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Transition metal (TM) oxides with high oxidation state TM ions exhibit a variety of unconventional electronic
and magnetic states owing to electron correlations effects combined with highly covalent TM–O bonding.
Here, we have studied the pressure dependence of electronic state and magnetism of the K2NiF4-type iron(IV)
oxide Sr2FeO4 up to 89 GPa by temperature and magnetic field dependent energy-domain synchrotron Möss-
bauer spectroscopy and derived a (P,T) magnetic phase diagram. Considering also previous resistance studies
[Rozenberg et al., Phys. Rev. B 58, 10283 (1998)] several magnetic and electronic regimes with increasing
pressure can be identified. Near 7 GPa, the insulating cycloidal antiferromagnetic low-P state is transformed
into a semiconducting ferromagnetic state and the magnetic ordering temperature Tm increases from 55 K at
ambient pressure to about 100 K at 13 GPa. Between 18 and about 50 GPa the system is ferromagnetic and
metallic (FMM) with a strong rise of Tm to above room temperature (RT). Contrary to a recent theoretical study
[Kazemi-Moridani et al., Phys. Rev. B 109, 165146 (2024)], the FMM state is attributed to a high-spin t3

2ge1
g

electronic state with itinerant eg coupled to more localized t2g electrons. Between 50 and 89 GPa a doublet
with large quadrupole splitting in the RT Mössbauer spectra indicates a partial high-spin to low-spin (t4

2g)
transition leading to a decrease in Tm again. The general features of the (P,T) phase diagram of Sr2FeO4 are
comparable to those of other simple and A-site ordered iron(IV) perovskite-related oxides with the peculiarity
that Sr2FeO4 adopts an insulating state without charge disproportionation of Fe4+ in the low-P region. The
high-pressure behavior of Sr2FeO4 and other iron(IV) oxides may be relevant for exploring the role of Hund’s
physics in multiorbital systems and contributing to the understanding of the electronic situation in unconventional
superconductors such as La3Ni2O7 and Sr2RuO4.

DOI: 10.1103/PhysRevB.110.054444

I. INTRODUCTION

Transition metal (TM) oxides with TM ions in high oxi-
dation states are frequently characterized by strong electron
correlations as well as by pronounced covalency of transition
metal–oxygen bonding. A very recent example for the uncon-
ventional properties emerging from this electronic situation is
the observation of signatures for high-temperature supercon-
ductivity in the nickelate La3Ni2O7 at high pressures above 14
GPa with a critical temperature Tc of 78 K, approaching the Tc

values of cuprates [1]. Perovskite-related ferrates with iron in
the oxidation state +IV present an example for this peculiar
electronic regime. Within a generalized Zaanen-Sawatzky-
Allen diagram [2] iron(IV) oxides, similar to Cu(III) oxides
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[3], have been described as compounds with negative effective
charge-transfer energy (negative �) where both insulating as
well as metallic electronic ground states are dominated by a
3d5L−1 electron configuration with holes in the oxygen bands
rather than by an ionic 3d4 configuration [4]. This scenario is
supported by a photoemission study on SrFeO3 [4] as well as
by high energy x-ray diffraction experiments [5] which also
confirm that the electronic ground state of Fe(IV) corresponds
to a high-spin (HS) state. The latter formally arises from a
t3
2ge1

g ligand field configuration, but owing to the strong co-
valency of Fe-O bonding these orbitals are rather molecular
orbitals with large contributions from O 2p orbitals. Iron(IV)
oxides reveal a variety of unconventional electronic states
such as a bad metal state in the cubic perovskite SrFeO3 [6,7],
charge disproportionation (CD) of Fe(IV) in CaFeO3 [8,9]
and in the Ruddlesden-Popper bilayer compound Sr3Fe2O7

[10,11], and an insulating state without CD in the K2NiF4-
type oxide Sr2FeO4 [12,13]. All these compounds exhibit
antiferromagnetic order with spiral spin structures, irrespec-
tive of the actual electronic ground state [14,9,15,16]. The
noncollinear magnetism is remarkable with respect to the
recent interest in topological spin textures like skyrmions
[17] which exhibit topological Hall effects and may lead to
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applications for data storage devices. Unconventional Hall
effects have been observed for SrFeO3 [18] and it has been
suggested that SrFeO3 hosts skyrmion- and hedgehoglike
topological spin textures in spite of its centrosymmetric
crystal structure which does not allow for the Dzyaloshinskii-
Moriya interaction [19]. Also, Sr3Fe2O7 exhibits a rich
magnetic phase diagram with possibly complex spin textures
[20]. Competing ferro- and antiferromagnetic interactions
[14,15] or a pure double-exchange mechanism [21] were pro-
posed as the origin for the spiral spin arrangements.

Insights into the interplay between charge, spin, and lattice
degrees of freedom that determines the physical properties of
iron(IV) oxides were obtained from high-pressure studies on
several of the compounds. Nasu and co-workers performed
comprehensive studies on SrFeO3 up to 74 GPa employ-
ing temperature and field dependent laboratory as well as
time-domain synchrotron [nuclear forward scattering (NFS)]
57Fe Mössbauer experiments [22–28]. Notably, the ambient-
pressure helical spin structure of SrFeO3 starts to transform
into a high-pressure ferromagnetic spin structure near 7 GPa
which persists up to 74 GPa. The change in spin structure
is accompanied by a huge increase in the magnetic order-
ing temperature from 134 K at ambient pressure to well
above room temperature for pressures larger than 20 GPa.
It was verified by x-ray diffraction (XRD) studies that the
cubic crystal structure is retained at least up to 56 GPa
[29]. A more complex (P,T) phase diagram was obtained
for CaFeO3, which is the prototypical system where Fe(IV)
features a charge disproportionation (2 · 3d4 → 3d5 + 3d3 or
2 · 3d5L−1 → 3d5 + 3d5L−2 within the negative-� scenario)
in the paramagnetic phase below TCD = 290 K as well as in
the helical antiferromagnetic phase below TN = 115 K [8,9].
The CD state is suppressed near 20 GPa and above 30 GPa a
room-temperature (RT) ferromagnetic phase emerges [30,31]
which has been attributed to a low-spin (LS) Fe(IV) state.
The electronic structure change at 30 GPa is associated with
a structural change though the high-pressure crystal structure
is still elusive. Similar to CaFeO3, also the CD in Sr3Fe2O7

is suppressed near 20 GPa, where a change from insulating
to metallic behavior without apparent structural anomalies
up to 45 GPa was found [32]. Pressure-induced suppres-
sion of CD was also reported for A-site ordered perovskites
ACu3Fe4O12 with A = Ca, Sr where for A = Sr in addi-
tion pressure-induced intersite charge transfer occurs [33,34].
Most remarkably, a HS→LS transition beyond 30 GPa was
established in these compounds.

The present work deals with the high-pressure magnetism
and electronic state of Sr2FeO4, which is an antiferromagnetic
insulator (TN = 56 K) at ambient pressure but without CD
of Fe(IV) [12,13]. Sr2FeO4 crystallizes in the K2NiF4-type
crystal structure with single perovskitelike iron-oxygen lay-
ers separated by SrO rocksalt-like layers. Previous XRD and
neutron diffraction data were refined within the tetragonal
space group I4/mmm [35,12], but ambient-pressure Raman
spectra revealed an oxygen-phonon mode that is not intrinsic
to the I4/mmm structure [36,16] and may indicate a hidden
structural instability stabilizing the insulating ground state.
Recently, a theoretical study predicted symmetry lowering in
Sr2FeO4 arising from Jahn-Teller distortion [37]. At ambient
pressure, Sr2FeO4 adopts an elliptically modulated cycloidal

spin structure with the spins predominantly oriented in the ab
plane, which is the origin of the complex Mössbauer spec-
tra with a broad distribution of hyperfine fields [16]. Earlier
high-pressure studies of Sr2FeO4 have shown that the appar-
ent tetragonal crystal structure is retained up to at least 30
GPa [38], while the additional Raman band is suppressed
above 6 GPa [36]. At similar pressures a drop of the elec-
trical resistance by several orders of magnitude was reported
but the compound remained semiconducting up to 18 GPa,
where metallic behavior emerged [38]. In contrast to the low-
pressure region, P�7 GPa, a simple six-line pattern was found
in the low-temperature Mössbauer spectrum at 19 GPa, i.e., in
the metallic region. This indicates a pressure-driven change in
spin structure, but the critical pressure for the transformation
was not reported and the nature of the high-pressure magnetic
state was not established. The pressure-induced changes in
electronic and magnetic properties were attributed to the clo-
sure of the p-p type gap in the insulating negative-� ground
state [38]. Recently, the ambient and high-pressure electronic
behavior of Sr2FeO4 in the paramagnetic phase was studied
using a combination of density functional theory (DFT) and
dynamic mean field theory (DMFT) [39]. It was proposed that
the metallic high-pressure state of Sr2FeO4 could resemble the
electronic state of the unconventional metal and superconduc-
tor Sr2RuO4.

In order to elaborate details of the electronic and magnetic
(P,T) phase diagram of Sr2FeO4 and to extend the pres-
sure range beyond 30 GPa, we have investigated Sr2FeO4

by temperature and field dependent synchrotron Mössbauer
spectroscopy at pressures up to 89 GPa, using the synchrotron
Mössbauer source (SMS) at the European Synchrotron Radia-
tion Facility (ESRF) [40] to collect energy-domain Mössbauer
spectra. As we have briefly shown already in Ref. [16], a
transformation from the low-pressure spiral to a ferromagnetic
spin structure occurs between 5 and 8 GPa, which is just the
pressure range where the additional Raman phonon disap-
pears, but well below the metallization pressure of 18 GPa.
Here, we report the results of a comprehensive high-pressure
SMS study with emphasis on field dependent measurements to
clarify the nature of the magnetic states and on the exploration
of the high-pressure magnetism and electronic states beyond
20 GPa.

II. EXPERIMENTAL DETAILS

Sr2FeO4 was synthesized from SrO and Fe2O3 powder
which was enriched in the isotope 57Fe as described pre-
viously [16]. Most of the high-pressure experiments were
performed with a sample that was enriched to 20% 57Fe.
Ambient-pressure Mössbauer spectra of the sample confirmed
the high degree of oxidation of iron and the estimated compo-
sition is Sr2FeO3.99(1). The experiments at 5 and 12 GPa were
performed with a sample that was enriched to 10% 57Fe and
revealed a slightly higher oxygen deficiency of about 0.02 as
estimated from its ambient-pressure Mössbauer spectra at low
temperature.

Energy-domain Mössbauer spectra at pressures up to 89
GPa were recorded in diamond-anvil cells (DACs) man-
ufactured from the nonmagnetic alloy MP35N using the
synchrotron Mössbauer source [40] at beamline ID18 of
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ESRF [41], Grenoble. DACs equipped with 500- and 300-
µm Boehler-Almax design diamond anvils have been used to
generate pressures below 50 GPa and up to ∼90 GPa, respec-
tively. The powder samples of Sr2FeO4 were loaded in the
sample chambers of 200 (100) µm diameter and a thickness
of ∼40 (∼25) µm, preindented into a tungsten gasket, with
silicone oil as the pressure-transmitting medium. The DACs
were prepared prior to the beamtime in the home laboratory in
a glovebox with an Ar atmosphere with O2 and H2O content
below 0.1 ppm. After the loading, the pressure in the DAC was
increased to the target value. The pressure was determined
by the ruby luminescence method (below 50 GPa) and by
pressure shift of the Raman band of the stressed diamond
anvil (above 50 GPa) before and after the temperature depen-
dent synchrotron studies. For some of the runs, differences of
pressure before and after temperature cycle up to 3 GPa were
found. In these cases, the latter pressure was used for labeling
the samples. After the synchrotron studies the samples in
the DACs were characterized at room temperature by Raman
spectroscopy. Raman spectra were recorded using a custom-
ary confocal micro-Raman spectrometer with a HeNe laser as
the excitation source and a single-grating spectrograph with 1
cm−1 resolution.

For temperature and magnetic field dependent synchrotron
Mössbauer studies, the DACs were placed into a cryomag-
netic system from CryoIndustries. The beam size of the SMS
radiation was about 10 × 10 μm2. The velocity scale was
calibrated with a 25-µm natural α-iron foil and the linewidth
and center shift of the SMS were determined by measuring the
spectra of the single line absorber K2Mg57 Fe(CN)6 having an
intrinsic linewidth of 0.21 mm/s, after the collection of each
sample spectrum. At several pressures, spectra with external
magnetic fields Bext were measured, where the field was either
applied along the x-ray beam direction (longitudinal field) or
perpendicular to the x-ray beam direction and parallel to the
electric field vector e of the linearly polarized x rays (vertical
field). Note that the SMS changes the direction of e from the
initial horizontal to the vertical plane. The SMS spectra were
evaluated with the program MOSSWINN [42], version 4.0i, us-
ing the transmission integral and a squared Lorentzian for the
source function. The isomer shifts are referenced to α iron at
room temperature. Some low-temperature SMS spectra in the
antiferromagnetic phase were also analyzed using the model
of anharmonic spin modulation [43] which was implemented
into the SYNCMOSS software [44].

III. RESULTS

Previous XRD measurements confirmed that the ambient-
pressure apparent tetragonal crystal structure is stable up to
at least 30 GPa [38]. To characterize the samples structurally,
the Raman spectra of the samples have been measured at RT
after the SMS experiments (Supplemental Material Fig. S1
[45]). Spectra at the low pressures are in good agreement
with the previous Raman studies. Notably, at low pressures
(1 and 5 GPa), unexpected for the I4/mmm crystal structure, a
broad band near 350 cm−1 is observed, which has been shown
to sharpen upon cooling and which is suppressed above 6
GPa [36,16]. Although the spectra become increasingly broad
with increasing P and are disturbed by strong luminescence

FIG. 1. SMS spectra of Sr2FeO4 at 1 GPa and the indicated
temperatures. Dots correspond to the experimental data and solid
lines are calculated spectra which were obtained using a hyperfine
field distribution in the magnetically ordered state or a quadrupole
doublet in the paramagnetic state.

from the stressed diamond anvils, the main bands are still
discernible indicating that the tetragonal crystal structure is
retained up to at least 51 GPa. At even higher pressures (65
and 71 GPa) the band near 700 cm−1 corresponding to the
totally symmetric oxygen-phonon mode demonstrates strong
asymmetry. In the absence of direct crystal structure studies
at these pressures, it cannot be decided whether this is due to
pressure inhomogeneities or indicates the coexistence of two
phases with inequivalent crystal structures as suggested by the
Mössbauer spectra (see below).

The SMS spectra at 1 GPa (Fig. 1) are in good agreement
with the ambient-pressure Mössbauer spectra of the sample
presented earlier [16]. The most prominent feature is the
complex shape of the spectra in the magnetically ordered
phase which can be fitted by extracting a hyperfine field (Bhf )
distribution and assuming a linear correlation between Bhf

and the quadrupole-coupling parameter ε. The distribution es-
sentially reflects the pronounced modulation of the magnetic
moments that is associated with the elliptical cycloidal spin
structure [46,16]. From powder neutron diffraction studies a
propagation vector (ττ0) with τ = 0.137 was obtained. The
magnetic moments are aligned essentially in the ab plane of
the tetragonal crystal structure but a certain tilting against the
c axis cannot be excluded. The latter has been considered to
be the origin for the correlation between ε and Bhf , which
implies that the angle θ between Bhf and the principal axis
VZZ of the electric field gradient (EFG) tensor varies within the
spiral spin structure [2ε = (eQVZZ/4)(3cos2θ − 1) for an ax-
ially symmetric EFG, where Q is the quadrupolar moment of
the I = 3/2 excited nuclear state]. For space group I4/mmm,
one could expect that VZZ is aligned along the tetragonal c
axis; however, the actual crystal symmetry may be lowered by
Jahn-Teller type distortions [37] that could lead to different
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FIG. 2. SMS spectra of Sr2FeO4 at low temperatures at the in-
dicated pressures. Dots correspond to the experimental data and
solid lines are calculated spectra (see text for discussion of the data
evaluation).

Fe-O distances in the ab plane and thus a different orientation
of VZZ. The spectra indicate a magnetic ordering temperature
of about 56 K, similar to that at ambient pressure. In the

paramagnetic phase the spectra consist of a simple quadrupole
doublet (quadrupole splitting QS = 0.44 mm/s at 152 K).

In Fig. 2 the evolution of the low-temperature SMS spectra
(3–5 K) with pressure up to 71 GPa is shown. At 5 GPa the
spectrum still exhibits a complex Bhf distribution though its
detailed shape is somewhat modified compared to the spec-
trum collected at 1 GPa. It is concluded that at 5 GPa still a
complex spin texture is present. On the other hand, at 8 GPa
the complex shape of the spectrum has vanished and only a
single six-line pattern is observed. As we have shown already
in Ref. [16], a longitudinal magnetic field of 2 T leads to a
decrease of Bhf by about 1.4 T suggesting ferromagnetic spin
alignment.

More comprehensive sets of field dependent SMS spectra
with vertical magnetic fields up to 7.9 T and with Bext parallel
to e were obtained at 1 and 13 GPa, respectively. The
response of the spectral shapes to Bext is very different at
the two pressures (Fig. 3). At 1 GPa a complex shape of the
spectra is retained up to 7.9 T and the average Bhf of the Bhf

distribution is nearly independent of Bext (Fig. 4). As in the
case of the zero-field spectra, we have first fitted the spectra
with a Bhf distribution where ε was assumed to correlate
linearly with Bhf . While the width of the signals was repro-
duced quite well, a significant deviation between calculated
and experimental spectra became apparent above 2 T. The
cycloidal magnetic state of Sr2FeO4 corresponds to a spatially
modulated spin structure. To describe its dependence on an
external magnetic field we have fitted the spectra using the an-
harmonic spin modulation (ASM) model for a cycloidal spin

FIG. 3. Field dependent SMS spectra of Sr2FeO4 at 4.8 K at (a) 1 GPa and (b) 13 GPa. Dots correspond to the experimental data and solid
lines are calculated spectra, where the spectra in (a) were evaluated within the ASM model and in (b) a hyperfine field distribution was used.
The dashed lines indicate the average Bhf at zero field. The external fields were applied perpendicular to the x-ray beam direction and parallel
to the electric field vector e.
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FIG. 4. Dependence of the average hyperfine field Bhf of the
SMS spectra of Sr2FeO4 at 4.8 K on external magnetic field Bext at 1
and 13 GPa, respectively. Dashed lines are guides to the eye.

structure [43,47–49] which was implemented into the SYNC-
MOSS software [44]. More details about the ASM evaluation
are given in Ref. [45]. The applicability of the ASM model
was verified by fitting the ambient-pressure laboratory Möss-
bauer spectrum (Fig. S2 [45]) although the actual Bhf

distribution reveals some more structure in between the max-
ima at the edges [16]. The broad Bhf distribution within the
ASM model is due to a large anisotropic contribution Ban

to Bhf of about 6 T which is attributed to dipolar field con-
tributions [12] and the pronounced modulation of magnetic
moments in the elliptical spin structure [16]. The evolution
of the shape of the SMS spectra with magnetic field can be
well reproduced within the ASM model [Fig. 3(a)] and is
reflected in an enhanced intensity of the nuclear transitions
with �mI = 0 (corresponding to lines 2 and 5 in a single
six-line pattern), and a strong increase in the anharmonicity
parameter m between 3 and 6 T (see Fig. S3 [45]). These
changes are attributed to a spin-flop (SF) -like transition lead-
ing to a reorientation of the spin ellipses which was found to
occur near 5 T at ambient pressure [16]. The SF transition
leads to a preferred orientation of moments perpendicular to
Bext and bunching of moments which is reflected in the shape
of the Mössbauer spectra.

By contrast, the relative intensity of lines 2 and 5 in the
simple sextet at 13 GPa is continuously reduced and Bhf

decreases nearly linearly with Bext (Fig. 4). Altogether, these
results verify that between 5 and 8 GPa a transition from
an antiferromagnetic spiral spin structure to a ferromagnetic
type spin alignment occurs. Remarkably, lines 2 and 5 do not
vanish completely in the spectra at 13 GPa, not even at 7.9 T,
indicating that the ferromagnetic spin alignment is not com-
plete. Furthermore, with increasing Bext an asymmetric line
shape with considerable broadening of the high-velocity com-
ponent emerges. The line broadening can be partly reproduced
by fitting the spectra assuming a Bhf distribution with linear
correlation between Bhf and ε. However, this model does not
reproduce an apparent decrease in the distance between lines
1 and 2 with increasing Bext. The asymmetry in the spectra
is possibly related to pronounced anisotropy arising from the

tetragonal (or lower) crystal symmetry which prevents full
ferromagnetic alignment of spins and may also be the origin
of line shifts.

The single six-line pattern at low temperatures persists up
to about 51 GPa (Fig. 2), where in addition a component with
lower Bhf emerges. The average hyperfine field of the six-line
pattern shows a discontinuity near the anticipated metalliza-
tion pressure of 18 GPa [38] and decreases from 29 T at 8
GPa to 20 T at 51 GPa [Fig. 5(a)]. The isomer shift decreases
with increasing P. Beyond 60 GPa the shape of the spectra
becomes considerably more complex. We have analyzed the
spectra by assuming a single six-line outer component and an
additional component with a hyperfine field distribution which
is characterized by a smaller average Bhf . The Bhf value of the
outer compound is only slightly smaller than the Bhf values
at 42 and 51 GPa [Fig. 5(a)], suggesting that it corresponds
to a persisting ferromagnetic and metallic (FMM) phase. This
clue is supported by SMS spectra that were measured at 65
GPa and 4.8 K in transverse magnetic fields (Fig. 6). While
it is still difficult to decompose the spectra into components,
it is obvious that Bhf of the outer component decreases with
increasing Bext, similar as in the spectra at 13 GPa (Fig. 3).

More insights into the changes in the electronic and mag-
netic properties with pressure are obtained from the spectra
measured near RT, which are shown in Fig. 7. The RT spectra
up to 12 GPa consist of a quadrupole doublet with small QS
while the spectrum at 25 GPa is dominated by a magnetic
hyperfine pattern in addition to a minor component attributed
to a collapsing hyperfine pattern. The RT spectrum of another
cell with P near 25 GPa exhibiting only slightly different
(P,T) conditions features the coexistence of paramagnetic and
magnetically ordered phases (Fig. S4 [45]), while the spec-
trum at 42 GPa reveals well-developed magnetic order for the
whole sample. These results demonstrate that the magnetic
ordering temperature Tm has drastically increased to near RT
at 25 GPa and beyond RT at even higher pressures. However,
at 51 GPa the spectrum reveals a considerable fraction of a
component with small Bhf again, indicating the presence of a
component with decreased Tm. Beyond 60 GPa, the average
Tm has decreased to below RT and the RT spectra do not
reveal well-resolved magnetic hyperfine splitting anymore.
Most remarkably, a paramagnetic component with large QS
emerges. For instance, the spectrum at 71 GPa (Fig. 7) fea-
tures a doublet component with QS∼1.2 mm/s, in addition
to a broad signal attributed to a collapsing hyperfine pattern.
A well-defined quadrupole doublet with isomer shift, IS =
−0.41 mm/s, and QS = 1.27 mm/s was observed at 89 GPa,
the highest pressure achieved within this study.

More details about the temperature range of magnetic or-
dering were obtained from the temperature dependence of the
SMS spectra at different pressures, which is shown in Figs. 8,
9, and S6 [45]. The spectra typically are characterized by a
broad coexistence range of magnetically ordered and collaps-
ing or paramagnetic phase. Thus, it is not possible to derive a
well-defined Tm for the high-pressure phases. To characterize
the magnetic ordering behavior we use as an estimate for the
average Tm the temperature where the fraction of magnetically
ordered and collapsed phases were approximately equal in the
spectra. In the low-pressure range Tm increases quite smoothly
from 56 K at 1 GPa to ∼100 K at 13 GPa, where the system
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FIG. 5. Pressure dependence of the Mössbauer parameters obtained from the evaluation of the SMS spectra of Sr2FeO4. (a) Pressure
dependence of isomer shift (red, left scale) and hyperfine field (blue, right scale; open symbol: data point from Ref. [38]) at low temperatures.
For 65 and 71 GPa only the Bhf values of the outer component in the corresponding spectra are shown (see Figs. 2 and 6). (b) Pressure
dependence of the isomer shift (red, left scale) and quadrupole splitting (blue, right scale,) near room temperature. Note that at 42 and 51 GPa
no values of the quadrupole splitting are given as the magnetic order persists at room temperature and the orientation between the electric field
gradient and the magnetic hyperfine field cannot be derived unambiguously. The vertical dashed lines mark the pressure of metallization (18
GPa) according to Ref. [38] and the pressure above which the SMS spectra indicate a partial HS→LS transition.

is still semiconducting [38]. As seen from the RT spectra, Tm

increases to beyond RT near 40 GPa, but it decreases again to
below RT beyond 50 GPa. In contrast to 42 GPa, only part of
the sample is magnetically ordered at 51 GPa and RT, whereas
an additional component with small average Bhf is apparent.
The area fraction of the latter does not change much between

FIG. 6. Field dependent SMS spectra of Sr2FeO4 at 4.8 K at 65
GPa. Dots correspond to the experimental data and solid lines here
are guides to the eye, not calculated spectra. The vertical dashed lines
indicate the average Bhf of the outer component at zero field.

FIG. 7. SMS spectra of Sr2FeO4 near room temperature at the
indicated pressures. Dots correspond to the experimental data, solid
lines are calculated spectra, and colored lines correspond to the
subspectra.
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FIG. 8. Temperature dependence of the SMS spectra at (a) 5 and (b) 8 GPa. Dots correspond to the experimental data, solid lines are the
calculated spectra, and colored lines correspond to the subspectra. The spectrum at 5 GPa and 3 K was fitted assuming a Bhf distribution;
the minority component is attributed to a Fe3+ component. An alternative fit of the latter spectrum using the ASM model is provided in
Fig. S5 [45].

200 and 293 K [Fig. 9(a)] and seems to fully order only below
150 K. An inhomogeneous magnetic state is also suggested
by the low-T spectrum at 51 GPa, which cannot be fitted by a
single sextet.

Our data indicate that beyond 50 GPa an elec-
tronic/structural phase transition takes place, which is re-
flected in the appearance of a quadrupole doublet with large
QS at RT in the spectra at 65 and 71 GPa. The doublet appears
to be the only component in the 89-GPa spectrum suggesting

that the phase transition is complete. Unfortunately, we could
not follow the T dependence of the spectra at 89 GPa as the
diamond anvils failed upon cooling. At 65 and 71 GPa the T
dependence of the spectra is complex owing to the coexistence
of phases with different Tm [Figs. 9(b) and S6 [45]], and it is
difficult to provide an unambiguous analysis of the spectra.
Possibly one fraction of the samples orders around 250 K
in this pressure range and another one at somewhat lower
temperature, but it is likely that there are distributions in Tm

FIG. 9. Temperature dependence of the SMS spectra at (a) 51 GPa and (b) 65 GPa. Dots correspond to the experimental data, solid lines
are the calculated spectra, and colored lines correspond to the subspectra.
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FIG. 10. Magnetic phase diagram of Sr2FeO4 at high pressures
based on the present data and those of Ref. [38]. Below 8 GPa
the system is insulating and adopts a spiral antiferromagnetic state
(AFI), between 8 and 18 GPa the ground state is still insulating
(semiconductor with a small gap) but ferromagnetic (FMI), and
between 18 and ∼50 GPa a ferromagnetic metallic (FMM) state
occurs with enhanced magnetic ordering temperature Tm. At 42 GPa,
Tm is above RT and cannot be determined from the present data
which is indicated by a bar tentatively marking a range of possible
Tm. Beyond 50 GPa, Tm decreases again and phase coexistence of
the FMM state with a low-spin (LS) state emerges beyond 50 GPa
due to a partial HS→LS transition. The AFI, FMI, and FMM states
are related to the HS t3

2ge1
g electron configuration, while the LS state

(blue) corresponds to a t4
2g configuration. The dashed green lines

separate the regions of different electronic/magnetic behavior. The
open symbol corresponds to a data point from Ref. [38].

for both components. The spectra and Mössbauer parameters
obtained at nominal pressures of 65 and 71 GPa are quite
similar. Considering the small beam size and nonhydrostatic
pressure conditions at such high pressures, the local pressures
in the small volumes probed by the SMS beam could have
been quite similar in the two measurement series. Pressure
inhomogeneities may also be at least partly the origin for
the broad temperature ranges featuring phase coexistence.
Nevertheless, the 89-GPa spectrum revealed the smallest IS
[Fig. 5(b)], which indicates that in this run indeed the highest
pressure was generated.

IV. DISCUSSION

A. Magnetic phase diagram

The results of the present high-pressure studies of Sr2FeO4,
including results from the previous study [38], are summa-
rized in a magnetic (P,T) phase diagram depicted in Fig. 10.
Up to about 7 GPa, Sr2FeO4 exhibits an insulating antifer-
romagnetic ground state that may be stabilized by a hidden
Jahn-Teller (JT) -like structural instability [37]. The lat-
ter could be the origin for an unexpected oxygen-derived
phonon mode observed in Raman spectra [36,16]. Compet-
ing exchange interactions together with anisotropy result in
an elliptical cycloidal spin modulation [16]. The additional

Raman band disappears near 6 GPa, and between 7 and 8 GPa
the spin structure changes to a ferromagnetic one. Thus, it is
likely that the change in spin structure is correlated with the
suppression of the supposed structural instability and forma-
tion of the undistorted I4/mmm crystal structure. A structural
change is also supported by a minimum in QS at RT near
5 GPa as reported by Rozenberg et al. [38] and confirmed
in the present study [Fig. 5(b)]. Electrical resistance studies
indicated that in this pressure range a larger gap is closed, but
the compound still remains semiconducting [38]. Metalliza-
tion is expected near 18 GPa and a drastic enhancement in
Tm occurs beyond 20 GPa which exceeds room temperature
between about 25 and 50 GPa. Although we have not studied
the magnetism in this pressure range by field dependent SMS,
it is likely that between 20 and 50 GPa, Sr2FeO4 is in a FMM
state.

Drastic changes in the SMS spectra indicate that between
50 and 90 GPa a phase transition occurs. The most striking
feature is the emergence of a quadrupole doublet with a large
QS of about 1.2 mm/s near RT which seems to be the single
component in the RT spectrum at 89 GPa. The large QS indi-
cates a large structural distortion around the Fe4+ ion and/or
an electronic contribution to the EFG, which most likely is
the signature of a pressure-induced HS→LS transition. A
HS→LS transition changes the electron configuration from
t3
2ge1

g (referring to octahedral notation) with S = 2 to t4
2g with

S = 1. Splitting of the t2g orbitals by the lower-symmetry
ligand field components leads to an unequal population of
orbitals which can result in a valence contribution to the EFG.
The reduction of the spin from S = 2 to S = 1 is in agreement
with the decrease in Tm. The present changes in the SMS
spectra at RT are reminiscent of those reported for A-site
ordered perovskite type ferrates where HS→LS transitions
are well documented [33,34]. Unfortunately, the SMS spectra
of Sr2FeO4 beyond 50 GPa correspond to phase mixtures and
the complex low-temperature spectra could not be decom-
posed into well-defined components. Pressure inhomogeneity
and failure of the diamond anvils at 89 GPa hindered more
unambiguous clues. More detailed SMS studies with careful
pressure control and investigations of the crystal structure of
Sr2FeO4 beyond 50 GPa are required to clarify the structural
details and detailed magnetic behavior in the pressure range
of the anticipated HS→LS transition.

B. Electronic structure considerations

Recently Kazemi-Moridani et al. reported a theoretical
study on the ambient and high-pressure electronic state of
Sr2FeO4 using a combination of DFT and DMFT [39]. The
electronic properties were discussed within an effective orbital
model based on the t2g and eg orbitals in terms of Mott and
Hund’s physics that is governed by the relative magnitude of
the Coulomb repulsion U and Hund’s rule coupling J. The
study considered only the nonmagnetic state and compiled an
electronic phase diagram in the J-U space at a temperature of
146 K. A main clue from the study was that the insulator-metal
transition at 18 GPa leads to the formation of a metallic state
where conduction takes place only within the t2g orbitals while
the eg orbitals were considered to be empty. Thus, Sr2FeO4

would be in the LS (t4
2g) state above 18 GPa. In particular, the
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correlated band structure of Sr2FeO4 at 40 GPa was compared
with that of Sr2RuO4 at ambient pressure and remarkable sim-
ilarities were found, suggesting that Sr2FeO4 in this pressure
range could exhibit similar low-energy properties [39]. Their
interpretation was based on an estimated parameter regime
U� 2.5 eV and J < 0.7 eV in order to explain the insulating
ground state of Sr2FeO4. It was assumed that the I4/mmm
crystal structure is retained in the whole pressure range.

The present experimental study reveals that Sr2FeO4 is
magnetically ordered beyond 20 GPa with Tm even exceeding
RT at 40 GPa. Such a high Tm in a layered system is difficult
to reconcile with a t4

2g LS configuration. A photoemission
study of SrFeO3 has verified that at ambient pressure the Fe4+

ions adopt a high-spin ground state [4] and considering the
similar average bond distances [35] as well as the Mössbauer
parameters and magnetic properties of Sr2FeO4 [12,13] there
are no indications that the spin state of Sr2FeO4 differs from
that of SrFeO3. In terms of the multiorbital model of Ref. [39]
we suggest a different scenario starting from the formal t3

2ge1
g

HS electron configuration and assign the metallic state of
Sr2FeO4 beyond 18 GPa rather to the t2g Mott insulator state
of Ref. [39], where the eg electrons are metallic and which
is characterized by a large Hund’s coupling J� 0.8 eV. It is
emphasized that actually the t2g and eg orbitals are molecular
orbitals with large O 2p contributions owing to the strongly
covalent Fe-O bonds in high oxidation state TM oxides (cf. the
negative-� scenario discussed in the Introduction). The FMM
state above 18 GPa then arises from the double-exchange (DE)
-like coupling of the itinerant eg electrons with the localized
t2g orbitals. The insulating state of Sr2FeO4 in the low-
pressure region possibly is rather stabilized by breaking of the
I4/mmm symmetry leading to a gap within the eg levels. This
suggestion is supported by the unexpected Raman phonon
[36,16] as well as by the recent theoretical prediction of a JT
type instability [37]. It is noted that it can be challenging to
verify such an instability in a layered system by diffraction
methods [11]. Owing to the increase in the bandwidth of the
eg levels under pressure, the structural instability is removed
above 6 GPa and the system finally metallizes at 18 GPa. The
metallization of the eg levels is reflected in a corresponding
drop of Bhf [Fig. 5(a)] as the magnetic moment contribution
of the eg levels is lost. Most remarkably, the electronic ground
state remains insulating up to 18 GPa. The persistence of
local JT fluctuations between 6 and 18 GPa could prevent
full metallization in this pressure region. Similar observations
were reported for the metallization process of LaMnO3, where
the Mn3+ ion is JT active too and isoelectronic to the Fe4+

ion [50,51].
Further pressure increase leads to two opposing effects,

namely, an increase in the eg bandwidth but also to an en-
hanced ligand field splitting between the t2g and eg electrons
owing to the decrease in Fe-O bond lengths. As discussed
above, in the case of 3d4 ions a HS→LS transition may
emerge which has been suggested to occur in CaFeO3 [30], a
perovskite compound adopting a monoclinic crystal structure
and CD of Fe4+ at ambient pressure. In the case of SrFeO3

the FMM state persists up to 74 GPa without indications for a
P-driven HS→LS transition [26]. For the lower-dimensional
Sr2FeO4 featuring a smaller eg bandwidth than SrFeO3, our

SMS spectra indicate a HS→LS transition beyond ∼60 GPa,
the details of which need to be explored in further studies.
In conclusion, contrary to Ref. [39] the t4

2g LS state is rather
expected above 60 GPa, while the FMM state between 18 and
50 GPa is related to itinerant eg electrons.

C. Comparison with related iron(IV) oxides

We now compare the P-dependent electronic and magnetic
behavior of Sr2FeO4, Sr3Fe2O7, and SrFeO3 which are the
n = 1, 2, and � members of the Ruddlesden-Popper se-
ries Srn+1FenO3n+1. At ambient pressure all the compounds
adopt an incommensurate spiral spin structure with compa-
rable propagation vector [14,9,15,16]. The insulating state
in Sr3Fe2O7 is stabilized by a CD of Fe(IV) and, as dis-
cussed above, there are indications that the insulating state
of Sr2FeO4 is stabilized by a structural instability too. While
SrFeO3 is already metallic at ambient pressure, Sr2FeO4 and
Sr3Fe2O7 exhibit metallization at pressures around 20 GPa,
and the low-T instabilities are suppressed owing to the in-
creasing bandwidth of the eg levels. For SrFeO3 and Sr2FeO4

it has been verified by the detailed Mössbauer studies in ex-
ternal magnetic fields that the spiral antiferromagnetic spin
structures in the low-P regime are transformed to FM spin
structures above 7 GPa. In the FMM regime Tm is strongly
enhanced in both compounds and exceeds RT. A peculiarity of
Sr2FeO4 is that it adopts a semiconducting FM state between
7 and 18 GPa with a moderate increase in Tm with increasing
P. Details of the (P,T) diagram of Sr3Fe2O7 have not been
reported yet but the CD of Fe(IV) is suppressed near 20 GPa
and a single six-line pattern is observed in the Mössbauer
spectra of the magnetically ordered phase above 20 GPa [32].
It is likely that beyond 20 GPa, Sr3Fe2O7 enters the FMM
state too.

The (P,T) phase diagram of Sr2FeO4 depicted in Fig. 10
bears remarkable similarities to the (P,T) phase diagrams of
the A-site ordered Fe(IV) perovskites ACu3Fe4O12 (A = Ca,
Sr) [33,34]. In these compounds the low-pressure CD state is
suppressed near ∼15 GPa and an FMM state emerges with a
nearly charge-uniform Fe4+ HS (essentially t3

2ge1
g) configura-

tion and with Tm above RT. Beyond 30 GPa, a well-defined
HS→LS transition occurs which leads to a LS (t4

2g) metallic
state with a drastic reduction in Tm and symmetry lowering
indicated by a quadrupole doublet in RT Mössbauer spectra.
Compared to the A-site ordered perovskites the stability range
of the FMM HS state is much broader for Sr2FeO4 and the
HS→LS transition only emerges beyond 60 GPa.

The present and literature results suggest a generic (P,T)
phase diagram that is similar for all the Fe(IV) perovskite-
related oxides. Below a critical pressure P1 the compounds
adopt antiferromagnetic states and in the case of small eg

bandwidths insulating states are formed which are stabilized
by a CD or JT type instability. Several of the compounds adopt
spiral spin structures in the low-P range where the eg electrons
still have a considerable degree of localization. At pressures
above P1, a FMM HS state is formed which is characterized
by high Tm values exceeding RT owing to DE-like coupling
between the itinerant eg and more localized t2g levels. Beyond
a second critical pressure P2 a pressure-induced HS→LS tran-
sition occurs which leads to a FMM LS state with reduced Tm.
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The values of P1 and P2 depend on the details of the system
and it is anticipated that the critical pressures are governed by
the interplay between structural details defining the electron
hopping t and eg bandwidth w, the Coulomb repulsion U,
and the Hund’s coupling J. Finally it is mentioned that similar
(P,T) phase diagrams were also observed for formally mixed-
valent Fe3.75+ based ferrates [52,53].

V. CONCLUSIONS

We have investigated the pressure dependence of the
electronic and magnetic state of the K2NiF4-type Fe(IV) ox-
ide Sr2FeO4 up to 89 GPa by energy-domain synchrotron
Mössbauer spectroscopy and derived a (P,T) magnetic phase
diagram. Up to about 7 GPa, Sr2FeO4 is an insulator with
an elliptically modulated spiral spin structure which at higher
pressures is transformed into a semiconducting ferromagnetic
state. Above 6 GPa a possibly Jahn-Teller type structural
instability indicated by Raman spectra and theoretical pre-
dictions is suppressed, but local JT fluctuations may persist
which could explain why the system remains semiconducting.
According to Ref. [38], Sr2FeO4 metallizes near 18 GPa.
Similar as in other Fe(IV) oxides, the magnetic ordering tem-
perature in the ferromagnetic metallic regime is enhanced to
beyond room temperature between 20 and 50 GPa. Between

50 and 89 GPa a decrease in magnetic ordering temperature
and signatures for a high-spin to low-spin transition were
found. Up to at least 50 GPa, the electronic properties are
derived from the t3

2ge1
g high-spin configuration, which makes

the metallic state of Sr2FeO4 in this pressure range distinct
from that of Sr2RuO4 where metallic conduction is associated
with the t2g bands. However, it bears some analogy to the
nickelate high-Tc superconductor La3Ni2O7 where metallicity
is associated with the eg levels too [1]. Only beyond ∼60 GPa
can a metallic t4

2g state predicted in Ref. [39] be expected,
which in contrast to Sr2RuO4 is still magnetically ordered.
We hope that the present experimental investigations on the
high-pressure behavior of Sr2FeO4, considerably extending
the pressure range of the earlier study [38] and providing
more details of the electronic/magnetic phase diagram, may
stimulate refined theoretical studies of this interesting oxide
and enable further comparison of its electronic structure with
that of the superconductors Sr2RuO4 and La3Ni2O7.
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