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Iron(IV) oxides are strongly correlated materials with negative charge-transfer energy (negative A), and
exhibit peculiar electronic and magnetic properties such as topological helical spin structures in the metallic cubic
perovskite SrFeOs. Here, the spin structure of the layered negative-A insulator Sr,FeO, was studied by powder
neutron diffraction in zero field and magnetic fields up to 6.5 T. Below Ty = 56 K, Sr,FeO, adopts an elliptical
cycloidal spin structure with modulated magnetic moments between 1.9 and 3.5 up and a propagation vector
k = (7, 7, 0) with t = 0.137. With increasing magnetic field the spin structure undergoes a spin-flop transition
near 5 T. Synchrotron %’ Fe-Mbssbauer spectroscopy reveals that the spin spiral transforms to a ferromagnetic
structure at pressures between 5 and 8 GPa, just in the pressure range where a Raman-active phonon nonintrinsic
to the K, NiF,-type crystal structure vanishes. These results indicate an insulating ground state which is stabilized
by a hidden structural distortion and differs from the charge disproportionation in other Fe(IV) oxides.
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I. INTRODUCTION

The interplay between charge, orbital, spin, and lattice
degrees of freedom in compounds with strong electron
correlations leads to a large, complex array of structural
and physical properties [1]. Particularly interesting is the
crossover regime between localized and itinerant electronic
behavior where the correlation energy U and the elec-
tronic bandwidth W are comparable in magnitude. Such an
electronic situation seems to occur in the iron-based supercon-
ductors and their magnetic relatives [2]. A crossover between
localized and itinerant electronic behavior can also be realized
in strongly covalent high-oxidation state transition metal ox-
ides, which in terms of a generalized Zaanen-Sawatzky-Allen
diagram [3] can be described as negative charge-transfer en-
ergy (negative-A) materials. Owing to the negative A, both
insulating as well as metallic states are dominated by holes
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in the oxygen bands and thus, in the insulating members a
p-p type energy gap occurs. Examples of negative-A oxides
include NaCuO, [4] and several rare-earth nickelates LnNiO;
the insulating ground states of which feature a charge dispro-
portion (CD) transition of the nominal Ni** ions accompanied
by a breathing-type structural distortion [5,6]. The nature of
this CD is under debate, for instance it has been considered
as site-selective Mott transition [7], charge-ordering without
charge transfer [8] or as bond disproportionation [9]. It has
been suggested that the CD occurs in the crossover region
between localized and itinerant electron behavior as an alter-
native to the Jahn-Teller effect [10] which is expected in the
localized-electron limit for the 7,,%¢,' electron configuration.
The CD in such nickelates has been described as 2d8L~!
(hbes!) — d¥ (t20e,?) +dPL™ (1,°) where L™" denotes
holes in the oxygen bands [6,11]. An analog, however more
complex charge ordering pattern was reported for the hexago-
nal antiferromagnet AgNiO, [12,13].

The insulating states of several Fe*™ (3d*) ferrates like
CaFeO3 [14,15] or SrzFe,O; [16-19] are known to ex-
hibit a comparable CD, whereas metallic SrFeOs [20,21]
as well as the cubic phase of BaFeOs; [22] do not show
any CD. These ferrates were shown to also be negative-A
materials [23] and the CD state was formulated as 2d°L~!
(hees!) — d° (hgles®) + d° L2t e,’), where, similar to
the nickelates, singly occupied o-type e, orbitals occur, be-
ing however additionally coupled to more-localized 7 -type t,,

Published by the American Physical Society
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electrons. Many of these ferrates exhibit helical spin struc-
tures [15,22,24,25], which have been explained in terms of
competing ferro- and antiferromagnetic interactions [24,25]
or by a double-exchange mechanism where in the negative-A
regime helical ordering may naturally emerge without ad-
ditional superexchange interactions [26]. Magnetotransport
studies on SrFeO; [27,28] indicated a variety of distinct heli-
cal phases, some of which exhibit unconventional Hall effects
[29]. Recently it was demonstrated that SrFeO3; adopts he-
lical spin structures with multiple propagation vectors [30]
and hosts topological spin textures despite the absence of
Dzyaloshinskii-Moriya interactions in this centrosymmetric
cubic perovskite.

Less explored than the n=o00 (SrtFeO3;) and n=
2 (Sr3Fe;O7) members of the Ruddlesden-Popper series
St,+1Fe, 03,41 is the n =1 member SryFeOy, an insula-
tor with a K;NiF,-type crystal structure [31,32]. Complex
Mossbauer spectra indicated a helical spin structure here too
[16], but the detailed spin arrangement has remained elusive.
Sr,FeO, does not exhibit a CD of Fe*t, but a Raman band
nonintrinsic to the I4/mmm structure which is suppressed
at pressures near 6 GPa [33] may indicate another type of
electronic instability. Metallization of Sr,FeO, at 18 GPa and
a change in spin structure have been assigned to the closure
of the p-p type gap in this negative-A layered ferrate [34].
In this work we report a powder neutron diffraction study
which reveals that Sr,FeO, forms an elliptical cycloidal spin
spiral undergoing a spin-flop transition in a magnetic field of
about 5 T. Using >’Fe synchrotron Mossbauer spectroscopy
it is shown that the spin spiral transforms to a ferromagnetic
spin alignment at pressures between 5 and 8 GPa. Our results
shed new light on the nature of insulating states and emerging
spin structures in negative-A materials which may also be of
relevance for understanding topological spin textures in this
class of compounds.

II. EXPERIMENTAL DETAILS

SryFeO4 was synthesized from SrO and Fe, O3 in an auto-
clave at a temperature of 500°C and an oxygen pressure of
2.5 kbar following the method described in Ref. [35]. The
sample was confirmed to be single-phase by laboratory pow-
der x-ray diffraction. All sample batches used within this
study were characterized by 3’Fe Mdssbauer spectroscopy.
Residual Fe** fractions between 1 and 3% suggest the com-
position Sl‘zFCO3,99(1).

Powder neutron diffraction experiments on SryFeO,4 were
carried out on the instruments E2 [36] and E6 [37] at the BER
II reactor of the Helmholtz-Zentrum Berlin. Both instruments
use a pyrolytic graphite monochromator selecting the neutron
wavelengths A = 2.380 (E2) and A = 2.417A (E6), respec-
tively. Powder patterns were collected between the following
diffraction angles: 3.7 and 79.4° (E2); 4.9 and 136.6° (E6).
The powder sample was placed in a cylindrical vanadium
container with the dimensions d = 6 mm and & = Scm. To
investigate in detail the magnetic structure of Sr,FeO; we
collected diffraction patterns at 1.8 and 80 K on E2 well be-
low and above the magnetic ordering temperature 7y = 56 K.
Here we measured with higher counting statistics and a better
instrumental resolution using a 15 collimator. The change

of the structural and magnetic parameters as a function of
temperature was investigated on the instrument E6 between
1.8 and 62 K. Furthermore, on the instrument E2 the change of
the magnetic structure was investigated at 1.8 K as a function
of a vertical magnetic field up to 6.5 T. Rietveld refinements
were carried out with the program FullProf [38] using the
nuclear scattering lengths 5(0) = 5.805 fm, b(Fe) = 9.54 fm,
and b(Sr) = 7.02 fm [39]. The magnetic form factors of the Fe
atoms were taken from Ref. [39].

The crystal structure of Sr,FeO, has been investigated by
synchrotron powder x-ray diffraction at 100, 300, and 500 K
using the wavelength A = 0.20761 A at the beamline P02.1
of the PETRA III x-ray radiation source at Deutsches Elek-
tronensynchrotron DESY, Hamburg. The powdered sample
was spun during the measurement and the temperature was
controlled by an Oxford-Cryostream 700. Data collection was
performed on a Varex-XRD 4343CT area detector (150 x
150 m? pixel size, 2880 x 2880 pixel area) at a sample to de-
tector distance of approximately 2200 mm. Two-dimensional
data was subsequently integrated to one-dimensional diffrac-
tion patterns using the DAWN software package.

Mossbauer spectra of SrpFeO4 were collected between 5
and 290 K at ambient pressure with a conventional WIS-
SEL Mbossbauer spectrometer which was equipped with a
7Co/Rh radioactive source and operated in constant accel-
eration mode. The spectra were collected on a sample with
20% >"Fe enrichment which also was used for high-pressure
studies at 8 GPa. A few milligrams of the sample were mixed
with boron nitride and distributed in a plexiglass container
which was placed inside a JANIS SHI-850-5 closed-cycle
refrigerator.

High-pressure Mdossbauer spectra at 5.0 and 8.1 GPa at
3 K were recorded in diamond anvil cells with the samples
deposited in the pre-indented holes of a tungsten gasket,
using the synchrotron Méssbauer source (SMS) [40] at beam-
line ID18 of ESRF [41], Grenoble. Silicone oil was used as
pressure-transmitting medium. The pressure was determined
by the ruby luminescence method. The sample used for the
5-GPa experiment was enriched to 10% >’Fe. At 8 GPa in
addition to the zero-field spectrum a SMS spectrum in a lon-
gitudinal magnetic field of 2 T was measured. The spectra
were evaluated with the program MOSSWINN [42] within the
thin-absorber approximation in case of the ambient-pressure
spectra, and with the transmission integral and a squared
Lorentzian for the source function in case of the high-pressure
SMS spectra.

Temperature-dependent and isothermal dc magnetization
measurements were performed with a MPMS3 magnetometer
[Quantum Design, using superconducting quantum interfer-
ence device (SQUID) signal detection, data in Fig. 1(a)
labeled with “S”] in magnetic fields up to 7 T and with a
field-extraction technique using the ACMS option in a PPMS
(Quantum Design, data in Fig. 1(a) labeled with “P”) up to
14 T. Ac susceptibility data were taken with the same equip-
ment option of the PPMS.

Heat capacity measurements with a relaxation method
were performed on a cold-pressed pellet using the HC option
of a PPMS in zero field.

Raman spectra were obtained between 5 and 300 K with
a Jobin-Yvon-LabRAM-VO010 single grating spectrometer,
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FIG. 1. Magnetic properties of Sr,FeO,. (a) Top: dc magnetic susceptibility measured after zero-field cooling in different magnetic fields.
S and P correspond to measurements using a SQUID and a PPMS-based magnetometer, respectively. Bottom: Real part of the ac susceptibility
measured in zero field at the indicated frequencies; the inset highlights a weak feature near 10 K. (b) Isothermal magnetization measured at
the indicated temperatures. Inset: Heat capacity C,/T in zero field as a function of temperature.

equipped with a double super-razor-edge filter and a Peltier
cooled CCD camera, in quasi-backscattering geometry using
the linearly polarized 632.8 nm line of a He/Ne gas laser. The
sample was placed in a micro-cryo-type cryostat from Cry-
ovac, in a holder with copper cold finger with a vacuum better
than 1 x 10~® mbar. To avoid sample decomposition under
irradiation a small laser power of 0.2 W was used, the spot
size was 10 um. Measurements were taken at temperatures
ranging between 5 and 300 K with 0.5 K accuracy.

III. RESULTS AND DISCUSSION

A. Magnetic properties

The temperature dependence of the dc magnetic suscep-
tibility x = M/H, where M is the magnetization and H
the applied magnetic field, shows for uoH = 0.1T a broad
maximum near 60 K [Fig. 1(a), top], indicating an antiferro-
magnetic ordering, in agreement with previous works [16,32].
Similarly, a frequency-independent maximum is apparent in
the real part of the ac susceptibility curves [Fig. 1(a), bot-
tom]. From the A-type anomaly in the specific heat (C;) data
[inset of Fig. 1(b)] a Néel temperature Ty of 55.8(2) K was
determined. A weak feature near 10 K, which is visible in
both zero-field cooled dc and ac susceptibility data and which
shows a slight frequency dependence in the ac data [inset
of Fig. 1(a)] is possibly related to the presence of oxygen
defects. Remarkably, the susceptibility curves show a distinct
dependence on the applied field for temperatures below the
susceptibility maximum. Furthermore, the maximum shifts to
lower temperatures. From the cusps in Fisher’s heat capac-
ity d(xT')/dT data it is estimated that 7y decreases by 8 K
from poH = 0.1 to 14 T. Isothermal M(H) curves were

measured between —14 and +14 T at selected temperatures
between 2 and 100 K [see Fig. 1(b) and Ref. [43]]. While
the M(H) curves at 70 and 100 K are linear, in agreement
with paramagnetic behavior, smooth deviations from linearity
between 3 and 6 T below 7Ty indicate a broadened spin-flop
(SF) transition in the polycrystalline sample [44].

B. Magnetic structure

To unravel the magnetic structure of Sr,FeO, we have
collected powder neutron diffraction data on the instrument
E2 in the magnetically ordered and paramagnetic phase at 1.8
and 80 K, respectively (Fig. 2). In agreement with Ref. [16],
the crystal structure at 80 K is well refined in the tetragonal
space group /4/mmm. In the pattern collected at 1.8 K sev-
eral additional magnetic reflections are observable, where the
first and strongest magnetic reflection, observed at 260 = 6.9°,
could be indexed as (0.13660.1366 0)y; (Fig. 2). This indi-
cates that the propagation vector is k = (7, t, 0), where the
incommensurate magnetic reflections can be generated with
the rule (hkl)y = (hkl)x = k. The magnetic reflections are
better obtained after subtracting the nuclear pattern as shown
in Fig. 3(a). Initially, we have tried to determine the spin
structure by carrying out Rietveld refinements considering dif-
ferent models. Here, it became apparent that some reflections
reveal peak broadenings caused either by slightly superim-
posed diffuse scattering or by strain effects. Further, some
magnetic peaks overlap with nuclear ones and the background
is partially irregular in a few angular regions. Therefore, for
the refinements of the magnetic structure integrated intensities
(given in Fyy?) of eight independent magnetic reflections were
determined from multiple-Gaussian fits of the pattern at 1.8 K
(Table I). Structure factors of nuclear reflections were taken to
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FIG. 2. Powder neutron diffraction patterns of Sr,FeO,. Data
were collected on diffractometer E2 (A =2.380A) at 80 and
1.8 K (top and middle panel) at zero field. The observed magnetic
reflections at 1.8 K are generated with the rule (hkl)y = (hkl)n £k,
where the incommensurate propagation vector is found to be k =
(7, 7,0) with T = 0.1366(2). In an applied vertical magnetic field of
6.5 T magnetic satellites with higher [ like (002)*, (004)*, (103)~
and (103)* show a decrease in intensity (bottom panel). The results
from Rietveld refinements are only shown for the data sets collected
in zero field, where for the magnetic structure at 1.8 K we used
Model II. The calculated patterns (red solid line) are compared with
the observations (black-filled circles). The positions of the generated
magnetic reflections (black bars) as well as the difference patterns
(Iyps — I.a1) (blue solid line) are also shown. In the case of the data
set collected at 6.5 T only the observed intensities are shown and the
solid black line is a guide-to-the-eye.

determine the overall scale factor to calculate the magnitude
of the magnetic moments.

The best agreement between experimental and calculated
data is obtained for the model of an elliptical cycloidal spiral
that is confined to the tetragonal ab plane (labeled as Model
I) and described by an incommensurate wave vector k =
(0.137,0.137, 0), with a minor moment g;, of 1.9(2) ug and
a major moment f,,; of 3.46(5) up. In tetragonal symmetry,
one has to consider two symmetrically equivalent propagation
vectors (7,7,0) and (7,—7,0) and, independently, two domains
arise from two symmetry-related spin directions. The data
analysis shows that a successful refinement was obtained for
a model in which only one type of domain is present with
the major moment ., perpendicular to the wave vectors.
Elliptical spin spirals allowing for a z component either on the

minor or on the major axis (labeled as Model II and Model I1I)
also yield satisfying fits of similar quality; a small moment of
0.9 £ 0.5 wp is refined indicating that the spin ellipse tilts only
weakly out of the tetragonal plane with an angle of 27(16) and
14(11)° obtained for models II and III, respectively. Further
details of the refinements are given in Table I. If a circular
spiral is assumed for Model II (labeled here as Model Ilc)
which is also allowed to turn out of the ab plane the residual
increases from 0.055 to 0.094. This results in a change of
the tilting angle from 27(16) to 43(7)°. In contrast, the use
of a circular spiral for Model III does not lead to a definite
solution. An elliptical modulation of the magnetic moments
is also supported by the Mossbauer spectra as discussed
in Sec. E.

We also considered the possibility of a circular helical spin
structure, where both moments p,;, and . are perpendicular
to k . The refinements resulted in a poor residual Ry = 0.17.
Here it was seen that Fyobs> and Fyca> of the reflection
(r70)Mm show a good agreement, but FM,calz of the (tt2)v re-
flections was found to be too small. In the case of an elliptical
helical spin structure a better residual Ry; = 0.11 is obtained
which is, however, considerably larger than those obtained
for the models given above. This leads to a smaller moment
e = 1.8(7) up and a larger moment p,, = 3.3(7) ug.

From temperature-dependent measurements Ty = 56(2) K
was obtained [Fig. 3(b)], in good agreement with the C, re-
sults. The spin structure of Model II is illustrated in Fig. 3(d)
and the results from refinements assuming different models
for the spin structure are summarized in Table I. It is evident
that the moments are essentially oriented within the ab plane
but the present powder neutron data do not allow to decide
unambiguously whether or not there is a certain out-of-plane
tilting.

An elliptical helical spin structure with k = (7, 7, 1) and
a similar T = 0.142 was found for the related Ruddlesden-
Popper series member Sr3Fe,O7, but with less-pronounced
anisotropy of the moments (¢, ~ 3.0 ug and (4 ~ 3.5 ug)
[25]. From inelastic neutron scattering experiments com-
peting ferromagnetic nearest neighbor (NN, J; = 7.2 meV)
and antiferromagnetic next-nearest neighbor (NNN, J, =
—1.05meV, J; = —2.1 meV) in-plane interactions were de-
rived, which—due to the similar Fe-O bond distances—are
expected to be of comparable size in Sr,FeO4. In contrast
to Sr3Fe,07, the single-layer crystal structure does not give
rise to a ferromagnetic NN interaction along ¢, which ra-
tionalizes why the spins in Sr,FeO,4 are oriented near the
ab plane.

C. Spin-flop transition

The M(H) measurements indicate a spin-flop transition
which is induced by an applied magnetic field between 3 and
6 T. In a SF phase all spin ellipses lie inside the SF plane
which is perpendicular to the field direction. Neutron diffrac-
tion can deliver insight on the field dependent transition as
shown in the powder patterns collected at 1.8 K in vertical
fields of 0 and 6.5 T (Fig. 2). The data reveal that the wave
vector of the cycloidal spiral is not affected by the field and
visible changes in intensity become related to reorientations
of the spin ellipses during the flop. For the analysis of the
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FIG. 3. Powder neutron diffraction study on Sr,FeQ,. (a) Magnetic Bragg reflections at 0 and 5.5 T (red and green) obtained by subtraction
of the pattern at 80 K from the ones at 1.8 K. The intensity change of magnetic intensities between 0 and 5.5 T (black) is shown at the
bottom. The magnetic satellites (hkl)* are generated with the propagation vector k = (0.137,0.137, 0). (b) Temperature dependence of
magnetic moments f;, and g, and the vector component k, = 7. (c) Field dependence of the (002)* satellite intensity compared with the
magnetization obtained from PPMS measurements. (d) Illustration of the magnetic structure of Sr,FeOy, in zero field. The magnetic moments
of the Fe atoms form ferromagnetic layers perpendicular to the propagation vector k pointing along the [110] direction. At the bottom the
magnetic structure is projected onto the ab plane. The moments are tilted away from the ¢ axis by an angle 8 ~ 70°.

transition, we use Model I (Table I) at zero field with spin
ellipses in the crystallographic ab plane. A vertical field dis-
turbs the 47 symmetry of the spatial distribution of ellipses for
powder specimens and a 27 cylindrical symmetry around the
field axis becomes probable. The standard Rietveld method
is not directly applicable to analyze the diffraction pattern
since one must include a preferred orientation of spin el-
lipses “decoupled” from the 47 symmetric distribution of the
powder grains. To discuss the transition, we need a model to
describe the field-dependent orientation of the ellipses during
the spin-flop process. At zero field the ellipses, which are
randomly oriented in 47, intersect the SF plane. Those spins
of the ellipses pointing along the intersection line already lie
inside the SF plane. A plausible model for the reorientation of
ellipses induced by the field will be a flop into the horizontal
SF plane around this intersection line. Thereafter, ellipses are
randomly distributed inside the plane. The intensity measured
by a diffractometer defines a scattering vector q which selects
just one direction inside the horizontal plane. Only grains

with an orientation satisfying the diffraction condition must
be considered. To account for this we label the analyzed two
reflections (770)q and (772)q by a subscript q. The field-
induced magnetization generating only very weak intensity on
nuclear reflections will not be considered.

First we discuss the (170)q reflection. The cycloidal spiral
at zero field is described by an ellipse with u ;. along (7, 7,
0). The latter is already the intersection line, and induced by an
applied field, the spin ellipses flop around p,,. The diffrac-
tion condition constrains measured intensity to the scattering
vector (7, 7,0)q and thus the “flop axis” p;, points along
(1, 7,0)q as well. Hence, p;, remains along the scattering
vector during the flop transition and magnetic scattering by
Mmin 1s forbidden. Measured magnetic scattering arises solely
from the perpendicular component p,,;. If the absolute value
of i, does not change during the flop the intensity for the
(r70)q reflection will not change either. The above introduced
flop model is in agreement with the experimental observation
of a field-independent intensity (Fig. 2).
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TABLEI. Results of neutron diffraction study of Sr,FeO, carried out at 1.8 K in zero field as obtained from refinements using the integrated
intensities (given as F?) of the magnetic peaks for three different models (upper part). In Model II the spin ellipse turns around the axis along
[1-10] and in Model III along [110]. If a circular helix is assumed for Model II (labeled as Model IIc) one obtains a poor fit between observed
and calculated intensities resulting in an enlarged residual Ry;. The observed and calculated F? values of the satellites obtained for the different
models are compared in the lower part of the table.

Spin axis Model I Model 11 Model Ilc Model II1
Elliptical Circular Elliptical

Hmin (18] - 1.9(2) 2.03) 2.8(1) 1.9(2)
Map (18] [110] 1.92) 1.8(3) 2.1(1) 1.9(2)
e (sl [001] 0 0.9(5) 1.9(2) 0
Mmaj [B] - 3.46(5) 3.36(17) 2.8(1) 3.46(5)
Map (18] [1-10] 3.46(5) 3.36(17) 2.8(1) 3.35(17)
He [pB] [001] 0 0 - 0.9(5)
Mmin/ﬂlnaj - 0.55 0.61 1.00 0.56
Ry — 0.050 0.055 0.094 0.054
0[A "] (hkD)m P obs” Fucal® Bvcal’® Fucal® Bvcal®
0.315 000* 31.8 31.3 31.8 30.9 31.2
1.064 002* 37.0 35.0 34.7 290.1 36.8
1.512 101~ 17.1 17.0 17.1 20.5 16.4
1.934 101* 16.7 17.6 17.7 19.3 17.2
1.989 110~ 15.8 21.5 21.8 21.2 214
2.056 004+ 30.6 26.3 25.5 20.6 27.7
2.086 103~ 16.3 19.7 19.6 19.0 20.1
2.409 103+ 15.8 174 17.4 16.8 17.6

The situation becomes different for the (772)q reflection.
At zero field the scattering vector (t, T, 2) is nearly perpen-
dicular to the ellipses with g, and p,,,; inside the crystal
ab plane for the grains. This maximizes the intensity. In the
SF phase the ellipses are reoriented and lie in the horizontal
SF plane. Since the scattering vector (1, 7,2)q is inside the
SF plane as well, the intensity must become lower. Exper-
imentally one finds half of the intensity at 5.5 T as shown
in Fig. 3(c).

Summarizing, the SF model can describe the spin flop with
the result that there will be no change in the size of p,,; and
perhaps p,;,- The available data do not allow to obtain more
quantitative results. The analysis indicates that the cycloidal
type of the spin spiral is not affected by fields below 6.5 T.
This together with the weak temperature dependence of the
wave vector [Fig. 3(b)] shows that the magnetic structure is
quite robust.

The observation of a SF transition near 5 T in Sr,FeOy4
suggests a moderate anisotropy field Hx which, together
with the competing exchange interactions, is expected to de-
termine the magnetic phase diagram, similar as for helical
magnets [45].

D. Synchrotron powder x-ray diffraction

The insulating ground state of several Fe** oxides is sta-
bilized by a CD of Fe*t, contrary to Sr,FeO, where the
Mossbauer spectra confirm the absence of a CD. Previous
Raman data showed an oxygen phonon mode even in the
paramagnetic phase which is not intrinsic to the K, NiF,-type
crystal structure [33] and which was confirmed in the present
study [Fig. 4(a)]. Most remarkably, the elliptical cycloidal
spin spiral also appears to be incompatible with I4/mmm

symmetry [46]. To search for subtle structural distortions we
have collected synchrotron powder x-ray diffraction patterns
at beamline P02.1 of PETRA III, DESY, Hamburg, at temper-
atures of 100, 300, and 500 K but failed to detect clear signs
of symmetry lowering [Fig. 4(b) and Ref. [43]]. All patterns
could be reasonably well refined in space group /4/mmm. In
this space group the Sr and O1 atoms are located at the Wyck-
off position 4¢(0, 0, z), while the atoms Fe and O2 are located
at the positions 2a(0, 0, 0) and 4¢(0, 1/, 0), respectively. The
refinements included the overall scale factor, two positional
and three isotropic thermal parameters. The experimental and
calculated patterns at 100 and 500 K are shown in Fig. 4(b),
the refined structural parameters of all data and calculated
Fe-O bond lengths are listed in Table S1.

It is noted that no superstructure reflections were found in
any of the x-ray and powder neutron patterns. Therefore, it can
be assumed that the / centering is not lost. A closer inspection
of the powder patterns revealed that some specific reflections
are slightly broadened. A peak-shape analysis (Fig. S2) re-
vealed a systematic peak broadening for hk/’s with higher /
contribution. Further it is found that the 00/ reflections show
a pure Lorentzian peak shape, while hk0 reflections show
an increased Gaussian contribution. This behavior may be
ascribed to the presence of stacking faults along the [001]
direction. Therefore, we could not verify symmetry lowering
from the synchrotron powder patterns.

A candidate for a lower-symmetric /-centered tetragonal
space group could be the acentric and polar space group I4mm
(No. 107). In this setting both the Sr and O1 atoms split into
the positions 2a(0, 0, z) (Sr1, O11) and 2a (0, 0, —z') (Sr2,
012). The second O2 atom is located at 4b(0, 1/, z), and
the Fe atom also at 2a(0, 0, z). In I4mm the Fe atom could
slightly rise up out of the horizontal O2, plane. However, due
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FIG. 4. (a) Raman spectra of Sr,FeO, at the indicated temperatures. The star marks an anomalous Raman band referred to in the text.
(b) Synchrotron powder x-ray diffraction patterns measured at 100 and 500 K. The calculated patterns for space group /4/mmm (red solid

lines) are compared with the observations (black-filled circles). The difference patterns (Zops

to strongly correlated parameters this space group could not be
proven from the synchrotron powder patterns. As space group
I4mm would allow for ferroelectricity it is desirable to study
the electrical polarization properties of SroFeOy,. On the other
hand, the cycloidal elliptical spin structure suggests further
symmetry lowering to at least orthorhombic symmetry [46].

E. Mossbauer spectra at ambient pressure

An elliptical spin spiral leads to a modulation of the
magnetic moments and in turn to a distribution of hyperfine
fields Bps [47], which provides an explanation for the com-
plex Mossbauer spectra of SrpFeOy4 below Ty [Fig. 5(a) and
Refs. [16,32]]. Above Ty the spectra consist of a single
quadrupole doublet. To reproduce the essential features of the
spectrum at 6 K we have fitted it by assuming a superposition
of eight six-line patterns where each component had the same
isomer shift (IS = 0.073(1) mm/s), and the same linewidth
(I' =0.277(3) mm/s). The relative intensities were allowed
to vary. The resulting By values and the corresponding values
of the quadrupole shift 2¢ are shown in Fig. 5(b). It is evident
that the Bys and 2¢ values of the components are correlated
with each other. In fact, assuming a linear correlation between
By¢ and 2¢ the main shape of the spectrum can be reproduced
if the By distribution is extracted according to the Hesse-
Riibartsch method implemented in the MOSSWINN program
[42] [Figs. 5(c) and 5(d)].

In an elliptical spin spiral the moment p changes on rota-
tion from a maximal value fin,; (long axis) to a minimal value
Umin (short axis) and as By is essentially expected to be pro-
portional to y for the Fe*+ tzg3 eg1 electron configuration hav-
ing no first-order angular momentum, also By shows a similar
modulation. For a planar noncollinear elliptical spin structure
and an incommensurate propagation vector the distribution
Pen(Byy ) of hyperfine fields is given by the relation [47]

h
P (B ,
1(Bht) & TSI

where h ;Bhf/BhfmaX and y =Bhfmin/Bhfmax’ and Bhfmax
and Bp™" correspond to the maximal and minimal By

ey

— I.yy) (blue solid lines) are also shown.

values (Bps™" < Bpr < Bpe™), respectively. If we use
Bi™" = 24.2 T and Bp™* = 33.6 T obtained from the data
evaluation with eight sextets as estimates we can calculate
the By distribution expected for an incommensurate elliptical
spin structure according to Eq. (1) [Fig. 5(e)]. The experi-
mental By distribution in Fig. 5(d) reflects the main features
of the calculated distribution and thus supports the scenario
of an elliptical spin spiral. The ratio Bps™"/By™> = 0.72 is
somewhat larger than the moment ratios (min/Amaj = 0.56 or
0.61 obtained from neutron powder data. The difference may
reflect anisotropic contributions to By [16]. Anisotropic dipo-
lar and orbital contributions to Bys, however, cannot account
for the large variation in By owing to the lack of a first-order
angular momentum and a quite small quadrupole splitting.

Note that Eq. (1) also holds for a collinear sinusoidally
modulated spin structure. In this case the moments and thus
Bi™™ can become zero. Thus, y=0and

Psin (Bhf) X (2)

1
Ja—nmy

In this case the By distribution is much broader than for an
elliptical spin structure and it extends to zero. This leads to a
pronounced central component in the Mossbauer spectra near
zero velocity which is clearly not seen in the experimental
spectrum at 6 K. Thus, a sinusoidally modulated spin structure
is not compatible with the Mossbauer spectra.

The Mossbauer spectra show that not only By but also that
the quadrupole splitting parameter 2¢ = eQV;z/4(3cos’6—1)
is modulated. Here, Vzz is the principal axis of the axi-
ally symmetric electric-field-gradient tensor, Q the nuclear
quadrupole moment, and 6 the angle between Vzz and Bys. If
the spins and accordingly Bps would lie completely in the ab
plane no modulation of 8 and thus of 2& would be expected as
for tetragonal Sr,FeOy4 V7 should be parallel to the ¢ direction
and thus 8 = 90°, independent of the spin orientation in the
ab plane. This suggests that the spin ellipses may be tilted
somewhat out of the tetragonal plane as discussed above.
A refined modeling of the Mdssbauer spectra including the
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FIG. 5. 5"Fe Mossbauer spectra of Sr,FeQ, (a) Mossbauer spectra at the indicated temperatures. The sample was enriched with *’Fe to
20%. Dots correspond to experimental data, solid lines to calculated spectra. The spectrum at 6 K was fitted by using a superposition of eight
hyperfine components (colored lines). (b) Hyperfine fields Bys and corresponding quadrupole shifts 2¢ obtained from this fit model. (c) Fit
of the spectrum at 6 K obtained by assuming a linear correlation between By, and 2¢ and extracting a By distribution which is shown in (d).

(e) By distribution calculated for an incommensurate elliptical spin structure according to Eq. (1).

anisotropy of Bys may allow further clues about the detailed
orientation of the spin ellipses [48].

F. Change of spin structure at high pressure

It was shown previously that the unusual Raman band
vanishes at pressures above 6 GPa [33] and Mossbauer spec-
tra revealed an anomaly of the quadrupole splitting in the
same pressure range [34]. Furthermore, metallization near
P, = 18GPa and a simple six-line hyperfine pattern in the
metallic regime were reported [34]. Here, we have mea-
sured >’Fe Mossbauer spectra at pressures of 5 and 8 GPa
(Fig. 6) using the synchrotron Mdssbauer source at the Nu-
clear Resonance beamline ID18 of the ESRF, Grenoble. While
the 5-GPa spectrum still reveals a complex hyperfine pattern
(average Bpr = 29.9T), the 8-GPa spectrum shows a simple
six-line pattern the By¢ of which (28.8 T) is reduced by 1.4 T
in an external longitudinal field of 2 T. This shift indicates a
ferromagnetic spin alignment, although the field of 2 T is not
sufficient to completely align the ferromagnetic domains. The
Mbossbauer spectra demonstrate that the elliptical spin spiral
is transformed to a ferromagnetic spin structure well below
P, just in the pressure range where the unusual Raman band
disappears. This supports the scenario of a subtle structural
distortion which is suppressed near 6 GPa due to increasing
itineracy of the electronic system. In fact, the resistance shows
a drop in this pressure range although a small gap persists up
to 18 GPa [34]. The change in spin structure can be attributed

100 fefanl W
@ 5 GPa
< oot
c
o
2
I= 100
2
® 90 | 8 GPa
- 0T
o 80F
=
©
o OF
¥ 100 J

90 | 8 GPa

2T
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0F |

-8
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FIG. 6. Synchrotron Mdssbauer spectra of Sr,FeO, at 5 and
8 GPa in zero field and at 8 GPa in a longitudinal field of 2 T. The
vertical lines (green) highlight the outer line positions at 8 GPa and
0 T. The samples used here were enriched with 3’Fe to 20% (8-GPa
spectra) or 10% (5-GPa spectrum).
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to a strengthening of ferromagnetic NN-double exchange with
respect to antiferromagnetic NNN interactions under pressure,
which emphasizes the strong coupling among charge, spin,
and lattice degrees of freedom in SryFeOj.

IV. CONCLUSIONS

We have shown that the negative charge-transfer gap insu-
lator Sr,FeO4 adopts an elliptical cycloidal spin spiral below
Ty = 56 K which responds at moderate values of external
parameters like magnetic field or pressure. Tuning of spiral
spin structures is of importance for exploring topological spin
textures in this class of compounds as well as for multiferroic
systems [49,50]. In fact, it may also be instructive to study the
electrical polarization properties of SroFeO,4. The insulating
ground state of Sr,FeO, appears to be stabilized by a hidden
structural distortion which, similar to the checkerboard charge
order in the related Sr3;Fe,O5 [51], is invisible to standard
diffraction techniques and can be considered as an alternative
to the CD in Fe** and other oxides. For elucidating the role
of anisotropy it would be desirable to study single crystals of
SryFeO4. Unfortunately, Sr,FeO4 decomposes above 700 °C

which excludes many convenient techniques for the growth of
single crystals of transition metal oxides. However, it may be
possible to stabilize thin films of Sr,FeO4 by proper choice
of substrate and deposition conditions, similar as in case of
SrFeO; [52].
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