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Strontium ferrite under pressure: Potential analog to strontium ruthenate
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As an alternative platform to unravel some of the perplexing characteristics of strontium ruthenate, we
propose to study the isostructural and more correlated material strontium ferrite. Using density functional theory
combined with dynamical mean-field theory, we attribute the experimentally observed insulating behavior at
zero pressure to strong local electronic correlations generated by Mott and Hund’s physics. At high pressure, our
simulations reproduce the reported insulator-to-metal transition around 18 GPa. Along with distinctive features
of a Hund metal, the resulting metallic state is found to display an electronic structure analogous to that of
strontium ruthenate, suggesting that it could exhibit similar low-energy properties.
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I. INTRODUCTION

The unconventional superconductivity of strontium ruthen-
ate (Sr2RuO4, SRO) still fuels debates almost 30 years after
its discovery [1–3]. It was the first layered perovskite su-
perconductor to be discovered after the cuprates. However,
contrarily to the cuprates, SRO does not necessitate doping
to exhibit superconductivity, which allows for investigations
in high-quality single crystals. This distinction has motivated
extensive studies aimed at characterizing both its normal and
superconducting states.

Theoretically, the normal state is nowadays understood
as a correlated Hund metal [4,5] with important spin-orbit
coupling. Only the t2g electrons of the ruthenium atom play
a fundamental role and interactions can be considered lo-
cal, modeled by the Kanamori Hamiltonian [6–8]. Indeed,
the combination of density functional theory (DFT) and dy-
namical mean-field theory (DMFT) has yielded impressive
agreement with experiments, reproducing for example the
Fermi surface [9] and the magnetic susceptibility [10]. Ad-
ditionally, it captures the expected hallmarks of Hund metals
such as orbital-selective mass renormalizations [11,12] and
a crossover from a bad metal to a Fermi liquid [13,14].
The superconducting state, however, remains enigmatic. The
debates persist because thermodynamic measurements sup-
ported by theory suggest a one-component order parameter
[15–20], while other experiments observed evidence of a two-
component order parameter [21–23]. New knobs to turn could
help unravel key additional information regarding SRO.
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One such knob is simply to study a different, yet similar
material. In this regard, our focus turns to strontium ferrite
(Sr2FeO4, SFO) for which the ruthenium atom (Ru) is re-
placed with an isoelectronic iron atom (Fe). This substitution
results in an increased on-site Coulomb repulsion due to the
more localized nature of Fe’s 3d shell compared to Ru’s 4d
shell, along with a decreased spin-orbit coupling due to the
smaller nuclear charge of Fe compared with that of Ru. Our
study of SFO is driven by a dual purpose: first, to investigate
the distinctive behaviors and electronic properties exhibited
by a material with an identical crystal structure to SRO, and
second, to harness SFO as a potential source of deeper in-
sights into the elusive physics of SRO’s superconducting state.
This strategy has been previously successful to shed light
on Hund’s physics and the role of van Hove singularities by
comparing SRO to Sr2MoO4 [8].

Because of the unstable tendencies of SFO [24], only a
few experiments have been performed on it and in particular
no electronic structure calculation has been reported to our
knowledge. Experiments on polycrystals report that SFO is an
antiferromagnetic insulator with a Néel temperature around
60 K [25–27] and adopts an elliptical cycloidal spin struc-
ture below this temperature [28]. Also, a room-temperature
insulator-to-metal transition has been detected around 18 GPa
[29,30]. Thus, applying pressure to SFO could be a way
to suppress the antiferromagnetic order for the benefit of
superconductivity, as is observed in many unconventional su-
perconductors [31–34].

In this paper, we explore the correlated electronic structure
of unstrained and strained SFO in its normal state above the
Néel temperature and compare it to experiments. Starting with
DFT, we find that the electronic structure of SFO differs from
that of SRO. Indeed, DFT predicts that for SFO, both the eg

and the t2g orbitals cross the Fermi energy and are partially
occupied, whereas for SRO, the eg states are empty while the
t2g orbitals are partially occupied. Since SFO is observed to be
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FIG. 1. Comparison of the open d-shell orbital character on the band structure of (a) SRO, and (b) SFO under 40 GPa of isotropic pressure.
The dxy, dyz/zx , dz2 , and dx2−y2 orbital characters are shown in red, green, blue, and orange, respectively. The horizontal line at zero marks the
Fermi energy. The eg orbitals are unoccupied in SRO while the dx2−y2 orbital is slightly metallic in SFO at 40 GPa.

insulating, we correct this prediction by incorporating dynam-
ical local correlations within DMFT. Although SFO has been
categorized as a negative charge-transfer insulator in previous
works [28], here we explore the rich phase diagram generated
by the Fe atom’s on-site Coulomb repulsion U and Hund’s
coupling J . We argue that for U � 2.5 eV and J < 0.7 eV, we
obtain the phase most consistent with experiments. This value
of U is slightly above the one predicted using the constrained
random phase approximation (cRPA). In this phase, the eg

states are pushed above the Fermi energy, while the remaining
electrons in the t2g shell become Mott insulating. We show
that this phase undergoes an insulator-metal transition around
18 GPa of isotropic pressure, consistent with experiments. By
comparing the band structure, the Fermi surface, and the mass
enhancements of this metallic phase with that of SRO, we
reveal an exciting similarity between the two, suggesting SFO
as an alternative platform to understand SRO.

II. DFT ELECTRONIC STRUCTURE

SFO (SRO) crystallizes in a body-centered-tetragonal
structure with Fe (Ru) at the center of FeO6 (RuO6) octahedra.
The crystal field generated by the p orbitals of the surrounding
oxygen atoms splits the fivefold degeneracy of the Fe d shell
into an eg doublet (dx2−y2 and dz2 orbitals) and a t2g triplet (dxy,
dzx and dyz orbitals).

Figure 1 presents the band structures of both SRO
[Fig. 1(a)] and SFO [Fig. 1(b)] at 40 GPa obtained using
DFT. The details of the calculations can be found in the
Supplemental Material (SM) [35]. We show the projection of
the wave function onto the d orbitals of the transition metal
element, along with the orbital-selective densities of states
(DOS). Note that the electronic structure of SFO without
pressure is qualitatively similar to the one at 40 GPa [35]. In
SRO, the band dispersion reveals an overlap between the eg

and t2g orbitals, but only the t2g orbitals are partially filled and
cross the Fermi level while the eg orbitals remain completely
unoccupied. Thus, as was done in most theoretical studies
of SRO [6–10,12,14,18–20], one can focus solely on the t2g

orbitals.
However, in the case of SFO, both the t2g and dx2−y2 orbitals

are active at the Fermi level, necessitating a minimal model
that includes the eg orbitals to describe the low-energy physics
accurately.

In short, although the noninteracting band structure of SFO
is similar to SRO’s, the presence of eg electrons at the Fermi

level is a massive distinction. Moreover, we have been ne-
glecting so far the role of strong electronic correlations. In
SRO, although important, they do not significantly affect the
Fermi surface itself [36]. In contrast, experiments on SFO
observe an insulating state rather than a metallic one. We now
investigate whether the correlation effects among the Fe d
electrons can be responsible for this discrepancy with DFT.

III. STRONG CORRELATIONS

Because of the localized nature of 3d orbitals, SFO is
expected to be affected by strong electronic correlations. This
is reinforced by the disagreement between the ab initio pre-
diction of a metallic state and the experimental observation
of an insulating state. We now incorporate the missing lo-
cal electronic correlations from DFT using DMFT. This is
done by projecting the DFT Kohn-Sham wave function onto
a downfolded model considering only the five 3d orbitals of
the Fe atom and constructed using the WANNIER90 package.
The correlations are obtained by iteratively solving the im-
purity model using DMFT, with the interactions modeled by
the full rotationally invariant Slater Hamiltonian (including
non-density-density terms) which depends on two parameters:
the strength of the electronic Coulomb repulsion U and the
Hund’s coupling J . Details about the downfolding, the numer-
ical calculations, and the Slater Hamiltonian parametrization
can be found in the SM [35].

We explore possible electronic states of SFO by investigat-
ing the U -J parameter space of the full Slater Hamiltonian.
The phase diagram in Fig. 2 summarizes our findings for
a temperature of 146 K (1/kBT = 80 eV−1). Based on ob-
servables such as the spectral function [35] and the resulting
orbital occupations, we classify the phases using three types
of colored markers: the blue triangles, red squares, and green
stars, corresponding to the t2g orbitals being metallic, being
insulating due to correlations, or being orbital-selectively in-
sulating, respectively. For the first two classes (triangles and
squares), a solid (open) symbol represents metallic (band in-
sulating) eg orbitals, while a half-solid symbol indicates that
only the dx2−y2 orbital is metallic. For the third class (stars),
the dxy and eg orbitals are found metallic, while the dzx/yz ones
are Mott insulating. We call this phase the orbital-selective
Mott phase (OSMP).

We now discuss the different phases and physical mech-
anisms leading to the phase diagram shown in Fig. 2.
Additional information can be found in the SM [35]. In the
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FIG. 2. Phase diagrams of SFO in the space of the interaction
parameters at T = 146 K for three pressures. Here, the Hund’s cou-
pling J and on-site Coulomb repulsion U are expressed in the Slater
definition. The red squares distinguish Mott insulating t2g orbitals,
whereas the blue triangles correspond to metallic t2g orbitals. The
filling of the markers reflects whether both eg orbitals are partially
occupied (solid), only the dx2−y2 is partially occupied (half solid),
or none are (open). The narrow region with green stars corresponds
to an orbital-selective Mott phase (OSMP) with dxy and eg metallic,
and dzx/yz Mott insulating. On the right, a selected region is com-
pared for three different pressures: 0, 20, and 40 GPa. It highlights
the insulator-to-metal transition observed around 18 GPa [29,30]
for U ∼ 2.5 eV, where the resulting metallic states have empty eg

orbitals.

low U and low J regime depicted by half-solid blue triangles,
we find the DFT solution shown in Fig. 1(b) where only the dz2

orbital is empty. As mentioned before, experimental observa-
tions suggest SFO to be a small gap insulator at zero pressure
[25–27]. We find the phase that best reproduces these observa-
tions at larger U : the phase marked by open red squares where
all orbitals are insulating. This phase emerges by increasing
the cost of double occupancy U because it suppresses charge
fluctuations and constrains the Fe atoms to host four localized
electrons. Due to the crystal field splitting generated by the
oxygen atoms surrounding the Fe atom, the dxy orbital has
the lowest on-site energy and is getting fully filled, the eg

orbitals have the highest on-site energies and are pushed above
the Fermi level making them band insulating, and the dyz/zx

orbitals have to share two electrons which makes them Mott
insulating.

This phase, most consistent with experimental observa-
tions at zero pressure, is found roughly in the parameter
regime U � 2.5 eV and J < 0.7 eV. Using the cRPA to
calculate the screened interaction parameters [35], we find
the static values (zero frequency limit) to be UcRPA, JcRPA =
1.5 eV, 0.5 eV. Although these numbers are outside of the
region deemed realistic, it is known that cRPA overestimates
screening effects, leading to underestimated U values [37,38].
Considering this fact, UcRPA appears reasonably close to the

empty red square region. Now, to attain a deeper understand-
ing of the physical mechanisms at play and guide possible fine
tuning, we continue analyzing the full phase diagram.

If again we start from the small U and small J region,
but this time go along the direction of increasing J instead
of U , we see that the occupancies of the eg orbitals start to
increase. This happens because of the Hund’s rule, which
states that J favors spin alignment and thus spreads the orbital
occupation throughout the entire d shell, making all orbitals
metallic at some point. Eventually at very large J , there is
enough occupation transfer from the t2g to the eg orbitals so
that a Mott gap opens up in t2g while eg remains metallic: First,
the Mott gap opens in the less occupied dyz/zx orbital (leading
to the green star phase), and then in the dxy orbital, resulting
in the t2g insulating and eg metallic phase (solid red square
phase).

Finally, another remarkable result from the phase diagram
of Fig. 2 is the empty blue triangle phase, which has band-
insulating eg and partially filled t2g orbitals. This configuration
is analogous to that of SRO and could offer an alternative
route to study the physics of this important system. Since this
metallic phase is on the border with the realistic insulating
phase, we believe isotropic pressure might actually allow us
to realize this metallic phase.

IV. INSULATOR-TO-METAL TRANSITION

In this section, we explore the insulator-to-metal transition
of SFO under pressure and show that the metallic phase can be
fine tuned to have a similar band structure and Fermi surface
to that of SRO. The insulator-to-metal transition observed
experimentally happens around 18 GPa at room temperature
[29,30]. Our results naturally predict that this critical pressure
should be temperature dependent, which can be tested exper-
imentally. To investigate this insulator-to-metal transition, we
restricted our simulation to a window near the phase transition
between the insulating (the empty red square phase) and the
metallic phases. The right panels of Fig. 2 present this evolu-
tion for three pressures: 0, 20, and 40 GPa. We preserve the
original crystalline symmetry, in agreement with experiments
that confirmed this up to 30 GPa [29,30,39].

Increasing pressure increases the propensity of electrons
to hop from site to site t , i.e., it increases the bandwidth
of the d shell without significantly affecting the Coulomb
repulsion U . Consequently, the effective Coulomb repulsion
U/t decreases. This effect results in the expansion of the
metallic state within the parameter space as shown on the
right of Fig. 2, while also providing a clear explanation
for the insulator-to-metal transition observed in experiments.
Moreover, this effect suggests that the boundary between the
metallic and insulating regions should move with temperature,
leading to a temperature-dependent critical pressure for the
insulator-to-metal transition. Experiments could already be
performed to test this prediction.

We now focus on the region where both eg orbitals are
empty, which we observe also grows with pressure. This is
likely due to the modified competition between the crystal
field and Hund’s coupling J . Indeed, applying pressure on
the material increases the crystal field splitting which favors
low-spin states and pushes the eg orbitals further away in
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FIG. 3. Correlated band structure on the left, DOS in the middle,
and Fermi surface on the right of (a) 40 GPa SFO in the three-orbital
metallic phase and (b) SRO, both at T = 146 K. The DFT result is
represented by the black lines. Clearly, correlations push eg orbitals
away from the Fermi level. The Fermi surfaces are labeled α, β, γ

in (b). The parameters for the calculations are on top of the Fermi
surfaces. Although calculations for both of the materials rely on the
Slater Hamiltonian, SRO’s parameters are presented in the Kanamori
convention to ease the comparison with previous studies. The corre-
sponding values of SRO in Slater are U = 1.66 eV and J = 0.56 eV.
See Eqs. (S30) and (S31) of the SM for conversion relations between
Slater and Kanamori values.

energy. In contrast, J favors a high-spin state and spreads the
orbital occupations. Thus, with increasing pressure, a larger J
is required to occupy the eg orbitals. Therefore the empty blue
triangle region that represents a metallic phase with empty eg

orbitals expands.
In order to compare the three-orbital metallic phase of SFO

found under pressure with SRO, we present their respective
correlated band structures, DOS, and Fermi surfaces in Fig. 3.
What is meant by these correlated objects is detailed in the
SM [35]. In Fig. 3(a), we display the 40 GPa phase of SFO
to highlight a case at higher pressure, and we selected U =
2.5 eV and J = 0.45 eV as an example that reproduces the ex-
perimental observations with physically relevant parameters.
In the first panel, we contrast the correlated band structure
with the one obtained using DFT and one clearly sees that
correlations have pushed the eg orbitals away from the Fermi
level compared to Fig. 1(b).

Comparing the corresponding quantities for both systems,
we argue that SFO in this particular phase is analogous to
SRO. Both are metals with four t2g electrons, three simi-
lar Fermi sheets, and comparable DOSs with a van Hove
singularity in the vicinity of the Fermi energy. There are,
however, two important differences between the two, which
can be regarded as opportunities: First, even with pressure, the
bandwidth of SFO remains smaller, implying stronger elec-
tronic correlations than in SRO. Since higher pressure should

bring it to a value similar to that of SRO, this represents an
opportunity to study continuously a more correlated version
of SRO. This increased strength of interaction should lead to
stronger magnetic fluctuations which can promote a magnetic
order, or possibly superconductivity.

Second, the γ sheet of the Fermi surface of SFO is more
squarelike than that of SRO. While the calculations presented
here do not include spin-orbit coupling, it should not have
an important impact on SFO because of the small charge
of Fe’s nuclei. As a result, the squareness of the γ sheet
presented for SFO in Fig. 3(a) should remain similar, leading
to a larger nesting than in SRO. Nesting itself leads to an
increased strength of the spin fluctuations. More studies need
to be performed on these speculations.

In addition to the observables presented above, we demon-
strate that the three-orbital metallic phase that we find for SFO
displays distinctive features of Hund metals [4,5,12]. This is
highlighted by inspecting the effect of Hund’s coupling J on
the orbital-selective effective mass enhancements m∗

mDFT
|l and

on the scattering rates �l . These quantities measure the degree
of electronic correlations missing from DFT and captured
by DMFT. They are reported in the SM [35]. Indeed, three
points stand out: First, we find that the mass enhancements
and the scattering rates all increase with J . Second, the ef-
fective mass of the xy orbital increases faster than those of
the yz/zx orbitals. Third, the larger J , the lower we have to
go in temperature before the effective masses saturate. This
last point highlights that it is increasingly challenging to reach
the coherent regime where quasiparticles are well defined,
that is, the Fermi-liquid regime. The considerable increase
in correlation, orbital differentiation due to J and pushing of
the Fermi-liquid scale to lower temperatures due to J are all
hallmarks of Hund metals [4,5]. They are also observed in
SRO [12], thus supporting further the analogy between SFO
and SRO. We note that reaching the coherent regime at large J
is especially challenging for five-orbital systems, thus we plan
on extracting the effective masses that would be measured
experimentally in future works.

V. CONCLUSION

We studied the correlated electronic structure of strontium
ferrite, Sr2FeO4, using a combination of density functional
theory and dynamical mean-field theory. Correctly capturing
correlation effects of the Fe d electrons is essential to repro-
duce the experimentally observed insulating state of Sr2FeO4.
We find such a state for interaction strengths U > 2.5 eV,
where only the t2g orbitals are occupied. Moreover, we are able
to reproduce the experimentally observed insulator-to-metal
transition in Sr2FeO4 under pressure. The metallic state of
Sr2FeO4 at 40 GPa with U > 2.5 eV displays the distinctive
features of Hund metals and offers a promising analog state
to Sr2RuO4, for which correlations could be tuned with ad-
ditional pressure. Indeed, both of these states are metals with
four electrons in their t2g shells with similar band structures,
density of states, and Fermi surfaces. The difference is that
the effective mass enhancement is generally larger in SFO,
and the nesting of its Fermi surface is suggestive of enhanced
magnetic fluctuations that may lead to superconductivity.
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