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Motivated by recent developments in the study of quasi-one-dimensional iron systems with Fe?™",
we comprehensively study the Fe3* chalcogenide chain system. Based on first-principles calculations,
the Fe3T chain has a similar electronic structure as discussed before in the iron 2+ chain, due to
similar FeX, (X = S or Se) tetrahedron chain geometry. Furthermore, a three-orbital electronic
Hubbard model for this chain was constructed by 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). Furthermore, we do not observe any obvious pairing tendency in
the Fe®T 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* systems. Our results establish with clarity the similarities and differences between Fe?Tand

Fe** iron chains, as well as iron ladders.

I. INTRODUCTION

The discovery of pressure-induced superconductivity
in the two-leg ladder compounds BaFesS; [!] and
BaFesSes [2], both with electronic density n = 6, has
attracted intense interest in the iron chalcogenides with
quasi-one-dimensional (Q1D) lattice structure. This
discovery has rapidly developed into another exciting
new branch of iron-based superconductors [3—12]. In
those two-leg ladder systems, the interplay among charge,
spin, orbital, and lattice degrees of freedom in a reduced
dimensional phase space, induces many interesting
phenomena such as orbital-selective magnetism [13,

], spin block states [15, 16], ferroelectricity [17,

], orbital-selective Mott phases (OSMP) [19-23],
insulator-metal transitions under pressure [24, 25], as
well as orbital order [26]. Motivated by these intriguing
discoveries in two-leg ladder systems, a natural question
arises: can iron chains, with similar FeXy (X = S or
Se) tetrahedron structures, also display similar physical
properties and exotic electronic phases?

To our best knowledge, unlike the well-discussed iron

ladders, 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 =8, Se) [27, 28], Cea0sFeSey [29, 30], and AFeX,
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(A=K, Rb, Cs 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 common structural character: 1D FeX5
(X = S or Se) chains built from edge-sharing FeX, (X =
S or Se) tetrahedron blocks, as shown in Fig. 1(b).

The BaFes Xy (X = S, Se) family is a typical iron
chain with iron 34 [27, 28], corresponding to the
electronic density n = 5, where it has an 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 (c-axis) and
a small FM canting along the b axis [36]. Interestingly,
the Fe?* material CepOoFeSey; (n = 6) has an Ibam
crystal structure, which is structurally related to the
iron-based superconductor LaFeAsO, as shown in Fig. 1(c).
Interestingly, CesOsFeSes displays a ferromagnetic (FM)
coupling along the chain direction [29, 30]. The origin
of the FM order along the chains in CesOs;FeSes can
be explained by a novel “half-full” mechanism involving
the large entanglement between 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 with
electronic correlations under crystal-field splitting and
doping effects [38, 39] by using the many-body density
matrix renormalization group (DMRG) technique.

The AFeXs (A =K, Rb, Csand T1, X = S or Se) family

is also an Fe?* chain system, with electronic density n = 5.
They have the same chemical formula but different space
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FIG. 1. (a) Schematic crystal structure of BaFes X4 (X = S or Se) with space group I4/m (No. 87) in the conventional cell

(purple = Ba,; brown = Fe; green = Se or S). (b) Sketch of the ab plane viewed along the iron-chain direction. (c¢) Schematic
crystal structure of Ce2O2FeSes 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
CsFeSez with space group C2/m (No. 12) in the conventional cell (purple = T1; brown = Fe; green = Se or S). (f) Schematic
crystal structure of CsFeSs 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].

TABLE I. 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 T* (K) and magnetic moments (ug/Fe), as obtained from experimental studies.

Column Space group  Valence  Fe-Fe Fe-X Magnetism T Magnetic moment
BaFesSes [27, 30] T4/m 3 2.742 2.349 AFM 310 2.09
BaFesSy [25] 14/m +3 2.646 2.218 - - -
Cez0gFeSes [29, 30]  Ibam +2 2.850 2.447 FM 171 3.33
KFeSes [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
CsFeSes [10)] C2/m +3 2.806/2.838  2.356/2.366 — - -
TIFeSe; [32, 11] 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 2.257/2.205 AFM 196 1.85
CsFeS, [33, 12] Immm +3 2.699/2.721 2.262/2.220 AFM - 1.88
groups [31, ], as displayed in Figs. 1(d-f). Neutron obtained in the iron 3+ chain? What causes the different

diffraction experiments also found a strong AFM coupling
along the chain direction [31, 33] in those iron n = 5
chains. As summarized in Table I, both Fe** (n = 6) and
Fe?T (n = 5) chain systems exhibit very similar crystal
structures along the chain direction, suggesting potential
similarities in their physical properties. But they also have
some differences. Considering the present studies on iron

Q1D systems, several physical questions naturally arise.

At intermediate couplings, could the OSMP regime be

magnetic coupling along the chain direction for the Fe3*
and Fe?t chains? Can a unified picture be established
to understand magnetic correlations across different iron
chain systems? Can superconductivity happen in the Fe3+
chain?

To address these questions, we comprehensively study
the Fe3*t chalcogenide chain, using BaFe;Se; as a model
system, employing a combination of density functional
theory (DFT) and density matrix renormalization group



(DMRG) methods. Our DFT results show that the
five iron orbitals of BaFesSe, also display entangled
bonding and antibonding characteristics between different
orbitals with large interorbital hoppings, which is quite
similar to the case discussed in the iron 2+ chain [37].
The DMRG calculations indicate a very robust AFM
coupling along the iron chain in the Fe3t system. At
the intermediate electronic correlation U/W region, an
interesting OSMP regime was also obtained in the Fe3*
chain with the coexistence of localized and itinerant
electrons. By modifying the value of electronic density to
n = 4 in our three-orbital electronic Hubbard model,
corresponding to iron 2+, using the hopping matrix
and crystal field splitting from our case, remarkably we
found the FM state. In addition, changing the hopping
matrix and crystal field splitting to those of the Fe?*
chain, using the electronic density n = 3 (corresponding
to the iron 34), we obtained the AFM state. Those
results supported the novel mechanism proposed by our
previous study [37], indicating that the electronic density
of iron is responsible for the different magnetic behaviors
in iron n = 5 and n = 6 chains. Moreover, we do
not observe a clear pairing tendency in the Fe3t 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 well establish the similarities and differences
between Fe?tand Fe?* iron chains, in contrast with iron
Fe?* ladders.

II. METHODS
A. DFT method

To calculate the electronic structure of BaFesSey,
first-principles DFT calculations were performed using
the Vienna ab initio simulation package (VASP), within
the projector augmented wave (PAW) method [13—

].  The electronic correlations were considered by
using the generalized gradient approximation (GGA)
within the Perdew-Burke-Ernzerhof exchange correlation
potential [46]. Here, the plane-wave cutoff was set as
500 eV, and the k-point mesh was 8 8 12 for the
non-magnetic calculations. For the calculation of the
density-of-states the k-point mesh used was to 12
12 16. In addition to the standard DFT calculations,
the maximally localized Wannier functions (MLWFs)
method was employed to fit the Fe 3d’s bands to obtain
hopping parameters and crystal field splitting by using
the WANNIER90 packages [17].

B. DMRG method

To study the three-orbital electronic Hubbard model
discussed in Sec. IIT [See Egs. (1 and 2)], we used the

many-body DMRG method [18-50], 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 addition, an electronic filling
n = 3 in the three orbitals was considered. Here, a cluster
chain lattice geometry with open-boundary conditions
(OBC) was used for different lengths L. The truncation
error remains below 107° for the calculation of spin-spin
correlation, spin structure factor, charge occupancy,
charge fluctuation, and the squared spin. Furthermore,
different lengths L and states m were considered in the
study of the pairing tendencies.

To help the readers reproduce our results, an example
input file and additional details of input parameters are
described in the Supplemental Materials [52].

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

First, we briefly present the DFT results for the
representative material BaFeySey. Based on the
experimental crystal structure [27], we investigated
the electronic structures for the nonmagnetic state of
BaFesSes. The DFT results clearly establish both the
similarities and differences between the n =5 and n =6
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 state. Furthermore, the Fe 3d bands of
BaFesSey are mainly located in the range of energy from

1.5 to 1.5 €V, while the Se 4p bands are extended in real
space. Compared with the bandwidth of iron 3d orbitals
of the n = 6 chain CesO2FeSes system (2.5 V) [37],
the Fe 3d bandwidth is slightly larger (3 eV) for this
n = b iron chain, indicating a slightly enhanced nature of
the itinerant behavior of 3d states in BaFe,Sey.

Furthermore, the reported spin magnetic moments
for the Fe?t chains range from approximately 1.8 to 3
up/Fe, as displayed in Table I, which is significantly
lower than the value of the spin magnetic moment of
the free ions Fe3* (5 up/Fe). This behavior is quite
common in the iron-based superconductors with FeX},
tetrahedral coordination [53]. 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, 53, 55], we calculated
that the local magnetic moment of Fe is about 2.82
up/Fe. This value is also larger than the experimental
values ( 2.09 upp/Fe). This may be caused by the
coexistence of localized Fe spins and itinerant electrons
in the Q1D systems [56]. Another possible reason is that
the quantum fluctuations are strong for the iron-based
Q1D systems [53].

The DFT band structure of the nonmagnetic phase
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FIG. 2. (a) Density of states near the Fermi level of BaFe;Se4
for the non-magnetic phase (Gray = Total; blue = Ba; red
= Fe; cyan = Se). (b) Projected band structures of the
nonmagnetic phase of BaFe;Ses. Note that the local fz, y,
zg axes of projected orbitals correspond to crystal axes fa, b,
cg, where the z axis is the c 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 splitting
energies of five Fe 3d orbitals obtained by Wannier fitting.
More details can be found in the Supplemental Materials.

of BaFesSe, [see Fig. 2(b)] is more dispersive from I’
to Z (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 CeoOsFeSe; with n = 6,
when interactions are neglected, the five iron orbitals of
BaFe,Sey also display entangled bonding and antibonding
characteristics. In addition, we also obtained crystal
splitting energies for five iron 3d orbitals [52], based on the
maximally localized Wannier functions [17], as displayed
in Fig. 2(c), which is similar to the case of iron 2+ chain
CeqOoFeSes [37]. Due to the similar FeSes chain geometry
in the Fe?t and Fe?t chains, the interorbital hoppings
(nonzero off-diagonal matrix elements) are also found to
be large in the case of BaFeySes (n = 5). More results
of Wannier fitting can be found in the Supplemental
Material.

B. Model Hamiltonian

In the present study, as an example of a Fe3t
chalcogenide 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 =

Hy + Hint . The tight-binding kinetic component is:
X ; X
t ole ¢ ot He)+

i 0 i

An , (1)

where the first term represents the hopping of an electron
between orbitals «y at site ¢ and orbitals 7/ at the nearest
neighbor (NN) site ¢ + 1. ciT (¢, ) is the standard
creation (annihilation) operator, v and 4 indicate the
different orbitals, and o is the z-axis spin projection. A
are the crystal-field splittings of different orbitals ~.

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

X / JH X
Hine =U  nip niy +U 7) ni nj o
i <i o
X
2Jn Si Sio+Ju (B'Ro+He) (2

0 < O

<
where the standard relation U’ = U  2Jy is assumed
and the interorbital pair hopping is P, =c¢;j cit .

Here, we consider a three-orbital Hubbard model with
three electrons per site (more details can be found in
the Method section), corresponding to the iron valence
Fe3™ (n = 5). The choice of these specific three orbitals
follow our previous study on the n = 6 iron chain
Cez0yFeSey [37], where more details can be found in
Note IT of the Supplemental Materials [52]. Note that the
three-orbital Hubbard model with four electrons is widely
used in the context of iron low-dimensional compounds
when using the DMRG method, corresponding to the
Fe?* valence (n = 6) [57, 58]. The crystal-field
splitting and hopping matrix elements are obtained from
BaFeySey, as a concrete example. The non-interacting
tight-binding band structure along the chain direction,
using the nearest-neighbor hopping and crystal-field
splitting obtained from BaFesSey, 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 MLWFs of BaFe;Se, in orbital space as
follows:

3
0.457 0.045  0.495

t o=40.045 0224 0.107 5. (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 parameters mentioned
above, including the hopping matrix and crystal fields,
were discussed in “Supplemental Note 11”7 [52].



C. Observables

To study the three-orbital 1D Hubbard model varying
U/W , several observables were measured using the DMRG
many-body technique.

The spin-spin correlation is defined as:

S(T) = hSi Sj i. (4)
Here r =ji  jj, and the spin at site i is
1 X X
Si = 3 ciT oo (5)
where ¢ are the matrix elements of the Pauli matrices.

The corresponding structure factor for spin is:

X o
Sy=7" 0O i, (6)

jik

The site-average occupancy of orbitals is:

1 .
n = Zhnl I. (7)
The orbital-resolved charge fluctuation is defined as:
1 X P
on = E (hn i i h nl ) (8)

The mean value of the squared spin for each orbital is
defined as:
S .
}'SQI = Z rSi; Si; I. (9)

IV. DMRG CALCULATIONS
A. Spin-spin correlation

As shown in Fig. 3(b), the spin-spin correlation
S(r)=hS; S;ji decays rapidly as distance r increases in the
small Hubbard interaction U/W region (see U/W = 0.1 as
an example), where the distance is defined as r =ji  jj,
with ¢ and j site indices. Accordingly, the spin structure
factor S(q) does not show an obvious peak in reciprocal
space, indicating a 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 the U/W = 0.8), as displayed in Fig. 3(b). In
addition, the spin structure factor S(gq) also displays a
sharp peak at ¢ = =, indicating staggered spin order
(see Fig. 3(c)). Note that eventually at large distances
quantum fluctuations will prevent full long-range order in
the one dimensional model. However, the magnetic order
tendency is clear in our case.
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FIG. 3. (a) The non-interacting tight-binding band structure
along the chain direction with nearest-neighbor hopping
obtained from example material BasFeSes. In this particular
material (BazFeSes), there are two iron atoms in the chain,
thus there are six bands in our tight-binding calculations. (b)
and (d) Spin-spin correlation S(r) =hS; Sji (withr =ji jj
in real space). (c) and (e) the spin structure factor S(g),
as a function of U/W, at Ju /U = 0.25, respectively. Here,
we use a chain lattice geometry with L = 16 and L = 24,
respectively. (f) Spin structure factor S(q = =) for different
electronic correlations U/W, and at different lengths L = 16
and L = 24, respectively.



By continuing increasing U/W, we did not find any
other magnetic order in the range of U/W we studied
(U/W  10), indicating the AFM coupling is robust along
the chain direction (see Figs. 3(b) and (c)). Furthermore,
we also calculated S(r) and S(q) at larger L (L = 24), as
displayed in Figs. 3(d) and (e), respectively. The results
are similar to the results of L = 16. Then, we conclude
that the staggered AFM is robust in the n = 5 iron chain
against changes of lattice length L. This conclusion is
in good agreement with the present experimental results
for n = 5 iron chain systems: BaFepSey [30], AFeXs (A
= K or Rb and X = S or Se) [31], and TlFeX, (X =
S or Se) [32]. This strong AFM coupling chain can be
easily understood. In the half-filled multi-orbital model,
both intraorbital and interorbital hoppings favor the AFM
coupling due to the Pauli principle.

To better understand the PM-AFM phase transition in
this system, we calculated the spin structure factor at ¢ =
7 for different values of U/W. Fig. 3(f) clearly indicates
an PM-AFM phase transition around U/W = 0.2,
where the S(g = ) begins to rapidly increase, indicating
that AFM order forms.

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, v = 0 and
~ = 2 have non-integer n  values, indicating a 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.

ext, we also analyzed the charge fluctuations (én =
£ i(m%ihong i%) for different orbitals, as displayed
in Fig. 4(b). In the small U/W region (. 0.6), the
charge fluctuations for all three orbitals are considerable,
indicating strong quantum fluctuations along the chains,
leading to a metallic state. The charge occupation of
the v = 1 orbital [see Fig. 4(a)] rapidly reaches 1 with
only a slight change ( 2%) around U/W = 0.2, but has

sizeable charge fluctuations in the small U/W region.

As U/W increases to intermediate Hubbard coupling
strengths, the charge fluctuations dn, rapidly reduce to

nearly zero, resulting in localized orbital characteristics.

For comparison, the other two orbitals (y = 0 and v = 2)
still retain some sizeable charge fluctuations coexisting
with some itinerant electron characteristics, leading to
metallic orbital behavior. In this case, the system displays
the OSMP in the intermediate U/W regime ( 0.6 to

1.6).

At even larger U/W (& 2.5), the charge fluctuations
of all the orbitals are reduced to nearly zero. Thus,
the charge fluctuations are virtually fully suppressed by
the electronic correlations. And 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 v = 2). As discussed in our
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FIG. 4. (a) Orbital-resolved occupation number n for
dlfferent §/W, at Ju /U = 0.25. (b) Charge fluctuations
on =& (m¥ihn;i %) for different orbitals as a function
of U/W, Igt Ju /U = 0.25. Insert: total charge fluctuations
én = L (% h ni?). (c) The averaged value of the
spin-squared hS?i | for different orbitals, vs U/W, at Ju /U
= 0.25. Insert: the averaged value of the total spin-squared
hS2i. Different phases are distinguished by the dashed lines
with different colors. Note that those 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. Here, we used a
lattice length L = 24.



previous study [59], the AFM-OSMP to AFM-MI is
likely a “crossover” rather than a sharp, well-defined
phase transition. Although the lattice size effects would
affect the specific boundary values of the transitions, the
existence of the different regimes is clear, even if the
boundaries are only crude estimations.

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 hS?i  values are
unsaturated for different orbitals. In the AFM OSMP
region, hS?i; is saturated ( 0.75), while hS?iy and hS?i,
are still not fully converged to 0.75, indicating the presence
of magnetic fluctuations. Continuing increasing U/W,
eventually hS%i  of all the orbitals saturates to 0.75,
leading to a total hS?i reaching 3.75 (three electrons
in three orbitals), corresponding to the one-dimensional
version of an AFM MI state.

Moreover, the interesting OSMP region was also
reported in the Q1D iron ladder BaFeySes [15, 19, 20], as

well as the Fe?* iron chain system CeyOsFeSes [33, 39].

Hence, our results clearly indicate the similarity between
Fe3t 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 studied
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 system displays the OSMP with some charge
fluctuations for the v = 0 and v = 2 orbitals (see the
n = 3.0 results in Figs. 5(a) and (b)). With hole doping,
linear behavior was observed in the v = 0 orbital with
large charge fluctuations, while the v = 1 orbital still
keeps Mott-localized characteristics. Furthermore, the
occupation number of the v = 2 orbital slightly changes
containing some charge fluctuations under hole doping,
as shown in Figs. 5(a) and (b). For electronic doping,
the v = 2 orbital shows linear behavior with sizeable
charge fluctuations while the v = 1 orbital remains
Mott-localized in some regions of electronic doping. Thus,
the OSMP can be stable in a wide range of doping at
intermediate correlation.

For strong electronic correlations U/W, the v = 1
orbital stays localized at both hole and electronic doping
without charge fluctuations, as displayed in Figs. 5(c) and
(d). Meanwhile, both the v = 0 and v = 2 orbitals display
a 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 stable in both the intermediate
and strong electronic correlation regimes. Our DMRG
results suggest that the iron 3+ chain could also be quite
interesting with OSMP physics involving the coexistence

of localized and itinerant electrons, as widely-discussed in
the iron 2+ system [19-21, 60, 61]. Similar to the case of
BaFesSes [19], inelastic neutron scattering experiments
could provide the key experimental evidence for the static
and dynamic spin correlations involving the iron ions,
which deserve further experimental efforts on BaFesSeg
and related Fe3t chains.

D. Binding energy

Considering the pressure-induced superconductivity
that was reported for the Q1D iron ladders BaFesSs [1]
and BaFeySes [2], here we also studied the binding energy
of a pair of holes to explore the possibility of pairing
tendencies in the iron 3+ chain, as defined in Ref. [62, 63]:

AE=FE(N 2)+E(N) 2E(N 1), (10)
where E(N) is the ground-state energy of the N electron
system for the three-orbital chain model. E(N  2) and
E(N 1) are the ground-state energy of the two-hole
doped or one-hole doped cases, respectively, corresponding
tothe N 2and N 1 electron systems. If AF 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 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
calculations 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 AF are positive, indicating no pairing
tendencies in this region. For comparison, using the
same method, our previous efforts found a strong pairing
tendency for the iron 2+ ladders at a broad electronic
coupling U/W regime from 1 to 4 [62, 63]. In
this case, different from Fe?* ladders, the Fe3t case
appears far from exhibiting pairing, and thus tendencies
to superconductivity, at least at the same conditions as
used in 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 107* 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 [53-55], this suggests that iron
3+ chains are unlikely to be superconducting.
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Recently, a high-pressure study provides support to
our conclusions, where a possible superconductivity was
reported but with very low 72" 2 K above 30 Gpa in
the iron Fe3* chain TlFeSey [64]. In addition, a possible
structural phase transition was also assumed in T1FeSes
under pressure [64]. Then, the lattice and electronic
properties could be changed substantially varying details
and sample preparation and conditions. This requires
a comprehensive DFT study for this iron 3+ 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 system model
calculation can provide more physical insight for the
puzzle of high-pressure superconductivity in T1FeSes, as
discussed in iron ladders [65—67]. All those 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
entanglements between doubly occupied and half-filled
orbitals was proposed to explain the FM coupling along
the chain direction in Fe?t CeyOgFeSes [37]. To better

understand this mechanism and to establish a connection
between Fe3t and Fe?T 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 the three
electrons in three orbitals (AFM order already forms),
Fig. 7(a) indicates that the spin-spin correlation S(r)
decays as the distance r increases, indicating a PM
behavior. This is caused by the competition between
FM and AFM coupling, which are caused by interorbital
and intraorbital couplings, respectively, at intermediate
U/W. However, S(r) also indicates the possibility of the
local short-range "-#! order at U/W = 1. This is also
supported by the calculated spin structure factor S(q),
where a small peak at ¢ = 27/3 was found, as displayed
in Fig. 7(b). This magnetic phase ("-#! ) is quite
interesting, which 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 the
effort for future work.

As U/W increases, the spin-spin correlation S(r)
gradually converges at larger distance, indicating FM
order (see results for U/W = 3 or 6), as displayed in
Fig. 7(a). Furthermore, the spin structure factor S(q)
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least snaller than 107°. Here, the results were obtained at
Jn /U = 0.25.

also displays a sharp peak at ¢ = 0, corresponding to
the FM order (see Fig. 7(b)). Thus, it suggests that
different magnetic coupling behaviors between Fe?T and
Fe3t chains is 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
iron 2+ chain [37] and changed the electronic density to
3 in the same model (corresponding to the Fe3¥):

2 3
0.187  0.054 0.020

t' o =40.054 0.351  0.3495. (11)
0.020 0.349  0.433

The crystal-field splitting of the three orbitals are fixed
as Ay = 0.277, Al = 0.203 eV and Ay, = 0.720 eV,
while the total kinetic energy bandwidth W' is 2.1 eV.
The spin-spin correlation S(r) clearly shows an AFM
coupling along the chain for different U/W, as displayed
in Fig. 7(c). Accordingly, the spin structure factor S(gq)
also displays a sharp peak at ¢ = 7, indicating AFM order
(see Fig. 7(d)). In addition, we also studied the electronic
occupation number of different orbitals n for U/W =
1 and U/W = 3, respectively, as shown in Figs. 7(e)
and (f). At U/W = 1, ng reaches 1 with nearly zero
charge fluctuations while ny and ny are not fully close
to 1, also with sizeable charge fluctuations, leading to
an OSMP. However, all three orbitals are half-filled with
n =1 at U/W = 1.0, without charge fluctuations at
U/W = 3, leading to a MI phase. Note that in this set
of hoppings, the large interorbital hopping is between
~v1 and v, orbitals, while the v orbital has the smallest
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FIG. 7. (a) Spin-spin correlation S(r) in real space, and

(b) the spin structure factor S(g), as a function of U/W, at
Ju /U = 0.25, respectively, using the hopping matrix and
crystal-field splitting obtained from BaFezSes. (a) and (b):
here 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 correlation S(r) in real space,
and (d) the spin structure factor S(g), as a function of U/W,
at Ju /U = 0.25, respectively, using the hopping matrix and
crystal-field splitting obtained from the iron 2+ chain [37]. (c)
and (d) Orbital-resolved occupation number n vs site i for
both U/W =1 and U/W = 3, respectively, at Ju /U = 0.25.
(e) to (f) Orbital-resolved occupation number n  for different
site 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.



hopping. Hence, those qualitative similarities with other
set of parameters, suggest our physical conclusion of iron
3+ chain are solid and robust.

V. CONCLUSIONS AND DISCUSSION

Motivated by recent interesting developments in the
study of low-dimensional 1D iron systems with electronic
density n = 6 (both two-leg ladders and chains), we
investigated the iron chain system now with n = 5
with a FeXy (X = S or Se) tetrahedron block. To
better understand the physics behind iron chains with
n = 5, starting from BaFe,;Se,, here 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 n =5 and n = 6
iron chains, as well as iron ladders.

Based on the electronic structures of the non-magnetic
phase of BaFeySey, the states near the Fermi level are
mainly contributed by the Fe 3d orbitals hybridized
with Se 4p orbitals. Similar to the case of CesOsFeSes
with iron 24, the five iron orbitals of BaFesSes with
iron 3+ also display entangled bonding and antibonding
characteristics. Furthermore, the interorbital hoppings
(nonzero off-diagonal matrix elements) are also found to
be large in BaFesSey, as reported in CeaOoFeSey [37]. Due
to having a similar FeXy (X = S or Se) chain direction,
the iron 34 chains have similar electronic structures (see
Note IIT in the Supplemental Materials [52]), indicating
similar physical properties in the Fe3* 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 ¢ =7
in the spin structure factor S(q). This agrees well
with the present experimental results for the n = 5
iron chain systems. Recently, the large interorbital
hopping between half-filled and fully-occupied orbitals
was proposed to explain the FM order in the n = 6 iron
chain Ce2OyFeSey [37]. Due to a similar 1D FeSey chain
structure, we also found a larger interorbital hopping
in the Fe3* chain case. By modifying the value of
electronic density to n = 4, corresponding to Fe?*, using
the hopping matrix and crystal field splitting from our
case, we indeed found the FM state, supporting the

novel mechanism proposed by our previous study [37].

In addition, using the hoppings from the Ce;OsFeSes
material [37], changing the electronic density to n = 4
in our model, corresponding to Fe3T, we also obtained a
strong AFM phase. This demonstrates that the magnetic
structure, FM vs. AFM, is controlled by the electronic
density rather than details in the band dispersion. On
the other hand, note that the intra-orbital hoppings
would lead to AFM tendencies, thus the competition
of tendencies may lead to many interesting phases since
the electronic doping would enhance FM tendency in
the n =5 case. This competing aspect deserves further
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theoretical and experimental studies.

Our study also found the OSMP regime in the
intermediate electronic correlation U/W region. Because
the intraorbital hopping ¢11 (between v = 1 orbitals) is
much smaller than others, the v = 1 orbital is more
easily Mott-localized at the intermediate Hubbard U
region while the other two orbitals still remain metallic,
leading to an interesting AFM OSMP regime. The OSMP
was also reported in the iron 2+ chain [37, 39] and iron
ladders [15, 19, 20]. This well establishes interesting
similarities between n = 5 and n = 6 iron low-dimensional
systems. In addition, the OSMP with the coexistence
of localized and itinerant electrons can also be stable
under doping in both intermediate and strong electronic
correlations. Considering the developments of OSMP in
the low-dimensional iron systems with Fe?" (n = 6), the
next interesting step is to study the dynamical excitations
of this OSMP in the n =5 iron chain. We leave this task
for future efforts.

Different from the strong pairing tendency in the typical
electronic coupling U/W regime of Fe ( 1to 4) in the
n = 6 low-dimensional iron systems [62, 63, 67], in our
study we do not obverse any robust pairing tendency in
the n = 5 iron chain by using the same model and method.
Thus, it suggests the pairing tendency, and associated
superconductivity, will be difficult to rstabilize in Fe3+
systems.

In summary, our study provides a starting point to
connect the iron Fe3* (n = 5) chains with other iron
Fe?* (n = 6) 1D systems. All our results indicate
that the n = 5 iron chain materials have interesting
physics, although pairing is probably absent. Our work
also establishes a uniform picture to understand different
magnetic behaviors in Fe3™ (n = 5) and Fe** (n =
6) chains, as well as provides guidance in theory and
experiments to work on the magnetism, OSMP, and
superconductivity of the iron chains.
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The dataset of the main findings of this study is openly
available in the Zenodo Repository. In addition, the
hopping and crystal field parameters for our DMRG
calculations are available in this publication and an
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example input file is also available in the Supplementary
Materials and Zenodo Repository. Furthermore, the ab
initio DFT calculations are done with the code VASP.
The DMRG code used in this study are available at
https://g1257.github.io/dmrgPlusPlus/.
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