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ABSTRACT: We have studied the electronic structures and
magnetism of SrFeO2 under pressure by first-principles
calculations in the framework of density functional theory
(DFT) with GGA+U and HSE06 hybrid functionals, respectively.
The pressure-induced spin transition from S = 2 to S = 1 and the
antiferromagnetic−ferromagnetic (AFM-FM) transition observed
in experiment are well reproduced by taking the site repulsion U
and its pressure dependence into account. The electronic
structure and its change with the pressure can be qualitatively
understood in an ionic model together with the hybridization
effects between the Fe 3d and O 2p states. It is found that the
pressure leads to a change in Fe 3d electronic configuration from
(dz2)

2(dxzdyz)
2(dxy)

1(dx2−y2)
1 under ambient conditions to

(dz2)
2(dxzdyz)

3(dxy)
1(dx2−y2)

0 at high pressure. As a result, the spin state transits from S = 2 to S = 1 and both the
antiferromagnetic intralayer Fe−O−Fe superexchange interaction and the interlayer Fe−Fe direction exchange coupling at
ambient pressure become ferromagnetic at high pressure according to the Goodenough−Kanamori (G-K) rules. Additionally,
our calculations predict another spin transition from S = 1 to S = 0 at pressures of about 220 GPa.

I. INTRODUCTION
Recently, the newly synthesized compound SrFeO2 with a
crystal structure similar to that of SrCuO2, the parent
compound for a high-Tc superconductor, has attracted much
attention because of its interesting properties and potential
applications.1−4 SrFeO2 has an infinite layered structure, being
composed of two-dimensional FeO2 layers with corner-sharing
FeO4 squares separated by Sr

2+ ions (Figure 1). Typically, Fe d6

is either tetrahedrally or octahedrally coordinated, rarely in a
square-planar environment. Only in the mineral gillespite,
BaFeSi4O10, is square-planar coordination of oxygen around
iron to be found.5 After the synthesis of SrFeO2, subsequent
studies reported several new compounds with the FeO4 square-
planar motif, such as (Sr,Ba,Ca)FeO2, Sr3Fe2O5, and
Sr3Fe2O4Cl2.

6 There are some interesting puzzles about
SrFeO2. One of them is the Fe2+ 3d orbital electron occupation;
the last lone down-spin electron occupies the dz2 orbital rather
than the degenerate dxzdyz orbital as expected by crystal field
theory,7 which prevents the system from Jahn−Teller
distortion. Furthermore, the compound shows three-dimen-
sional antiferromagnetic (AFM) order with a very high Neél
temperature (∼473 K)2 in spite of its two-dimensional crystal
structure. Recently, it was reported8 that the SrFeO2 exhibits a
spin transition from the high-spin state S = 2 to the
intermediate-spin state S = 1 at a pressure of ∼33 GPa, almost
simultaneously accompanied by a typical Mott insulator−metal
transition and an AFM-FM transition. Usually, the spin
transition occurs in compounds of octahedrally coordinated
3d transition metal ions, rarely in compounds of two-
dimensional layer structure. In fact, SrFeO2 represents the

first spin state transition in a 4-fold coordinated metal ion
center.9−11 So far, there are still problems needing to be solved
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Figure 1. Perspective view of the tetragonal structure of SrFeO2.
Green, black, and red balls represent the Sr, Fe, and O atoms,
respectively. J1 and J2 denote the intralayer Fe−O−Fe superexchange
interaction and the interlayer Fe−Fe direct exchange interaction,
respectively. Arrows indicate the spin orientations of Fe ions.
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about SrFeO2. For example, there are different explanations
about the absence of the Jahn−Teller distortion.2,3 Although
Kawakami et al.8 gave a nice explanation of the spin transition
under pressure, the mechanisms of the AFM order at ambient
pressure and the pressure-induced AFM-FM phase transition as
well as the insulator−metal transition are unclear.
In this paper, we report results on the electronic structures

and magnetism of SrFeO2 under pressure obtained from our
first-principles calculations. Our work is based on the
generalized gradient approximation plus on site repulsion U
(GGA+U) method and HSE06 hybrid functional. We aim to
find out the mechanisms of these ordered phases and their
transitions under pressure.

II. COMPUTATION
We performed first-principles calculations using the program PWSCF
included in the QUANTUM ESPRESSO package.12 Because the
generalized gradient approximation (GGA)13 usually fails to predict
the ground state of transition-metal oxides,14 generalized gradient
approximation plus on site repulsion (GGA+U)15 (in combination
with ultrasoft pseudopotentials16) and HSE06 hybrid functionals17

(together with norm-conserving pseudopotentials18) are used in our
calculations. The total energy and the density of state (DOS) for
SrFeO2 were calculated at different pressures, from ambient pressure
to 240 GPa. The crystal structure of SrFeO2 belongs to the space
group P4/mmm with the experimental lattice parameters a = b = 3.985
Å and c = 3.458 Å (Figure 1). We considered the paramagnetic (PM)
state, the FM state, and four kinds of AFM states, namely, AF1 with q
= (0.5, 0.5, 0.5), AF2 with q = (0.0, 0.0, 0.5), AF3 with q = (0.5, 0.5,
0.0), and AF4 with q = (0.5, 0.0, 0.5), respectively. For the FM state
we worked with the primitive cell depicted in Figure 1. For other AFM
states supercells were used. The plane wave energy cutoff was set to
400 eV, and an 8 × 8 × 8 grid was used for Brillouin-zone integration
in all of our calculations. These calculation parameters were chosen to
guarantee the total energy error in 1 meV per atom. The pressure
dependence of U was set according to the linear relation U = 5 − P/
10, where P is in GPa and U is in eV.

III. RESULTS AND DISCUSSION
We first determined the magnetic stable state at ambient
pressure. For GGA+U calculations, we found that the basic
conclusions remained unchanged when U varied from 3 to 6 eV
under ambient pressure. For U < 3 eV, the ground state of
SrFeO2 is FM metallic, which is in disagreement with the
experimental results. For U > 6 eV, the obtained spin moment
is obviously larger than experimental data. The results reported
here are for the choice of U = 5 eV. Our calculations show that
the ground state is an AF1Mott insulator with a magnetic
moment of 3.7 μB for each iron atom, which is in good
agreement with the experimental results.1

Figure 2 gives the calculated density of states (DOS) for Fe
at ambient pressure, which shows that Fe 3d orbitals have a
large exchange splitting, larger than the splitting of the crystal
field. As a result, Fe2+ (d6) is in the high-spin state (S = 2) at
ambient pressure. In fact, the electronic structure of SrFeO2 can
be qualitatively understood in an ionic model together with the
hybridization effects between the Fe 3d and O 2p states.
According to crystal field theory, the degeneracy of 3d orbitals
is lifted due to the ligands. In aboctahedral crystal field, the
lobes of eg are directed toward negatively charged ligands, while
the lobes of t2g are not directed toward them. Therefore the
energy of eg is higher than that of t2g. The square-planar
coordination can be imagined as a result when two ligands on
the z axis of an octahedron are removed from the complex,
leaving only the ligands in the x−y plane. The orbital splitting

diagram for square-planar coordination can thus be derived
from the octahedral diagram. As ligands move away along the z
axis, d orbitals with a z component will fall in energy level. The
dz2 orbital falls the most, as its electrons are concentrated in
lobes along the z axis. The dxz and dyz orbitals also drop in
energy, but not as much. Conversely, the dx2−y2 and the dxy
orbitals increase in energy level. Therefore, the d orbitals split
into four groups: i.e., dz2 (a1g), dxzdyz (eg), dxy (a2g), and dx2−y2
(b1g) (in energy sequence from low to high level). The dz2
orbital or the degenerate dxzdyz pair of orbitals will lie lowest in
energy and the dx2−y2 orbital lies highest in energy and the dxy
lies next highest. Calculations19 based on the assumption of the
point−dipole model show the order of increasing energy is
dxzdyz < dz2 < dxy < dx2−y2. However, for D4h symmetry, the 4s
and dz2 orbitals of a transition-metal ion have the same
symmetry, a1g. 4s and dz2 construct molecular orbitals with the
a1g orbital of the ligands. This lowers the energy of dz2 further
and may change the order of energy levels.5 In fact, BaFeSi4O10,
the only square-planar coordination of oxygen around iron
found earlier,4 shows the 3d orbital of Fe2+ with energy order
dz2 < dxzdyz < dxy < dx2−y2. According to molecular orbital theory,
the interaction between dx2−y2 and the four ligands is the
strongest. They form σ bonding and antibonding states.
Bonding states have the characteristics of ligands, and the
energy level order differs from that of crystal field or even the
reverse. Antibonding states have characteristic of transition-
metal ions and the energy level order with crystal field splitting
as shown in Figure 3. It is clear that DOS from our first-
principles calculations (Figure 2) are consistent with what is
expected by ligand field theory and molecular orbital theory.
We find that the antibonding state orbitals on the energy range
from −5 to 0 eV and note that the dz2 orbital is the lowest one.
The electronic configurations are (dz2)

1(dxzdyz)
2(dxy)

1(dx2−y2)
1

for the up-spin state and (dz2)
1(dxzdyz)

0(dxy)
0(dx2−y2)

0 for the
down-spin state. Therefore, the last minority-spin electron of
Fe2+ (d6) occupies the dz2 orbital rather than the degenerate
dxzdyz orbitals, which prevents the system from Jahn−Teller
d i s t o r t i o n . T s u j i m o t o e t a l . a s s u m e d t h e
(dz2)

1(dxzdyz)
3(dxy)

1(dx2−y2)
1 electronic configuration for the

3d electrons of Fe2+ according to their experimental data1 and

Figure 2. Calculated densities of state for d orbitals of Fe2+ at different
pressures: (blue line) dxy orbital; (green line) dxzdyz orbital; (red line)
dz2 orbital; (cyan line) dx

2
‑y
2 orbital.
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attributed it to D4h point group symmetry. Because there are no
signs of structural instability from their experiment, they argued
that the strong covalent bond between Fe and O inhibits the
Jahn−Teller distortion. Xiang et al.2 and Pruneda et al.3 carried
out first-principles calculations and obtained the same results as
ours. However, they made different interpretations of the
results. Xiang et al. regarded that the lowest energy orbital
being dz2 rather than the degenerate dxzdyz, as expected from
crystal field theory, comes from the reduction of Coulomb
energy along the z direction. Meanwhile, the (dz2)

2 occupations
are consistent with the experimental result that spin moments
are perpendicular to te c axis according to their spin−orbital
coupling calculations. Prundera et al. argued that dz2 orbitals are
not the lowest-lying ones for both the majority- and minority-
spin electrons of Fe2+. They considered that the double
occupation of the dz2 orbital of Fe

2+ may seem counterintuitive
on the basis of common knowledge in molecular and solid-state
chemistry. They attributed the (dz2)

2 occupations to the
reduction of spin splitting of dz2 orbitals due to the interaction
between dz2 and 4s orbitals of Fe2+.
The G-type AFM state of SrFeO2 at ambient pressure comes

from both antiferromagnetic intraplayer and interlayer
exchange interact ions . According to the Fe 3d
(dz2)

2(dxzdyz)
2(dxy)

1(dx2−y2)
1 electronic configuration, we see

that the intraplane superexchange interaction is due to dx2−y2
orbitals of two adjacent Fe2+ ions through O pσ and dxy orbitals
through pπ (Figure 4a). If the single unpaired electrons of two
dx2−y2 orbitals are coupled antiferromagnetically through pσ, the
electrons can be delocalized over the M−O−M unit, thus
lowering the kinetic energy. If the electrons on the dx2−y2
orbitals are coupled ferromagnetically, the delocalized config-
urations mentioned above are prevented by the Pauli exclusion
principle. The ferromagnetic configuration therefore costs more
energy. For the same reason, the single unpaired electrons of
two dxy orbitals should be coupled antiferromagnetically
through pπ. Now let us look at the degenerate dxzdyz orbitals.
Along the z axis, adjacent dxz orbitals have weak π bonds, as do
dyz orbitals (Figure 4b). If two unpaired electrons of degenerate
dxzdyz orbitals are coupled antiferromagnetically to other two

unpaired electrons of adjacent dxzdyz orbitals, the electrons can
be delocalized over the M−M unit, thus lowering the kinetic
energy. If they are coupled ferromagnetically, the delocalized
configurations are prevented by the exclusion principle. The
intraplanar exchange interactions between dxzdyz orbitals also
show AFM coupling for the same reason. Therefore, the system
shows a G type AFM order. Meanwhile, the orbitals exhibit
ferro-orbital (FO) order; thus, the FO order supports the AF
spin order, which is consistent with G-K rules.20,21 Because the
intraplanar σ bond is stronger than the interplanar π bond, the
intraplanar exchange interaction is stronger than the interplanar
exchange interaction.
The exchange parameters for this system can be estimated by

using Heisenberg model22 H = −∑ ⃗· ⃗J S Si j ij i j, . Here we consider

only the nearest neighbor (NN) intralayer Fe−O−Fe super-
exchange interaction J1 and the NN interlayer Fe−Fe direct
exchange interaction J2 (Figure 1). The calculation gives J1 =
−4.47 meV and J2 = −1.78 meV, and the ratio is J1/J2 = 2.51.
This result is similar to that obtained in previous theoretical
and experimental studies,2−4 and it makes clear that it is the
strong interlayer exchange interaction that supports the three-
dimensional AFM state of the compound.
Next we checked the magnetic properties of the compound

under pressure. We considered five kinds of magnetic order as

Figure 3. Relative molecular orbital energies for SrFeO2. For clarity,
spin splitting is not shown.

Figure 4. Illustrations of the intralayer exchange coupling in the case
of half-occupied dx2−y2 (a, top) and the interlayer exchange coupling in
the case of half-occupied degenerate dxzdyz (b, bottom). The upper line
shows Fe d and/or O p orbitals, and the lower line shows their
electronic configurations. The arrows show the spins of electrons. The
broken arrows represent possible virtual hopping processes.
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FM, AF1, AF2, AF3, AF4 and examined which kind of magnetic
order would be the stable state at different pressures. The
dependence of the site repulsion U on the pressure is still a
controversial problem. Earlier research considered that U is
independent of pressure,23 while recent studies have pointed
out that U is a function of pressure.24An increase of the
screening effect between electrons with increasing pressure
leads to a decrease of U, and a linear relation was suggested.24,25

Therefore, it is reasonable not to consider U when higher
pressure is applied. In fact, when we set U to the same value at
ambient pressure (U = 5 eV), there is no pressure-induced spin
transition, which is disagreement with experiment. If the U
value is set according to the linear relation U = 5 − P/10, a spin
transition from S = 2 to S = 1, accompanied by an AFM-FM
transition, is observed at about 45 GPa (Figure 5), which is in

reasonable agreement with experimental results.8 It should be
noted that the variation rate of U with the pressure greatly
influences the calculated results. Rapid (or slow) decrease of U
will lead to lower (or higher) transition pressure, or even no
transition. Calculations using HSE06 also yield similar results
when th eHartree−Fock mixing parameter in HSE06 decreases
from 25% to 10%. Our results from DFT+U and HSE06 hybrid
functional methods confirm the results of Kawakami et al.
obtained on the basis of the PBE0 hybrid functional method
and indicate a need to improve theoretical approaches.
To show how pressure affects the state, we approximately

estimated the spin exchange splitting energy and the crystal
field splitting energy of the Fe2+ d orbitals from their DOS. We
find that the spin splitting energy becomes smaller with
increasing pressure and the crystal field splitting energy for the
d orbitals becomes larger, as indicated by Figure 2, while the
densities of states for Fe 3d orbitals at different pressures are
shown. With increasing pressure, intraplanar interaction
between dx2−y2 and pσ causes the antibonding energy to
increase, while the dxzdyz antibonding energy decreases with
decreasing displacement of adjacent Fe ions along the z axis. At
a critical pressure, the major spin dx2−y2 orbital becomes higher
than the minor spin dxzdyz orbital, the electron moves from the

spin-up dx2−y2 orbital to the spin-down dxzdyz orbital, and then
the (dz2)

2(dxzdyz)
3(dxy)

1(dx2−y2)
0 electronic configuration be-

comes stable; consequently, a spin transition from the high-spin
(HS) state S = 2 to the intermediate-spin (IS) state S = 1
occurs. Although it is less common in comparison to the low-
spin (LS) or HS state, the IS state of Fe2+ has been reported by
Tarafder et al.26 They explored a combination of DFT+U and
ab initio molecular dynamic simulations to investigate the spin
transition in the coordination polymer Fe2[Nb(CN)8]·(4-
pyridinealdoxime)8·2H2O. They predicted the existence of an
IS state of Fe2+ under pressure, and this IS state exhibited long-
range FM coupling between the Fe and Nb spins, as opposed to
long-range AF coupling between the HS Fe and Nb spins
observed experimentally at ambient pressure. With increasing
pressure, a spin transition from the IS state to LS state occurs.
The Fe−Nb coordination polymer has distorted-octahedral
FeN6 coordination, while SrFeO2 has square-planar FeO4
coordination. The IS state of Fe2+ of SrFeO2 under pressure
is the first to be observed in square-planar coordination
systems. This IS state exhibits FM coupling between Fe spins,
while the HS state exhibits AF coupling, which is similar to the
case for Fe−Nb systems. Tarafder et al. also studied the
influence of substitution of Fe by Mn. In comparison with Fe−
Nb, they noted that under pressure the Mn variant exhibits a
one-step HS-LS transition. They attributed this to the larger HS
moment of Mn in comparison to that of Fe and a stronger
Mn−Nb magnetic interaction. It will be interesting to
investigate the effect of substitution of Fe by Mn in SrFeO2,
which is our next work. Another example of an IS state of 3d6

configuration is Co3+ in LaCoO3.
27 With an increase of

temperature, LaCoO3 undergoes a LS-IS-HS transition. The
thermally induced spin transition of the Co3+ and pressure-
induced spin transition of Fe2+ have the same features that the
spin moment decreases with decreasing ion radius because of
an increase of crystal-field splitting.
The pressure-induced electronic configuration transition of

F e 3 d f r om (d z
2 ) 2 ( d x zd y z )

2 ( d x y )
1 ( d x

2 − y
2 ) 1 t o

(dz
2)2(dxzdyz)

3(dxy)
1(dx2‑y2)

0 also leads to an AFM-FM tran-
sition. According to (dz2)

2(dxzdyz)
3(dxy)

1(dx2−y2)
0 occupation,

the intralayer exchange interaction between two adjacent dx2−y2
orbitals disappears, while two adjacent dxy orbitals tend to retain
the same AF couple as at ambient pressure. However, the
intralayer exchange interactions between dxzdyz orbitals of
adjacent iron atoms differ from that at ambient pressure due to
a different electronic configuration, as shown in Figure 6a. If
two iron atoms couple ferromagnetically, the spin-down
electron moves from an occupied orbital to an unoccupied
orbital, thus lowering the kinetic energy. dyz orbitals along the y
direction also couple ferromagnetically for the same reason.
However, along the z direction, the same mechanism causes the
direct exchange interaction between dxzdyz to be ferromagnetic
(Figure 6b). In the x−y plane, there are two complete
mechanisms, AF order and FM order, favored by dxy and
degenerate dxzdyz orbitals, respectively. The latter mechanism is
favored. Therefore, all intraplanar and interplanar exchanges
show FM coupling.
When the pressure continues to increase, charge transfers

from 2p orbitals of oxygen to 3d orbitals of Fe, and dx2−y2
obtains electrons again, even though FM coupling is still
stronger than AFM coupling. Although AFM exchange
parameters increase with decreasing displacement of ions, a
spin decrease due to a spin transition compensates for the effect
of the increase of AFM exchange energy.28,29 In contrast, FM

Figure 5. Pressure dependence of the magnetic moment of SrFeO2.
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coupling continues to increase with decreasing displacement of
ions. As a consequence, the effect of FM coupling overcomes
the effect of AFM coupling.
In addition to the spin state, other drastically changed

parameters accompanying the magnetic state are the lattice
constants, as indicated by Figure 7, where the dependence of
the ratio c/a on the pressure is given. We can easily see that c/a
experiences a jumping at ∼45 GPa, and this is accompanied by
a magnetic transition. The change of lattice constants can be
explained by a change in the electronic configuration. When
pressure is applied, both a and c decrease. However, a decreases
more slowly than c because of the repulsive interaction between
the electron in dx2−y2 and negatively charged ligands in the ab
plane; thus, c/a decreases with increasing pressure. When a spin
transition occurs, the electron in dx2−y2 moves to minority-spin
dxzdyz orbitals and a suffers a rapid decrease due to the

disappearance of this repulsive interaction and c/a increases
suddenly. When pressure is applied further, electrons transfer
from ligands to dx2−y2 again, and this repulsive interaction makes
a decrease more slowly than c again. Therefore, c/a decreases
with increasing pressure again.
Finally, our calculations show than another spin transition

from intermediate-spin state S = 1 to low-spin state S = 0
occurs at ∼220 GPa (Figure 5). In contrast to the S = 2 to S = 1
spin transition, this transition is a second-order transition,
because lattice parameters change continually as indicated by
Figure 7.

IV. CONCLUSIONS
We have reported the results of the electronic structures and
magnetism of SrFeO2 under pressure. Several approaches have
been used in our first-principles calculations, including GGA+U
and HSE06. It is found that the site repulsion U and its pressure
dependence are necessary to take into account in order to
account for the antiferromagnetic state at ambient condition
and the pressure-induced spin transition as well as the AFM−
FM transition. The electronic configuration of the doubly
occupied dz2 orbital at ambient pressure, which inhibits Jahn−
Teller distortion, can be qualitatively understood by an ionic
model together with hybridization effects between the Fe 3d
and O 2p states. In addition to the mechanism of spin
transition, which was given by Kawakami et al.,8 we find that
the AF1 spin order at ambient pressure is due to the
antiferromagnetic intraplane superexchange between the dx2‑y2
orbitals mediated by O pσ orbitals and the antiferromagnetic
interplane direct exchange between the dxzdyz orbitals. The spin
transition from the S = 2 to S = 1 state and the AFM-FM
transition under pressure are reproduced, which are in
reasonable agreement with experiment. It is found that the
pressure induces a change in the electronic configuration of Fe
3 d f r o m ( d z

2 ) 2 ( d x z d y z )
2 ( d x y )

1 ( d x
2 − y

2 ) 1 t o
(dz2)

2(dxzdyz)
3(dxy)

1(dx2−y2)
0; accordingly, the spin state changes

from S = 2 to S = 1. Furthermore, the variation of the electronic
configuration leads to a change in both intralayer super-
exchange coupling and interlayer direction exchange coupling
between the Fe2+ ions from antiferromagnetic to ferromagnetic
according to the G-K rules; as a result, a pressure-induced

Figure 6. Illustrations of the intralayer exchange coupling (a, top) and
interlayer exchange coupling (b, bottom) in the case of a singly
occupied degenerate dxzdyz. For brevity, in the upper line only dxz
orbitals are depicted, while in the lower line the intermediate pπ
orbitals which are active in the superexchange process are not shown.
The arrows show the spins of electrons. The broken arrows represent
possible virtual hopping processes.

Figure 7. Pressure dependence of lattice parameter ratio c/a.
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AFM-FM transition occurs. Calculations also indicate that
another spin transition from S = 1 to S = 0 may occur at about
220 GPa.
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