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Structural and electronic properties of SrFeQ, from first principles
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We report on a first-principles study of SrFeO,, an infinite-layer oxide with Fe atoms in a perfect square-
planar coordination down to essentially O K. Our results reveal that this striking behavior relies on the double
occupation of the 3d.> orbitals of high-spin Fe?*. Such an electronic state results from electrostatic and
hybridization effects, the latter enabling a large reduction in the intra-atomic exchange splitting of the z2

electrons.
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I. INTRODUCTION

Tsujimoto et al.! recently reported on SrFeO,, an unusual
infinite-layer oxide with iron in square-planar coordination.
This compound exhibits a number of puzzling structural and
physical properties that remain unexplained and are, in fact,
apparently incompatible with each other. An illustrative ex-
ample of the open questions pertaining to SrFeO, is the ab-
sence of any structural instability in the material down to the
lowest temperatures (~4.2 K). This behavior is most unex-
pected since the physical measurements reported by
Tsujimoto et al. (i.e., their Mdssbauer data) suggest that Fe**
is in a high-spin state of the type (xz,yz)3(xy)'(z?)'(x*
- yz)l, which should lead to a Jahn-Teller structural distortion
to remove the (xz,yz) degeneracy. Another striking observa-
tion pertains to the Néel temperature for the antiferromag-
netic phase transition of SrFeO,, which is remarkably high
(473 K) for what seems to be a magnetically two-
dimensional (2D) crystal. Taking into account the fundamen-
tal interest and the variety of possible applications of SrFeO,
and related materials displaying similar features,? there is
clearly a pressing need for an independent confirmation and
physical explanation of all such intriguing properties.

Recently, a first-principles study of SrFeO, by Xiang
et al® confirmed the peculiar magnetic properties of the
compound and suggested that its surprising behavior may be
related to an unusual electronic structure with doubly occu-
pied 3d> orbitals. In this paper, we go beyond the work of
Ref. 3 and fully exploit the first-principles approach to
present a comprehensive study of SrFeO,. Here, in addition
to the magnetic properties, we confirm the structural stability
of the observed infinite-layer phase of SrFeO, down to es-
sentially 0 K. We also resolve the apparent incompatibility
between the measured Mossbauer spectrum and the struc-
tural and (computed) electronic properties of the compound.
Finally, we also report on a systematic study that allows us to
identify the physical origin of the peculiar electronic struc-
ture of the compound, with doubly occupied 3d.2 orbitals of
high-spin Fe?*, and highlights the importance of intra-atomic
exchange effects.

II. METHODOLOGY

We used a spin-polarized generalized gradient
approximation* (GGA) to density functional theory (DFT)
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as implemented in the code VASP (Ref. 5) and employed
the “LDA+U” correction of Dudarev et al.’” for the
Fe-3d electrons (we used U=4 eV and checked that our
qualitative results are already obtained at the GGA level).
We employed the projector augmented wave (PAW) method®
to represent the ionic cores, solving explicitly for the
following electrons: 4s, 4p, and S5s of Sr; 3p, 3d, and 4s
of Fe; and 2s and 2p of O. The electronic wave func-
tions were described with a plane-wave basis truncated at
400 eV. Typically, we worked with the 16-atom cell de-
picted in Fig. 1, which is highly symmetric and compatible
with the magnetic ground state of the system, and used a
4X4X4 grid for Brillouin-zone integrations. These calcu-
lation conditions were checked to render accurate results.
We also used PWSCF (Ref. 8) and ABINIT,® two different
DFT codes, for some of the electronic structure analysis
and the electric-field-gradient calculations, respectively.
The LDA+U schemes implemented in PWSCF (Ref. 10)
and ABINIT (Ref. 11) differ in some details from that of
Dudarev et al.; we have checked that our results do not
depend significantly on the specific LDA+U used. Wave-
function figures were prepared using the visualization soft-
ware XCRYSDEN. 2

FIG. 1. (Color online) 16-atom SrFeO, cell considered in most
of our calculations. The ground-state magnetic structure is sketched;
the lattice and exchange constants are defined.
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TABLE 1. Computed properties of the P4/mmm phase of
SrFeO, (measured lattice parameters in parentheses).

Structure: a=b=4.01 A(3.99 A); c=3.42 A(3.47 A)
Elastic constants (GPa):
B=125, C;,=Cyn=317, Cy=164, Cp,=T8,
C13=Cp=51, Cp=Cs5=95, Cee=125
Infrared active modes (cm™):
159 and 276 (A,,); 183, 301, and 531 (E,)
Magnetic couplings (meV): J,=1.75, J,=6.58, J3=-0.26

I11. BASIC RESULTS

A. Structural stability and magnetic interactions

We begin by showing that our DFT methods reproduce
the main results reported in Ref. 1. To investigate the stabil-
ity of the highly symmetric phase of SrFeO,, we first deter-
mined the structural parameters that minimize the energy of
the crystal under the constraints that the P4/mmm space
group is preserved, and the magnetic order is the anti-
ferromagnetic (AFM) one found experimentally. Our results,
shown in Table I, are in good agreement with the measure-
ments. We then computed the elastic constants and the
phonons that are compatible with the cell of Fig. 1. The
results, summarized in Table I, indicate that the P4/mmm
phase of SrFeO, is stable upon symmetry-lowering structural
distortions, thus confirming it as the ground state of the ma-
terial at O K. It is worth noting that, while obviously aniso-
tropic, the computed elastic constants and phonon frequen-
cies present values that are acceptable for a three-
dimensional (3D) crystal (for SrFeO; we obtained C,;
=300 GPa and C;,=140 GPa), which suggests this infinite-
layer phase is robustly (meta-)stable.

We then studied the magnetic interactions in SrFeO,. We
considered all the spin arrangements compatible with the cell
in Fig. 1 and confirmed that the experimentally observed
AFM pattern (sketched in the figure) is the magnetic ground
state. Further, the Fe?* ions are in a high-spin configuration
with a magnetic moment of about 3.6y, in agreement with
experiment. We also computed the exchange parameters of a
model Hamiltonian H=1/2%,J,;S,S;, with |S|=2; the results
are given in Table I, following the notation defined in Fig. 1.
We found that the in-plane interactions are considerably
stronger than those along the ¢ direction; yet, the material is
far from being two-dimensional from the magnetic point of
view. Indeed, a simple (admittedly rough) mean-field esti-
mate based on our computed J’s renders a Néel temperature
above 1000 K, and the energy scale for the magnetic cou-
plings between FeO, planes, which we can estimate as
§%(2J,-8J3), is found to be around 260 K. Thus, our results
confirm the three-dimensional character of magnetism in
SrFeO, and are compatible with the relatively high 7 ob-
served. We checked that values of the U parameter within the
3-6 eV range, which is typical for Fe compounds, do not
affect this conclusion.

B. Electronic structure

Based on their >’Fe Mossbauer spectroscopy results
showing a temperature-independent quadrupole splitting
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FIG. 2. (Color online) Panel (a): computed electronic structure
of SrFeO, around the Fermi energy, which is set to 0 eV. The partial
density of states corresponding to the 3d and 4s orbitals of a par-
ticular Fe atom is indicated. The dashed line depicts the total DOS
divided by a factor of four. Panels (b) and (c): representative
I'-point eigenstates with dominating z?> character indicated by ar-
rows in the band structure of panel (a). The plotted isosurfaces
correspond to the indicated values of the squared modulus of the
wave function.

(QS) of about 1 mm/s and in accordance with the usual pic-
ture from crystal-field theory, the authors of Ref. 1 assumed
the (xz,yz)>(xy)'(z%)'(x>*~y?)! electronic configuration for
the 3d electrons of FeZ*. However, in such conditions a Jahn-
Teller distortion is expected to lift the degeneracy associated
with the (xz,yz) orbitals, at odds with the experimental re-
sults. Our calculations readily clarify this question. As shown
in Fig. 2, the DFT electronic structure of SrFeO, does not
agree with the one proposed in Ref. 1. We found that the
sixth 3d electron of high-spin Fe** goes to the z> minority-
spin orbital. At variance with the (xz,yz) 3d orbitals of Fe,
the 7> state is not degenerate with any other; and, thus, its
occupancy cannot cause any symmetry-lowering distortion
that reduces the energy. Hence, this electronic configuration
is compatible with the stability of the P4/mmm phase. Fur-
ther, we also checked that the calculation results are compat-
ible with the Mossbauer data. We address this point below
after having discussed the electronic structure of SrFeO, in
more detail.

IV. DISCUSSION

Our DFT calculations provide us with a coherent picture
of SrFeO,, accounting for the structural and magnetic prop-
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erties of the material. Yet, that picture relies on a result, the
double occupation of the z> orbitals of Fe>*, which may seem
counterintuitive based on the common knowledge in molecu-
lar and solid-state chemistry. We will thus focus on this key
issue: Why are the z? orbitals of Fe?* doubly occupied in
SrFeO,?

Let us start with a word of caution: Many apparently sat-
isfying answers to the above question do not resist a rigorous
analysis. For example, it may be tempting to postulate that
the double occupation of the z? orbitals is determined by the
fact that, as compared with the other 3d’s, they suffer from
negligible Coulomb repulsion because they find no O~ ions
along the direction perpendicular to the FeO, plane. This
kind of argument has been invoked in several occasions>!?
and is supported by extended Hiickel calculations we have
performed. However, it is not consistent with our DFT elec-
tronic structure: It implies that the z> orbitals should be the
lowest-lying ones for both the majority- and minority-spin
electrons of high-spin Fe?*, which is in evident disagreement
with the results in Fig. 2. Ultimately, the failure of this argu-
ment suggests that independent-electron effects cannot fully
explain the electronic structure of SrFeO,.

To address the above question, we proceeded by eliminat-
ing possibilities in a systematic way. Our key observations
are the following. As already discussed, our calculations
show SrFeO, should be regarded as a 3D crystal, and one
can thus conjecture that interactions along the c¢ direction,
particularly between neighboring Fe atoms, might play a role
in stabilizing the doubly occupied z* orbital. In order to in-
vestigate this possibility, we considered the limit case in
which such interactions are totally suppressed. More pre-
cisely, we studied an idealized system composed of an iso-
lated FeO, layer, fixing the number of electrons in the calcu-
lation so as to keep the Fe and O atoms in the ionization
states they have in SrFeO,. We denote this virtual 2D crystal
as “Fe?*(0%7),+bg”, where “bg” refers to the homogeneous
charge-compensating background introduced to stabilize the
material. Interestingly, the partial density of states (pDOS)
obtained for Fe?*(0?7),+bg is essentially identical to the re-
sult for SrFeO, in Fig. 2, indicating that out-of-plane inter-
actions play no role in determining the electronic structure of
SrFeO,. Recognizing that the significance of the results with
a charge background may be questionable, we also ran cal-
culations for SrFeO, with a significantly increased c lattice
constant and ratified this conclusion.

Next, we turned our attention to the interactions within
the FeO, planes. We ran calculations for a=b lattice con-
stants increased and decreased up to =10% of their equilib-
rium values and found that the most significant changes in
the electronic structure pertain to the x>~y electrons of iron.
This is not surprising as these are the electrons forming o
bonds with the oxygen atoms. With regard to the z? electrons,
we observed no effect worth noting, which clearly indicates
that the Fe-O interactions are not the key to understand the
double occupation of the z? orbitals. In particular, these re-
sults rule out the possibility that 77-donor interactions with
the oxo ligands, which would destabilize the xy, xz, and yz
orbitals, are at the origin of the double occupation of z2.
These conclusions are ratified by a standard Fe-O overlap
population analysis. We also checked that the electronic
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structure of SrFeO, is essentially independent of the spin
arrangement, and we can thus neglect interatomic exchange
effects in this discussion.

We are thus led to conclude that the double occupation of
the z* orbitals must involve some sort of intra-atomic mecha-
nism associated with the iron atoms. Indeed, this is the cor-
rect perspective to understand the electronic structure of
SrFeO,. Let us note a well-known effect that appears to be
critically important in this compound: As a result of the te-
tragonal point symmetry at the Fe site, the z> orbital is fully
symmetric and can hybridize with the formally empty Fe-4s
state. In fact, the pDOS of Fig. 2 clearly shows such a hy-
bridization occurs, being particularly important for the ma-
jority spin. As illustrated in panels (b) and (c) of Fig. 2, the
majority-spin-wave functions with a significant 4s—3d2
mixing are characterized by (i) a shrinking of the z>-like
central ring, and (ii) a deformation, as well as greater relative
weight, of the lobes extending out of plane. In contrast, the
minority-spin electrons display a nearly pure z> character.
Note also that the very different structure of the z> pDOS for
the majority (roughly triple-peaked) and minority (single-
peaked) spins is consistent with this different mixing. Of
course, this peculiar behavior reflects a mechanism by which
the crystal minimizes its energy: Having different spin-up
and spin-down z2-like electrons results in a reduction in their
Coulomb repulsion and, accordingly, in the corresponding
intra-atomic exchange splitting A. Indeed, the relatively
small A associated with the z> electrons is obvious from Fig.
2. For a given orbital type, A can be estimated as the differ-
ence between the centers of mass of the spin-up and spin-
down bands; our calculations indicate that A is about 2.9 eV
for the z> orbitals, while the other 3d’s present A’s of more
than 6 eV.

We have thus identified a mechanism that allows SrFeO,
to reduce its energy by adopting an electronic configuration
with doubly occupied z?> orbitals. Now we ask ourselves
whether this mechanism, which only relies on having the
appropriate local symmetry at the Fe site, is sufficient to
explain the computed electronic structure. To check this, we
performed the following computational experiment: We con-
sidered the 3D crystal “Fe?*(0%7);+bg” sketched in Fig. 3,
fixing the number of electrons in order to retain the Fe-3d°
configuration. For simplicity, we assumed a ferromagnetic
order, which we checked has no effect on the electronic con-
figuration of Fe. We fixed the in-plane lattice constant in the
SrFeO, value and monitored the evolution of different elec-
tronic solutions'* as the cubic crystal (dpo'=2 A) under-
goes a tetragonal distortion. As shown in Fig. 3, only one
electronic solution is found in the cubic case: The minority-
spin 3d electron occupies a combination of #,, orbitals (from
which the xy orbital is selected as soon as the tetragonal
distortion occurs), closing the gap of the crystal. In contrast,
for the largest values of dg.q considered, several solutions
occur, the ground state corresponding to doubly occupied z*
orbitals. Interestingly, the solution with doubly occupied z?
already exists at dp.or=2.14 A; yet, the “xy-to-z2” crossover
only occurs at dp.or=2.50 A. These results show a mere
symmetry breaking, and the possibility of having 4s-3d,:
mixing will not cause the double occupation of the z> orbit-
als. Rather, a relatively large tetragonal distortion, which re-
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FIG. 3. (Color online) Computed energy of various electronic
solutions of the Fe>*(0>7);+bg virtual system (see text) as a func-
tion of the distance dp.or between the central Fe atom and the
apical oxygens O'.

sults in both a more anisotropic environment for the Fe atom
and a reduction in the Coulomb repulsion for the 72 orbitals,
is required. Finally, we also checked that changes in the in-
plane lattice constant have a minor effect on the xy-to-z>
CIOSSOVET.

It is not easy to estimate the universality of these effects.
It may seem surprising, for example, that such an electronic
solution is not found in molecules with Fe?* centers. How-
ever, after reviewing the literature for some well-known
cases,'” we have the impression that the electronic structure
of iron is often conditioned by the nature of the ligands or by
a reduced atomic symmetry that precedes any electronic ef-
fect associated with the metal atom itself. This suggests that
such systems may not be appropriate to look for effects such
as the one discussed here. As for crystalline materials, we
only know of one candidate to present this kind of effect: the
mineral gillespite (BaFeSi,0,,), which contains Fe?* ions in
a square-planar coordination and displaying a high-spin con-
figuration with doubly occupied z> orbitals.'3> An appealing
possibility, though, would be to synthesize other compounds
of the SrFeO, family. Indeed, we found that crystals such as
RbCo0O, and YFeO, present a similar pattern of electronic
levels with doubly occupied z> orbitals. More precisely, our
calculations predict that RbCoO, displays a Co-3d® high-
spin configuration with a doubly occupied z%; thus, this ma-
terial might remain in the high-symmetry P4/mmm phase
down to 0 K, exactly as SrFeO,. On the other hand, YFeO,
exhibits a Fe-3d” high-spin configuration where, in addition
to having a doubly occupied z2, the last 3d electron goes to a
(xz,yz) state that closes the band gap; hence, this crystal
should undergo a Jahn-Teller distortion.

Finally, let us discuss the compatibility between the value
of the QS obtained from >’Fe Mossbauer spectroscopy,
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which is about 1 mm/s, and the double occupation of the 2
orbitals, which is expected to result in QS values of 2-3
mm/s. We should begin by noting that SrFeO, is not the only
compound exhibiting this seemingly contradictory behavior.
Indeed, the Fe’* atoms in the above-mentioned gillespite
have been reported to display QS values below 0.6 mm/s in
the 80-650 K temperature range.'¢ As for SrFeO,, we com-
puted the electric-field gradient at the Fe site and the corre-
sponding QS, obtaining a value of about 0.8 mm/s. We also
checked that varying U between 0 and 6 eV renders QS
results in the 0.6-0.9 mm/s range, with the greater values
corresponding to the smaller U’s. This clearly shows that
having an electronic structure with doubly occupied z* orbit-
als is not incompatible with the relatively small QS values
measured. As to the mechanism that causes such a reduction
in the observed QS with respect to its expected value, two
possibilities can be mentioned: (i) that the lattice contribu-
tion to the QS is comparable to the one coming from the 3d
electrons of iron,'® which would lead to a cancellation as
their signs are known to be opposite or (ii) that the splittings
associated with iron’s 3d electrons are unusual in SrFeO,.
Interestingly, our results seem to support the latter possibil-
ity: The spread in energy of the majority-spin z> and x*>—y?
electrons [see Fig. 2(a)] will imply a relatively large spatial
spread of the corresponding Wannier functions,!” which
might result in unusually small quadrupole splittings. How-
ever, a detailed analysis of this issue is not trivial and goes
beyond the scope of this paper.

V. SUMMARY

We have used first-principles methods to show that
SrFeO,, an unusual high-spin Fe?* layered phase recently
reported, is free from structural instabilities and exhibits
strong magnetic interactions. Our results reveal that this
striking behavior relies on the double occupation of the 3d2
orbitals of high-spin Fe’*. Such an electronic state results
from electrostatic and hybridization effects, the latter en-
abling a large reduction in the intra-atomic exchange split-
ting of the z* electrons. Our simulation results also account
for a concomitant decrease in the quadrupole splitting that is
observed in the Mossbauer spectrum, solving apparent con-
tradictions in the experimental results.
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