown
in Fig. 4(a). In the small-U /W region, y = 0 and y = 2 have
noninteger n, values, indicating metallic behavior. As U/W
increases, the occupation number of all orbitals converges to
1, leading to three half-occupied states, resulting in a Mott-
insulator staggered AFM state.

Next, we also analyzed the charge fluctuations (n, =
T Z ((n W —(n,, i)?) for different orbitals, as displayed in
Fig. 4(b). In the small-U/W region (< 0.6), the charge fluc-
tuations for all three orbitals are considerable, indicating
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FIG. 4. (a) Orbital-resolved occupation number r, for different
U/W,atJy /U = 0.25. (b) Charge fluctuations én, = % Zi“ni,i) -
(ny,,-)z) for different orbitals as a function of U/W, at Jy /U = 0.25.
Insert: total charge fluctuations én = % Zi((nz) — (n)?). (c) The av-
eraged value of the spin-squared (S°),, for different orbitals, vs
U/W, at Jy/U = 0.25. (Inset) The averaged value of the total spin-
squared (S?). Different phases are distinguished by the dashed lines
with different colors. Here, our goal is to establish the dominant
tendencies in the system. The phase boundaries of the OSMP and MI
states are determined by the charge fluctuations of different orbitals,
where the Mott insulator (MI) state is identified if there are no
clear charge fluctuations. Note that these phase boundaries should be
considered only as crude approximations. However, the existence of
the different regions is clearly established even if the boundaries are
only crude estimations. In addition, we used a lattice length L = 24.

strong quantum fluctuations along the chains, leading to a
metallic state. The charge occupation of the y = 1 orbital
[see Fig. 4(a)] rapidly reaches 1 with only a slight change
(~2%) around U/W = 0.2, but has sizable charge fluctuations
in the small-U/W region. As U/W increases to intermedi-
ate Hubbard-coupling strengths, the charge fluctuations §n;
rapidly reduces to nearly zero, resulting in localized-orbital
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FIG. 5. (a) Orbital-resolved occupation number n, and (b) charge fluctuations dn, of the different orbitals as functions of doping at
U/W = 1.0 and Jy /U = 0.25. (c) Orbital-resolved occupation number n,, and (d) charge fluctuations én, of different orbitals as functions
of doping at U/W = 4.0 and Jy /U = 0.25. Here, we used a chain lattice of size L = 24. In (b) and (d), “localized” means that the orbital is
Mott-localized (6n, ~ 0), and “itinerant” indicates that the orbital is metallic with sizable charge fluctuations.

characteristics. For comparison, the other two orbitals (y = 0
and y = 2) still retain sizable charge fluctuations, coexisting
with itinerant-electron characteristics, leading to metallic or-
bital behavior. In this case, the system displays an OSMP in
the intermediate-U /W regime (~0.6 to ~1.6).

At even larger U/W (22.5), the charge fluctuations of all
orbitals are reduced to nearly zero. Thus, the charge fluctua-
tions are virtually suppressed by the electronic correlations.
Consequently, this system displays insulating behavior in
the strong-electronic-correlation region, as an AFM MI state
with three half-filled orbitals (y =0, y = 1, and y = 2). As
discussed in our previous study [53], the AFM-OSMP to
AFM-MI transition is likely a “crossover” rather than a sharp,
well-defined phase transition.

Furthermore, the calculated averaged value of the spin-
squared of different orbitals also supports the above-described
phase transitions, as shown in Fig. 4(c). In the small-U/W
region, all the spin squared (Sz)y values are unsaturated for
different orbitals. In the AFM OSMP region, (S?); is saturated
(~0.75), while (S?)¢ and (S?), are still not fully converged
to 0.75, indicating the presence of magnetic fluctuations. As
we continue increasing U /W, eventually (Sz)y of all the or-
bitals saturates to 0.75, leading to a total (S?) reaching 3.75
(three electrons in three orbitals), corresponding to the one-
dimensional version of an AFM MI state.

We note that the phase boundaries should only be consid-
ered crude approximations, because finite-lattice-size effects
and the use of a limited number of states in DMRG would
affect the specific boundary values of this regime change
from delocalized to localized electrons. However, although
the lattice-size effects would affect the specific boundary val-
ues of the transitions, the existence of the different regimes is
clear, even if the boundaries are only crude estimations.

Moreover, the interesting OSMP region was also reported
in the Q1D iron ladder BaFe,Se; [15,19,20], as well as in
the Fe?" iron-chain system Ce,O,FeSe, [38,39]. Hence, our
results clearly indicate the similarity between Fe’" and Fe?*
iron low-dimensional systems, with coexisting localized and
itinerant electrons.

C. Orbital-selective Mott phase

To examine the stability of the OSMP, we also stud-
ied the occupation number and charge fluctuations for each
orbital with different global filling numbers of electrons, for
both intermediate and strong electronic correlations U/W,
respectively. At intermediate electronic correlation, the sys-
tem displays an OSMP with some charge fluctuations for the
y = 0and y = 2 orbitals [see the n = 3.0 results in Figs. 5(a)
and 5(b)]. With hole doping, linear behavior was observed
in the y = 0 orbital with large charge fluctuations, while the
y = 1 orbital still retains Mott-localized characteristics. Fur-
thermore, the occupation number of the y = 2 orbital slightly
changes containing some charge fluctuations under hole dop-
ing, as shown in Figs. 5(a) and 5(b). For electron doping,
the y = 2 orbital shows linear behavior with sizable charge
fluctuations, while the y = 1 orbital remains Mott-localized
in some regions of electron doping. Thus, the OSMP can be
stable in a wide range of doping at intermediate correlation.

For strong electronic correlations U/W, the y = 1 orbital
stays localized at both hole and electronic doping with-
out charge fluctuations, as displayed in Figs. 5(c) and 5(d).
Meanwhile, both the y = 0 and y = 2 orbitals display linear
behavior under doping with fractional occupation, and thus
metallic character, indicating a global OSMP behavior. Hence,
all these results indicate that the OSMP physics could be
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stable in both the intermediate and strong electronic correla-
tion regimes. Our DMRG results suggest that the Fe** chain
could also be quite interesting with OSMP physics involving
the coexistence of localized and itinerant electrons, as widely
discussed in the Fe?* system [19-21,64,65]. Similar to the
case of BaFe,Se; [19], inelastic neutron scattering experi-
ments could provide the key experimental evidence for the
static and dynamic spin correlations involving the iron ions,
which deserve further experimental efforts on BaFe,Ses and
related Fe** chains.

Here, we would like to note that our identification of the
intermediate regime as an OSMP is primarily based on the
orbital-selective behavior observed in the charge fluctuations,
where one orbital shows strongly suppressed fluctuations
while the others tremain relatively large. Thus, one behaves
as an insulator while the other behaves as a metal. We ac-
knowledge that this criterion alone is not fully conclusive in
identifying an OSMP, but it is consistent with such an inter-
pretation. A detailed dynamical spectral study of this region
could provide stronger and better evidence for identifying the
OSMP, such as discussed in Ref. [20] for the iron ladder
BaFe,Se;. This computer-time-intensive calculation could be
considered in future work.

D. Binding energy

Considering the pressure-induced superconductivity re-
ported for the Q1D iron ladders BaFe,Ss [1] and BaFe,Ses
[2], here we also studied the binding energy of a pair of holes
to explore the possibility of pairing tendencies in the Fe’*
chain, as defined in Refs. [66,67],

AE =EN —-2)+E(N)—-2E(N — 1), (10)

where E(N) is the ground-state energy of the N electron sys-
tem for the three-orbital chain model. E(N — 2)and E(N — 1)
are the ground-state energies of the two-hole doping or one-
hole doping cases, respectively, corresponding to the N — 2
and N — 1 electron systems. If AE is found to be negative, it
indicates possible pairing tendencies in this system, because
the particles minimize their energy by creating a bound state.
If AE is calculated to be positive, it means that the particles do
not bind; thus, there are no pairing tendencies in the system. In
this case and in the bulk limit, the doped holes would become
two independent particles, leading to zero binding energy.
Based on the ground-state energies from DMRG calcula-
tions for the N (undoped case), N — 1 (one hole), and N — 2
(two holes) electron systems, we obtain the binding energy
for different lengths L and states m, as shown in Fig. 6. At
electronic correlation U/W < 4, the calculated values of AE
are positive, indicating no pairing tendencies in this region for
L = 16. In practice, the strong spin—spin correlations could
obscure the emergence of pairing tendencies for a relatively
small system size, such as L = 16. However, it would be
very time-consuming to calculate spin and charge gaps for
larger-scale systems in this region. Indeed, we tried finite-size
scaling of the pairing gap binding energy at points using larger
system sizes inside the region U/W < 4. The results were
inconclusive, and we cannot rule out a tiny negative bind-
ing energy. Those calculations are extremely computationally
costly, and the results are not of high accuracy because of the
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FIG. 6. The calculated binding energy vs electronic correlation
strength U/W in a chain lattice for different lengths L and number
of states m. Specifically, the maximal number of kept states was
1800, 2400, 3600, 4800, and 6000 for different lengths L = 16,
24, 36, 48, and 60, respectively. The truncation error is smaller than
10~° everywhere except for the L = 16 data at U/W < 3.8. In the
range 2.0-3.6, it is at least smaller than 10~°. Because the DMRG
computational cost is significantly higher in the region of small
U/W, we only focused on the large-U /W points when using systems
with larger sizes and more states. Here, the results were obtained at
Ju /U =0.25.

computational constraints of our computing resources. Thus,
more convincing finite-size scaling is postponed to future
work. For comparison, using the same method, our previous
efforts found a strong pairing tendency for the Fe?* ladders
at a broad electronic-coupling U/W regime from ~1 to ~4
[66,67]. In this case, different from Fe>* ladders, the Fe3*t
case appears far from exhibiting pairing, and thus tendencies
toward superconductivity, at least under the same conditions
as those of iron ladders.

Furthermore, while at large U/W (>4), the calculated
binding energies become slightly negative, their magnitude
remains extremely small on the order of 10~* eV, suggesting
either the absence of pairing tendencies or, at most, a very
weak pairing effect that is likely not robust. At L = 16, we
do see a considerable negative binding energy at very large
U/W, as shown in Fig. 6, but it disappears as the length L
increases, indicating that it is likely a finite-size artifact rather
than a true signature of pairing. Considering the electronic
correlation of iron-based superconductor is at the intermediate
region [55,56,58], this suggests that Fe* chains are unlikely
to be superconducting.

In addition, we also investigated spin (AE;) and charge
(AE,) gaps for several large values of U/W (= 4, 6, 8, 10)
using different lattice sizes L up to 60, as shown in Fig. 7.
We also calculated binding energies. In this regime, finite-size
scaling suggests either zero or tiny AE; > 0 and zero or tiny
binding energies AE;, < 0. Clearly, the charge gap is larger by
several orders of magnitude (AE, > AE;, AE. > |AEp|).
The large charge gap presumably means that charges are
mostly localized and suggests an incompressible charge state.
The very weak spin gap suggests that the ground state resem-
bles more an AFM spin arrangement, with very low-energy
spin excitations. The tiny binding energies we found suggest
that pairing is very weak or that there is no pairing in this
system.

Recently, a high-pressure study provides support to our
conclusions, where possible superconductivity was reported
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FIG. 7. The calculated (a) charge gap AE,. [AE. = (E(N + 1)+ E(N — 1) —2E(N)], (b) spin gap AE [AE; = E(S* =1) — Ex(§° =
0), where $° = (N; — N, )/2], and (c) binding energy AE, [AE, = E(N —2)+ E(N) — 2E(N — 1)] parametric with electronic correlation
strength U/W using a chain with different lengths L. Specifically, we use U/W equal to 4, 6, 8, and 10 for different lengths L = 24, 36, 48,

and 60, respectively. All the results were obtained at J, /U = 0.25.

but with a very low TCOnSite ~ 2 K above 30 Gpa in the Fe>*
chain TIFeSe, [68]. A possible structural phase transition
was also proposed TIFeSe, under pressure [68]. Then, the
lattice and electronic properties could be changed substan-
tially, depending on sample preparation and conditions. This
requires a comprehensive DFT study for this Fe** chain or
related chains to explore the possible lattice and electronic
properties in high-pressure conditions. Based on the hoppings,
crystal fields, and the relevant orbitals obtained from the high-
pressure DFT study, a model calculation can provide more
physical insight into the puzzle of high-pressure supercon-
ductivity in TlFeSe;, as discussed in iron ladders [69-71].
All these issues deserve further theoretical investigation and
discussion beyond the scope of our present paper.

E. Varying the electronic density

Recently, a half-full mechanism involving strong entangle-
ment between doubly occupied and half-filled orbitals was
proposed to explain the FM coupling along the chain direction
in Fe>* Ce,0,FeSe, [37]. To better understand this mecha-
nism and to establish a connection between Fe’* and Fe?*
chain systems, we now examine the magnetic correlations of
our present model at an electronic filling of four electrons per
site, corresponding to the Fe?* valence.

At U/W = 1, different from the case of three electrons in
three orbitals (AFM order already forms), Fig. 8(a) indicates
that the spin—spin correlation S(r) decays as the distance r
increases, indicating PM behavior. This is caused by the com-
petition between FM and AFM coupling, which are caused
by interorbital and intraorbital couplings, respectively, at
intermediate U/W . However, S(r) also indicates the possibil-
ity of local short-range 1 - | - — order at U/W = 1. This is
also supported by the calculated spin structure factor S(g),
where a small peak at ¢ = 27 /3 was found, as displayed
in Fig. 8(b). This magnetic phase (1 - | - —) is quite inter-
esting, and deserves additional study by adjusting different
parameters (electronic densities, hoppings, and crystal-field
splitting) to stabilize this phase. However, we will not discuss
further this possible phase, leaving that task for future work.

As U/W increases, the spin—spin correlation S(r) grad-
ually converges at larger distance, indicating FM tendency
(see results for U/W =3 or 6), as displayed in Fig. 8(a).
Note that the approximately linear behavior of the FM spin—
spin correlation as a function of distance r should not be
interpreted as an intrinsic bulk scaling law. In general, FM
spin—spin correlations are expected to saturate to a con-
stant rather than exhibit a linear dependence on distance.
The observed behavior arises from the combined effects of
finite system size, OBC and the presence of strong ferro-
magnetic correlations in a finite chain. While larger system
sizes would further reduce boundary effects, the purpose of
Fig. 8(a) is not to extract the long-distance scaling form of
the correlation function. Instead, it is intended to demon-
strate the clear tendency toward ferromagnetic correlations
along the chain and to illustrate the importance of elec-
tronic density in altering magnetism after introducing robust
interorbital hopping. This FM tendency is unambiguously
established by the data shown in Fig. 8(a), which is
enough to support the conclusion that directly modifying the
electronic density could alter the magnetic properties. The
main message and conclusion discussed here do not depend
on the shape of the curve. Furthermore, the spin structure
factor S(g) also displays a sharp peak at ¢ = 0, corresponding
to FM state [see Fig. 8(b)]. Thus, it suggests that the dif-
ferent magnetic coupling behaviors between Fe>* and Fe*
chains are caused by different electronic densities, where the
orbital-selective character plays an important role. Hence, the
results obtained by directly modifying the electronic density
also support the notion that the half-full FM mechanism [37]
is robust.

In addition, we also used a new set of hopping parameters
and crystal-field splitting obtained from the Fe?* chain [37]
and changed the electronic density to 3 in the same model

(corresponding to the Fe™),

0.187 —0.054  0.020
t,=[0054 0351 —0.349|. (11)
0.020 0349 —0.433
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FIG. 8. (a) Spin—spin correlation S(r) in real space, and (b) the
spin structure factor S(g), as a function of U/W, at Jy /U = 0.25,
respectively, using the hopping matrix and crystal-field splitting
obtained from BaFe,Se4. In (a) and (b), we use a chain lattice
geometry with L =24 and 96 electrons, corresponding to four
electrons in three orbitals with 24 sites. (c) Spin—spin correla-
tion S(r) in real space, and (d) the spin structure factor S(g),
as a function of U/W, at Jy/U = 0.25, respectively, using the
hopping matrix and crystal-field splitting obtained from the Fe*"
chain [37]. (c), (d) Orbital-resolved occupation number n, vs site
i for both U/W =1 and U/W = 3, respectively, at Jy /U = 0.25.
(e), (f) Orbital-resolved occupation number n, for different sites at
U/W =1, and U/W = 3, respectively. Here, we use a chain lattice
geometry with L = 24 and modify the number of electrons to 72,
corresponding to three electrons in three orbitals with 24 sites.

The crystal-field splitting of the three orbitals are fixed
at Ay =—0.277, A} =—-0.203 eV, and A, = —0.720 eV,
while the total kinetic energy bandwidth W' is 2.1 eV.

The spin—spin correlation S(r) clearly shows AFM cou-
pling along the chain for different U/W, as displayed in
Fig. 8(c). Accordingly, the spin structure factor S(g) also
displays a sharp peak at ¢ = m, indicating AFM state [see
Fig. 8(d)]. In addition, we also studied the electronic oc-
cupation number of different orbitals n, for U/W =1 and
U/W =3, respectively, as shown in Figs. 8(e) and 8(f).
At U/W =1, ny reaches 1 with nearly zero charge fluc-
tuations while n; and n, are not quite close to 1, also
with sizable charge fluctuations, leading to an OSMP. How-
ever, all three orbitals are half-filled with n, =1 at U/W =
1.0, without charge fluctuations at U/W = 3, leading to
MI phase. Note that in this set of hoppings, the large in-
terorbital hopping is between y; and y, orbitals, while the
yo orbital has the smallest hopping. Hence, those qualita-
tive similarities with the other set of parameters suggest
that our physical conclusion regarding Fe** chain are solid
and robust.

V. CONCLUSIONS AND DISCUSSION

Motivated by recent interesting developments in the study
of low-dimensional 1D iron systems with 3d° configura-
tion (both two-leg ladders and chains), we investigated an
iron-chain system with 3d° configuration containing a FeX;
(X =S or Se) tetrahedron block. To better understand the
physics behind iron chains with 3d°> configuration, starting
from BaFe,Se4, we comprehensively studied the electronic
correlation effect in a three-orbital lattice model defined on
a chain lattice by using DMRG many-body techniques. Our
results establish the similarities and differences between Fe?*
and Fe* chains, as well as iron ladders.

Based on the electronic structures of the nonmagnetic
phase of BaFe,Sey, the states near the Fermi level are mainly
contributed by the Fe 3d orbitals hybridized with Se 4p
orbitals. Similar to the case of Ce,O,FeSe, with Fe?T, the
five iron orbitals of BaFe,Se, with Fe** also display entan-
gled bonding and antibonding characteristics. Furthermore,
the interorbital hoppings (nonzero off-diagonal matrix ele-
ments) are also found to be large in BaFe,Seq4, as reported
in Ce,O,FeSe, [37]. Because of their similar FeX; (X =S
or Se) chain direction, the Fe3* chains have similar electronic
structures (see Note III of the Supplemental Material [54]), in-
dicating similar physical properties in the Fe** chain systems.

In the range of U/W that we studied (U/W < 10), the
spin—spin correlation S(r) indicates an AFM coupling along
the chain, corresponding to a sharp peak at ¢ = m in the spin
structure factor S(g). This agrees well with the present ex-
perimental results for the Fe>* iron-chain systems. Recently,
the large interorbital hopping between half-filled and fully
occupied orbitals was proposed to explain the FM order in
the Fe?t iron-chain Ce,O,FeSe, [37]. Because of the similar
1D FeSe; chain structure, we also found a larger interorbital
hopping in the Fe’* chain case. By modifying the value of
the electronic density to n = 4, corresponding to Fe**, using
the hopping matrix and crystal field splitting from our case,
we indeed found an FM state, supporting the mechanism
proposed by our previous study [37]. In addition, using the
hoppings from the Ce,O,FeSe, material [37] and changing
the electronic density to n = 4 in our model, corresponding
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to Fe’*, we also obtained strong AFM order. This demon-
strates that the magnetic structure, FM vs AFM, is controlled
by the electronic density rather than by details of the band
dispersion. On the other hand, the intraorbital hoppings lead
to AFM tendencies; thus, the competition may lead to many
interesting phases since electronic doping would enhance FM
tendencies in the Fe>* case. This competing aspect deserves
further theoretical and experimental studies.

Our study also found an OSMP regime in the intermediate
electronic correlation U/W region. Because the intraorbital
hopping #;; (between y = 1 orbitals) is much smaller than
the others, the y = 1 orbital is more easily Mott-localized
at the intermediate Hubbard U region while the other two
orbitals still remain metallic, leading to interesting AFM
OSMP regime. The OSMP was also reported in the Fe>* chain
[37,39] and iron ladders [15,19,20]. This establishes interest-
ing similarities between 3d> and 3d% iron low-dimensional
systems. In addition, the OSMP with the coexistence of lo-
calized and itinerant electrons can also be stable under doping
in both intermediate and strong electronic correlations. Con-
sidering the developments of OSMP low-dimensional iron
systems with Fe’", the next interesting step is to study the
dynamical excitations of this OSMP in the iron chain. We
leave this task for future work.

Different from the strong pairing tendency in the typical
electronic coupling U/W regime of Fe (~1 to ~4) in 3d°
low-dimensional iron systems [66,67,71], in our study we do
not observe any robust pairing tendency in the 3d° iron chain
by using the same model and method. Thus, it suggests that
the pairing tendency, and associated superconductivity, will
be difficult to stabilize in Fe>* systems.

All the chains addressed here share a similar FeX, (X =
S, Se, or Te) chain geometry built from edge-sharing FeXy
tetrahedron blocks, leading to similar electronic structures.
Although the specific values of hoppings and crystal-field
splittings vary among those different chain materials, the
key characteristics are the same: large interorbital hopping,
while the values of the intraorbital hoppings vary greatly. Per-
forming additional DMRG calculations for other iron-chain
compounds with other parameter sets would substantially
increase the computational cost, and this is beyond the scope
of the current work. The specific values of the phase bound-
aries and the ranges of different phases would be different
for other iron-chain materials because the Hamiltonian pa-
rameter sets would be different. However, we do not expect
that the qualitative features of the phase diagram and the key
physics will change in other Fe** chains. As discussed in our

present work, the different magnetic properties of Fe?* (fer-
romagnetism) and Fe*" (antiferromagnetism) are controlled
by the electronic density, related to the half-full interorbital
mechanism [37]. Furthermore, the physical nature of the
orbital-selective Mott phase is caused by varying intraorbital
hoppings of different orbitals, where an orbital with smaller
hopping could be Mott-localized at a smaller U, while one
with larger hopping cannot be Mott-localized at the same U'.

In summary, our study provides a starting point to connect
the Fe’* (3d°) chains with other Fe?>* (3d°) 1D systems. All
our results indicate that the Fe>* chain materials have inter-
esting physics, although pairing is probably absent. Our work
also establishes a unified picture to understand the different
magnetic behaviors in Fe’™ (3d°) and Fe?* (3d°) chains, as
well as provides guidance for theoretical and experimental
studies of the magnetism, OSMP, and superconductivity of
iron chains.
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