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LDA CALCULATIONS

The LDA calculations have been performed with the Quantum Espresso [1] package. The geometry has been obtained from
single crystal X-ray diffraction data at room temperature. These data were collected on an Oxford Diffraction Xcalibur-S four-
circle diffractometer equipped with a Sapphire CCD-detector with Mo−Kα radiation (λ = 0.71073Å, graphite monochroma-
tor) at 293 K. Data reduction, cell refinement, space group determination, scaling and analytical absorption correction [2] were
performed using CrysAlisPro software. The structures were solved through Olex2 program [3], by the charge flipping algorithm.
The refinement was then carried out with SHELXL [4] by full-matrix least-squares minimization and difference Fourier meth-
ods. All atoms were refined with anisotropic displacement parameters. We obtain a tetragonal high-temperature phase with the
spacial point group P4/nmm. We report the coordinates of the 8 atoms in the tetragonal unit cell with a, b = 8.597876a0 and
c/a = 1.957888. The atomic symbols are in the first column. The coordinates are in crystal units.

x y z
Ba 0.500000 0.000000 0.802560
Ba 0.000000 0.500000 0.197440
Co 0.500000 0.000000 0.407160
Co 0.000000 0.500000 0.592840
S 0.500000 0.000000 0.151200
S 0.000000 0.500000 0.848800
S 0.000000 0.000000 0.500000
S 0.500000 0.500000 0.500000

We used scalar relativistic pseudopotentials with non-linear core corrections for both Co and S atoms, while for Ba we utilized
a relativistic separable dual-space Gaussian form [5]. The plane-wave cutoff has been set to 120 Ry. Convergence in the total
energy is reached with an 8× 8× 8 k-point grid, with a Gaussian smearing of 0.136 eV.

The tight-binding Hamiltonian used in subsequent DMFT calculations has been obtained with the Wannier90 code [6], using
Co(3d) and S(3p) Wannier basis functions, an energy window of 15 eV, and a 4 × 4 × 4 k-point grid. The agreement between
the ab initio band structure and the one of the tight-binding model is very good, with a discrepancy < 30 meV for all 22 bands
over the whole k-space.

For optical conductivity calculations, we also derived a tight-binding Hamiltonian spanning a larger energy window (18 eV),
to include empty Ba states, for a total of 34 Wannier orbitals. This has been generated by adding Ba(5s) and Ba(4d) Wannier
states in the wannierization procedure, performed always on a 4× 4× 4 k-mesh.

cRPA CALCULATIONS

In the cRPA calculations, we evaluate the partially screened Hubbard interactions U and J acting on the Wannier di orbitals,
defined as follows:

Uij = 〈didj |Wr(0)|didj〉,
Jij = 〈didj |Wr(0)|djdi〉, (1)

(2)
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where Wr(ω) is the partially screened Coulomb potential

Wr(ω) =
V

1− V Pr(ω)
, (3)

computed by excluding from the polarization Pr the screening channels that live in the low-energy manifold [7]. Hereafter, the
d orbital order is i = {z2, xz, yz, x2 − y2, xy}. The polarization Pr has been computed on a 6× 6× 6 k-point grid, within the
low-energy effective theory comprising both S(p) and Co(d) orbitals [8].

The Uσ,σ
′

ij matrices obtained by cRPA for parallel (Uσ,σ) and antiparallel (Uσ,σ̄) spin components are reported (in eV) in the
following equations:

Uσ,σij = Uij =


3.714 2.848 2.848 2.328 2.386
2.848 3.946 2.589 2.581 2.648
2.848 2.589 3.946 2.581 2.648
2.328 2.581 2.581 4.023 3.214
2.386 2.648 2.648 3.214 4.161

 , (4)

Uσ,σ̄ij = Uij − Jij =


0.000 2.366 2.366 1.582 1.610
2.366 0.000 1.907 1.876 1.940
2.366 1.907 0.000 1.876 1.940
1.582 1.876 1.876 0.000 2.763
1.610 1.940 1.940 2.763 0.000

 . (5)

From the above matrices, we computed the spherical atomic averages Uav = 2.92 eV and Jav = 0.90 eV. From them, and with
F4 obtained from Slater atomic ratios, we reconstruct the spherically symmetric U matrices, which read:

Uσ,σspherical =


3.957 2.978 2.978 2.356 2.356
2.978 3.957 2.564 2.564 2.564
2.978 2.564 3.957 2.564 2.564
2.356 2.564 2.564 3.957 3.185
2.356 2.564 2.564 3.185 3.957

 , (6)

Uσ,σ̄spherical =


0.000 2.489 2.489 1.556 1.556
2.489 0.000 1.867 1.867 1.867
2.489 1.867 0.000 1.867 1.867
1.556 1.867 1.867 0.000 2.800
1.556 1.867 1.867 2.800 0.000

 . (7)

The frequency dependence of the monopole interaction, obtained as the average over the diagonal matrix elements U(ω) =
1
5

∑
i〈didi|Wr(ω)|didi〉, is reported in Fig. 1. The frequency dependent part U(ω) = U(ω) − U(0) is added to the spherically

symmetric U matrices in Eqs. (6) and (7). This fully defines the retarded interactions used in our DMFT calculations.
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Figure 1: Frequency dependence of the partially screened U(ω).
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DMFT CALCULATIONS

We carried out DMFT calculations by using the CTQMC impurity solver for the d manifold with retarded interactions. The
algorithm has been described in Refs. [9, 10].

By analytically continuing the self-energies on the real axis, we computed the k-resolved spectral function. In Fig. 2, we
plot the orbital resolved spectral functions, obtained after k-integration and orbital projection of the k-resolved spectrum, for
both static and dynamic U . Fig. 3 shows the imaginary part of the orbital resolved self-energies as a function of Matsubara
frequencies.
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Figure 2: (color online) Projected density of states from LDA+DMFT with static (left panel) and dynamic (right panel) U .
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Figure 3: Imaginary part of the self-energies as a function of Matsubara frequencies from LDA+DMFT with static (left panel) and dynamic
(right panel) U .
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VANISHING QUASI-PARTICLE-GAP MODEL

In order to understand the limitations and strengths of our ab initio calculations, we developed a simplified model for the
DOS in Fig. 3 (c) of the main text, by parametrizing it as follows: (i) we keep the ab initio results (ρai) in the filled part below
the charge gap and (ii) we replace the in-gap states at the Fermi level and the empty peaked structure by delta functions. The
quasiparticle peak sits at a quasiparticle gap ∆1 above ρai. The second peak is placed at ∆2 above the ρai continuum and
represents the underlying Mott-Hubbard gap. Thus, the effective model DOS becomes:

ρeff (ω) = ρai(ω)θ(−ω) + c1δ(ω −∆1) + c2δ(ω −∆2), (8)

where θ is the Heaviside function. Additional broadening effects due to scattering processes are not included in the δ-functions.
The inset (b) in Fig. 4 shows a schematic representation of ρeff (ω). In the paramagnetic state, above 300 K, we set ∆1 = 0
to reproduce a vanishing quasiparticle gap. Our best description of the data produces a Mott-Hubbard gap ∆2 = 75 meV
compatible with the thermal activated behavior of the resistivity. We computed the optical conductivity of this vanishing gap
model through the current-current correlation function as a bubble diagram with renormalized quasiparticle Green’s functions.
We neglected the momentum dependence of the interband transition matrix elements, which considerably simplifies the optical
conductivity expression, and we disregarded intraband transitions. Let us, for now, look only at the result for 320 K plotted in
the main panel of Fig. 4, where the solid line is the experimental data and the dashed line our ρeff (ω) calculations. As far as
the low-energy slope is concerned, the agreement with the experiment is now excellent up to 0.2 eV, where the approximation
of k-independent velocities breaks down. As calculations ignore the intraband transitions, the zero-frequency extrapolation of
this model vanishes by construction. This model reveals that the value of the charge-transfer gap is of fundamental importance
to reproduce the experimental linear behavior. It also shows that the ab initio results predict the proper DOS except for the
Mott-Hubbard gap value, which is overestimated.
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Figure 4: (color online) Experimental optical conductivity (solid lines) and σ(ω) calculated from Eq. (8) disregarding intraband transitions, as
described in the text. Inset (a) compares the temperature evolution of the c1 parameter (solid symbols) to the low frequency spectral weight,
Eq. (1) in the main text, integrated to 50meV (solid line). Both quantities are shown as a ratio to their values at 320 K. Inset (b) shows,
schematically, the effective DOS utilized for the 320 K calculation.

This parametrization of the DOS also allows us to make an attempt at describing the antiferromagnetic optical response.
Experimentally, the optical conductivity above and below the Néel temperature are not very different. The major distinction
being the opening of a small low energy gap. This suggests that the Stoner mechanism can be applied to the in-gap states living
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at εF , while the rest of the ab initio ρ(ω) for the paramagnetic phase is preserved in the AF state. In order to describe this
state, we took ∆1 = 40 meV at 5 K [optical gap in Fig. 1(d) of the main text], and assumed that the ∆1 gap varies linearly with
temperature, closing at 300 K. Spectral weight conservation imposes c1 +c2 to be a constant. Figure 4 (a) shows that the increase
of c1 closely follows the low frequency optical spectral weight. With no further changes, this process describes the temperature
dependence of σ1(ω), as shown in the main panel of Fig. 4.

This toy model remarkably succeeds in reproducing the antiferromagnetic state, including the small dip close to ∆2, support-
ing the robustness of the ab initio calculations and strengthening the scenario of a vanishing charge-transfer gap.
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