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The quasi-one-dimensional spin ladder compounds, BaFe2S3 and BaFe2Se3, are investigated by infrared
spectroscopy and density functional theory (DFT) calculations. We observe strong anisotropic electronic
properties and an optical gap in the leg direction that is gradually filled above the antiferromagnetic (AFM)
ordering temperature, turning the systems into a metallic phase. Combining the optical data with the DFT
calculations we associate the optical gap feature with the p-d transition that appears only in the AFM ordered
state. Hence, the insulating ground state along the leg direction is attributed to Slater physics rather than
Mott-type correlations.
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Clarifying the nature of the electronic ground states of
materials is a superior task in condensed matter physics as
it is essential for understanding their physical properties.
However, if more than one degrees of freedom (charge, spin,
orbital, and lattice) affect the electronic ground state and com-
pete with each other, the situation becomes more complicated.
In magnetic systems the driving force of the insulating ground
state can be either electronic correlations or magnetic order.
The important debate is about which one plays the crucial
role for stabilizing the insulating ground state observed at low
temperatures. The detailed situation, of course, depends on the
particular system and sometimes both cases are not exclusive
[1–9].

The quasi-one-dimensional spin-ladder compounds
BaFe2S3 (BFS) and BaFe2Se3 (BFSe) serve as models of this
debate. The discovery of pressure-induced superconductivity
in BFS opened a new category of the iron-based
superconductors that does not contain the square lattice that
was considered crucial for superconductivity in this family
[10–12]. BFS has a quasi-one-dimensional antiferromagnetic
(AFM) spin-ladder structure along the Fe-ladder direction
with a long-range AFM ordering temperature TN ≈ 120 K.
The Fe spins in the Fe-ladder direction of BFS are aligned in
alternating stacks of up pairs and down pairs of which spin
ordering is called a CX-type antiferromagnet [13–15]. The
BFSe shows a similar crystal structure; however, the Fe ladder
in BFSe is slightly tilted compared to that in BFS [16–19].
Besides, the spin arrangement in the BFSe is also different
from that in the BFS. The two pairs of up and down spins are
alternating along the ladder of which spin ordering is called a
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block-type antiferromagnet. The reported TN varies from 140
to 250 K depending on the growth conditions [20–25].

Under pressure, both materials exhibit insulator-metal tran-
sitions (IMTs) that have been explained as a bandwidth-
controlled Mott transition [11,12,15,19,20,26–32] since they
are not accompanied by structural changes. Moreover, recent
photoemission spectroscopy [33] and resonant inelastic x-
ray scattering [34] studies reported coexistence of itinerant
and localized electrons in BFSe, which was interpreted in
terms of an orbital selective Mott phase [35,36]. Attempts
to explain the orbital selective Mott phase by density matrix
renormalization studies, however, could not reproduce the
insulating ground state of BFSe with the block-type AFM
ordering [35]. A more recent theoretical study with a slave
spin technique revealed that the ground state of BFS below TN

is not a Mott insulator but a strongly correlated Hund metal
[37]. The first-principles electronic-structure calculations with
a generalized gradient approximation (GGA) on BFS [38]
and BFSe [16,30,39] using the exact spin configurations
reproduced the insulating ground state without including a
Coulomb repulsion term U . These results infer that magnetic
order could be decisive for the insulating ground states in BFS
and BFSe. In other words, the Coulomb repulsion alone with-
out consideration of the magnetic ordering is not sufficient
to stabilize the insulating ground states observed in BFS and
BFSe.

In the present study, we performed infrared spectroscopy
and DFT calculations to elucidate the insulating electronic
ground states of the title compounds. The calculations used
the full potential and the exact spin configurations without in-
cluding interactions. We observed insulator-metal transitions
along the leg direction above the long-range AFM ordering
temperatures TN , i.e., below the gap a Drude-type absorption
builds up by spectral weight transferred from higher energies.
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FIG. 1. (a),(b) and (c),(d) Schematic crystal structures of BFS
and BFSe in different facets. (e) Measured dc resistivity data along
the leg direction as a function of the temperature. (f) The Arrhenius
plot, used to estimate the activation energy Ea with temperature range
from 300 K to 260 K. The acquired Ea of BFS and BFSe are 52.7 and
265 meV, respectively.

Our DFT calculations successfully reproduced the experimen-
tal results including the size of the optical gap, which only
appears in the AFM phase. Hence, we concluded that the
insulating ground state of these two systems is driven by AFM
ordering, which could be understood by a scenario introduced
by Slater [40]. Our results are in stark contrast with those of
previous studies and bring new aspects to the understanding of
the electronic ground states of these two interesting material
systems.

High-quality single crystalline samples of BFS and BFSe
were synthesized by a stoichiometric solid-state reaction
method [41]. From magnetic susceptibility measurements we
obtain TN = 100 and 174 K for BFS and BFSe, respec-
tively. To investigate the electronic structures, polarization-
dependent optical reflectivity measurements were carried out
in a wide energy range from 10 to 1500 meV, covering
temperatures from 8 to 450 K. From that the optical con-
ductivity was calculated by the Kramers-Kronig relations
[42,43] and checked by variational dielectric function fitting
[44]. For a better understanding of the measured spectra,
we performed DFT calculations, using the WIEN2K package
[45] implemented with a full-potential linearized-augmented-
plane-wave method. To accommodate the correct AFM con-
figurations in the calculations, we used 2 × 2 × 1 and 1 × 2 ×
2 supercells for BFS and BFSe, respectively. The spin-orbit
coupling was not included in the calculations. The lattice
constants of BFS and BFSe were taken from well-documented
data [14,22]. As usual, we assumed only the direct transitions
for the optical conductivity. A detailed description of the DFT
calculation can be found in the Supplemental Material [41].

Figure 1 depicts the crystal structures of BFS and BFSe.
The different atomic sizes of S and Se result in distinct unit
cell sizes and space groups: BFS belongs to the Cmcm and
BFSe to the Pnma space groups. The iron ladders of BFSe
along the layer direction are tilted compared with those of

FIG. 2. Results of the optical spectroscopic study. (a),(b) Mea-
sured reflectance spectra of BFS and BFSe along the leg direction,
respectively. The purple dotted lines represent reflectance spectra
along the layer direction at 8 K. (c),(d) Optical conductivity (σ1) of
BFS and BFSe along the leg direction at various temperatures below
and above TN , respectively. (e),(f) Corresponding spectral weight
(SW ) of BFS and BFSe, respectively. (d),(h) Color-scaled maps of
σ1 of BFS and BFSe, respectively, as a function of temperature and
photon energy. The black vertical dashed lines indicate the long-
range AFM ordering temperatures, TN .

BFS.1 Measured dc resistivity data of the two samples are
displayed in Fig. 1(e) as a function of temperature. Both
crystals manifest an insulating behavior from 300 K down
to the lowest temperatures. In the Arrhenius plot of Fig. 1(f)
the activation energies above T = 260 K can be quickly
estimated: Ea = 52.7 and 265 meV for BFS and BFSe, re-
spectively.

The reflectance spectra of BFS and BFSe along the leg
directions are plotted in Figs. 2(a) and 2(b); for comparison
we also display the 8-K spectra corresponding to the layer

1It is worthwhile to note that to avoid complications from different
crystal axes between the two (BFS and BFSe) systems, we will
denote the three axes as leg, layer, and rung ones. The corresponding
crystal axes are, respectively, c, b, and a axes for BFS and are,
respectively, b, a, and c axes for BFSe.
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directions. While the latter polarization remains insulating
at all temperatures [41], along the legs the intensity in the
low frequency region becomes enhanced as the temperature
increases from 8 K. The corresponding conductivity spectra
are displayed in Figs. 2(c) and 2(d). For BFS we observe a
pronounced peak around 200 meV that keeps almost the same
intensity up to ≈100 K, i.e., close to TN . When going above
100 K the peak diminishes and has completely disappeared
at the highest temperature (450 K). In the case of BFSe, we
observe basically the same temperature behavior albeit the
peak shows up at ∼600 meV and the temperature scale is
higher (TN = 174 K). The absorption edges Eg of these peaks
are comparable to the band gaps estimated from activation
energy (Eg ≈ 2Ea) suggesting that these peaks correspond to
excitations across the energy gap in the insulating state of the
two samples. Note that at our highest temperature, 450 K,
both samples manifest metallic characteristics with a finite
conductivity at zero frequency captured by the Drude model.
By extrapolating the measured optical conductivity to zero
frequency, we deduced the zero-frequency conductivity (or
resistivity) at various temperatures which match well with the
measured dc resistivity data. (See Fig. S6 in the Supplemental
Material [41].)

Figures 2(e) and 2(f) shows the (partial) spectral weight
SW (ω) ≡ ∫ ω

0 σ1(ω′)dω′ of BFS and BFSe for different T .
The overall spectral weight at various temperatures merge
around 1 eV indicating that the number of electrons involved
in the optical processes is conserved below 1 eV. At lower
energies the SW increases as the temperature rises, indicating
a SW transfer from high to low energies upon heating. In
Figs. 2(g) and 2(h) we display color-scaled maps of σ1(ω)
of both compounds along the leg direction as a function of
temperature and photon energy. The gap-related peak of BFS
near 200 meV is well pronounced and saturated below TN

marked as a vertical line; above TN it gradually disappears.
The corresponding peak of BFSe exhibits a similar temper-
ature dependence with a higher TN . The relation between
the optical gap-related peak and TN demonstrates that the
insulating ground states and the AFM order along the leg
direction are intimately associated with each other.

The electronic density of states (DOS) and optical con-
ductivity σ1 obtained from the DFT calculations for various
magnetic configurations are plotted in Fig. 3; panels (a) and
(b) show the DOS of BFS and BFSe for ferromagnetic (FM)
and nonmagnetic (NM) cases. For the FM case we display
both the majority and minority spin DOS. We always find
a finite DOS at the Fermi energy (EF ), indicating that BFS
and BFSe exhibit metallic ground states. The DOS for AFM
ordered phase—the CX-type AFM for BFS and the block-type
AFM for BFSe—are displayed in Figs. 3(c) and 3(d): For both
systems the AFM order opens gaps at EF in the DOS resulting
in insulating ground states. The calculated conductivity along
the leg and layer directions is given in Figs. 3(e) and 3(f). The
spectra manifest strong anisotropic electronic structures and
fully agree with the measured σ1(ω). Particularly, the peaks
observed along the leg direction around 200 and 600 meV for
BFS and BFSe, respectively, are well reproduced by the DFT
calculations. We identify these features as p-d transitions [41].
Additionally, our results of BFS are in excellent agreement
with reported results by GGA calculations [38].

FIG. 3. (a),(b) Density of states of BaFe2S3 and BaFe2Se3 for
ferromagnetic (FM) and nonmagnetic (NM) spin configurations.
(c),(d) Density of states of BFS and BFSe for their antiferromagnetic
(AFM) configurations: the CX-type AFM for BFS and the block-type
AFM for BFSe. The red arrows represent the dominant interband
transitions. (e),(f) Calculated optical conductivity spectra of BFS and
BFSe for their AFM configurations along both the leg and layer
directions. The red arrows mark the dominant absorption peaks,
which are associated with the gap-related peaks.

Since the measured optical gaps are well reproduced by
the DFT calculations without including any electron-electron
interaction U , we conclude that in these materials correlation
effects play a minor role as a driving force for the insulating
state. For both compounds, BFS and BFSe, DFT calculations
yield metallic ground states for FM and NM cases, while
AFM ordering always gives insulators. Obviously the elec-
tronic ground state of these two systems is more determined
by magnetic configurations than by electronic correlations.
The fact that AFM spin texture plays a crucial role for the
insulating state is in full accord with Slater’s scenario [40]. In
the Slater insulator, the antiferromagnetic ordering increases
the unit cell size since the additional symmetry is added to
the system. In this case, the whole Brillouin zone decreases
and results in the insulating gap in the system. The proposed
scenario is supported by the transfer of spectral weight into the
subgap region above TN while the systems become insulating
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when magnetic order sets in. Note that similar insulating states
are found in other AFM systems [3,4,6,46].

Our explanation, however, is in contrast to the previously
proposed Mott scenario [11,12,15,20,26,47] and the orbital
selective Mott phase [35,36]. We believe that this discrepancy
arises from the linear and peculiar spin texture of these com-
pounds that was not properly included in previous studies. Our
rigorous calculations with the full-potential and exact spin
configurations unambiguously demonstrate that the insulating
ground states can be fully explained by Slater physics. It
is surprising that previous first-principles calculations never
considered a Slater-type insulator albeit the correct AFM
insulating ground state was reproduced without including any
Hubbard-type potential U [16,24,38,39]. When GGA calcu-
lations were combined with the dynamic-mean-field theory
strong effects on correlation were proposed [39], although the
Hubbard-type potentials U = 0.5 eV and U ′ = 0.1 eV were
rather small.

Usually, the Slater-type insulators undergo the IMT at TN

[3–6]. For BFS and BFSe, however, the IMT phase boundaries
are not sharp and extended to temperatures above TN ; also the
metallic properties above TN are not well developed. These
features might be explained by the short-range AFM order
observed above TN [13,20,21,23,24,28]. Although long-range
AFM order is broken, the interplay between fluctuating short-
range order and quasi-one-dimensionality of the system may
localize some of the electrons. In both compounds itinerant
and localized electrons coexist. This picture is corroborated by
the photoemission spectroscopic study of Ootsuki et al. [33]
which was conducted at room temperature, i.e., well above
TN . Our optical spectra indicate the coexistence of itinerant
and localized electrons all the way down to TN ; they appear as
finite dc conductivity on one hand and the gap-related peak on
the other hand. In contrast, the electronic state along the layer
direction of both compounds stays insulating at all measured
temperatures; for more details see the Supplemental Material
[41].

Within the Mott picture the suppression of the insulating
state by pressure was previously interpreted as bandwidth-
tuned IMT [11,12]; it can be well explained using Slater
physics. Recent Mössbauer spectroscopy under pressure, for
instance, reported a sudden vanishing of the AFM order in
BFS at 9.9 GPa, a pressure similar to the value where IMT

and superconductivity (Tc = 24 K) simultaneously occur
[11,12,48]. According to the Slater scenario the disappearance
of AFM order coincides with the IMT. Unlike the BFS, the
sister compound BFSe undergoes several phase transitions un-
der pressure including structural and magnetic ones [16–19].
Particular interesting transitions take place at 12 GPa, where
the superconductivity (Tc = 11 K) sets in when the AFM
transition takes place from the block type to the CX type.
Here the specific spin textures and spin fluctuations in the
vicinity of the magnetic transition could play a crucial role in
both the IMT and superconductivity. In order to understand
the electronic ground states in these intriguing quasi-one-
dimensional spin ladder systems, we propose to seriously
consider the role of magnetic ordering.

In conclusion based on our infrared study and DFT calcula-
tions we observed strongly anisotropic electronic properties of
the two quasi-one-dimensional spin-ladder systems, BaFe2S3

and BaFe2Se3. The temperature-dependent infrared spectra
reveal the IMT near the long-range AFM ordering temperature
TN . With rising temperature spectral weight is transferred
from the gap-related peak to the low-energy region. The
intimate relation between the optical gap and the AFM or-
dering suggests that the AFM ordering plays a crucial role
in stabilizing the insulating ground state. DFT calculations
of BFS (with the CX-type AFM) and BFSe (with the block-
type AFM) fully reproduce our measured optical spectra
in the insulating ground states without including electronic
correlations. In contrast, the results of DFT calculations for
the FM and NM cases of both compounds yield metal-
lic ground states. Our comprehensive investigations clearly
show that the observed insulating ground states in these
quasi-one-dimensional spin-ladder compounds are driven by
AFM orders, i.e., at low temperatures they are Slater-type
insulators.
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