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CRYSTAL GROWTH AND
CHARACTERIZATION

High-quality single crystalline rods of SrgFe,O7 grown
by the floating zone technique [T}, 2] were annealed to full
oxygen stoichiometry following two different temperature
programs: The material studied here by Mossbauer spec-
troscopy, resistivity, neutron diffraction, Larmor diffrac-
tion, and synchrotron powder diffraction was annealed
under 6 kbar of oxygen pressure at 550°C for 100 h then
cooled slowly to room temperature. Crystals used for
resonant x-ray diffraction and synchrotron single-crystal
diffraction were annealed for 48 hours at 450°C in 5 kbar
of oxygen to rapidly oxygenate the sample, cooled to
400°C in 6 hours and held there for 24 hours to en-
sure equilibrium, cooled to 350°C in 96 hours then to
275 in 48 hours to maximize the oxygen content, then
cooled to room temperature in an additional 24 hours.
Specific heat measurements were performed on both sets
of samples and were indistinguishable, so these were av-
eraged. The oxygen contents were verified by thermo-
gravimetry, and by refinement of diffraction data. Ther-
mogravimetric analysis indicated an oxygen content of
6.92 for the former annealing program and 6.96 for the
latter, both within the uncertainty of 7.00, and addition-
ally showed a glitch on warming at 332(5) K, consistent
with the charge-order transition.

The specific heat was measured on single crystals of
Sr3FesO7 in a Quantum Design Physical Properties Mea-
surement System (PPMS), in zero field and for fields up
to 9T along the ¢ axis. No hysteresis nor field depen-
dence was observed above the magnetic transition, and as
mentioned above, measurements on crystals from the two
batches were indistinguishable and were averaged. Sam-

ples were attached to the sample holder using Apiezon N
grease for measurements below 200 K; Apiezon H grease
was used for higher-temperature measurements to avoid
the glass transition of Apiezon N grease. Resistivity was
measured in standard four-probe geometry in a Quan-
tum Design PPMS. Gold wires were attached with silver
epoxy, which was allowed to cure for several hours at 180—
200°C in air before the crystal was mounted to the sam-
ple puck with GE Varnish. Thermogravimetric analysis
had previously indicated that at these temperatures the
oxygen mobility remains extremely low, the oxygen con-
tent does not change, and any intercalated water tends to
deintercalate, ensuring that the resistivity samples were
not altered or damaged while curing the epoxy.

NEUTRON DIFFRACTION

Single-crystal neutron diffraction was performed on
the four-circle diffractometer E5 at the BER-II reactor
(Helmholtz-Zentrum Berlin, Germany) using the neu-
tron wavelength 0.896 A. Refinements were carried out
with the program XTAL3.4[3] using the nuclear scat-
tering lengths b(0) = 5.805 fm, b(Fe) = 9.54 fm, and
b(Sr) = 7.02 fm [4]. A data set of 1302 reflections (303
unique) was collected at 390 K, well above Tco. Re-
finements of a total of 19 parameters (i.e., the overall
scale and extinction factors, 4 positional parameters, and
13 anisotropic thermal parameters) in the space group
I4/mmm showed no indications of any reduction in sym-
metry. Data taken below the charge order transition
showed no change.



NONRESONANT X-RAY DIFFRACTION

To determine the crystal structure for T' < T, high-
resolution synchrotron powder diffraction measurements
were performed at the BMO1B (Swiss-Norwegian) beam-
line at the ESRF (Grenoble, France) using the wave-
length A = 0.5035 A. The data were refined using the
program FULLPROF [5], using the atomic scattering fac-
tors provided therein. However, no peak splittings or
additional superstructure reflections were observed. The
search for weak superstructure reflections continued at
beamline BMO1A at the ESRF, using a ~10 pm-diameter
Sr3Fe,Or single crystal. Data were collected with a Pila-
tus area detector, using the photon wavelength 0.6973 A.

FIG. S1. Labelling of the crystallographic sites in the charge-
ordered phase. The distortions are exaggerated for clarity.

TABLE 1. Results of the crystal structure refinement of
SrsFe,O7 from single-crystal neutron diffraction data (A =
0.89 A) collected at 390 K. The refinement was carried out in
the tetragonal space group I4/mmm, resulting in a residual
Rr = 0.068. The thermal parameters U;; (given in 100 A?)
are in the form exp [—27r2 (Ul;lhz(a*)2 + ...2U13hla*c*)]. For
symmetry reasons, in I4/mmm the values U11 and Usz are
identical for the atoms Srl, Sr2, Fe, O1 and O3, and all pa-
rameters Uiz, U1z and Uss are equal to zero. O1 is equatorial,
02 is apical, and O3 is the shared apical oxygen in the center
of the bilayer.

Site = y z U1y Uz2 Uss Occ

Srl 26 00 3 1.32(8) 1.32  1.03(8) 1

Sr2 4e 0 0 0.31656(8) 1.64(6) 1.64  0.97(6) 1

Fe 4e 0 0 0.09745(6) 0.79(4) 0.79  0.70(5) 1

Ol 8g 0 % 0.09432(8) 1.52(8) 1.33(7) 1.23(5) 1

02 4e 0 0 0.19309(11) 1.32(7) 1.32  0.99(6) 1

03 2a 000 2.07(14) 2.07  1.64(13) 0.983(23)
a=0b=3846(4) A, c = 20.234(2) A, V = 299.4(6) A®

TABLE II. Results of the crystal structure refinements of
Sr3FeO7 from high-resolution synchrotron powder diffraction
data (A = 0.5035 A) collected at 15K. The refinements were
carried out in the orthorhombic space group Bmmb. The
parameter z(0O3) was not allowed to vary, and the thermal
parameters B were constrained to be identical for each ele-
ment.

Bmmb Site x Yy z B (A%
Sr1 4c 0 3 0.2500(12) 0.290(4)
Sr21  4c 0 3 0.4330(1) 0.290
Sr22  4c 0 3 0.0670(1) 0.290
Fel 4c 0 3 0.6528(15) 0.306(10)
Fe2 4c 0 3 0.8471(15) 0.306

01 16h 0.248(6) 0.505(5) 0.3450(1) 0.62(3)
021  4c 0 3 0.5573(24) 0.62

022  4c 0 3 0.9445(24) 0.62

03 4c 0 g 2 0.62

a = 5.43050(3) A, b = 5.43287(3) A, ¢ = 20.12137(7) A,

TABLE III. Fe-O bond lengths d in SrzFe2O~ (in A) at 390 K,
including the average bond length dg..

Sr3Fe2O7 at 390K, in I4/mmm
d(Fe-01) x4 (eq) 1.9244(22)
d(Fe-02) x1 (ap) 1.9352(26)
d(Fe-03) x1 (br) 1.9718(13)
daw (Fe-0) 1.9341(21)

CRYSTALLOGRAPHIC PARAMETERS

The atomic coordinates resulting from refinements of
neutron and synchrotron x-ray diffraction data at 390
and 15 K, respectively, are shown in Tables[[] and [[T, and
the Fe-O bond lengths obtained at 390 K are given in
Table[[Tl} Figure [S1]indicates the labelling of the crystal-
lographic sites. Somewhat enlarged standard deviations
were obtained from synchrotron data for the positional
parameters of the oxygen atoms in the low-temperature
phase (Table . This can be ascribed to the fact that
these parameters are highly correlated, and to the fact
that the scattering power of the oxygen atoms is rela-
tively weak in x-ray diffraction.

The space group Bmmb generates a general position
16h(z,y, z) for the equatorial O1 atoms. Here the three
atomic positions could be individually refined; only the z
parameter of O3 was fixed to be z = 0.75. Due to the en-
larged standard deviations of the positional parameters
of the oxygen atoms, it was not possible to determine in-
dividual bond lengths d(Fe-O) with good accuracy. How-
ever, we have obtained reasonable averaged bond lengths
day(Fel) = 1.950 A and d,, (Fe2) = 1.917 A.



NEUTRON LARMOR DIFFRACTION

High-resolution neutron Larmor diffraction data were
taken at the resonant spin-echo triple-axis spectrometer
TRISP at the FRM-II (Garching, Germany) with neu-
tron wavevector 2.9 A='. The crystal was aligned in
the tetragonal (HHL) scattering plane and cooled in a
closed-cycle refrigerator, and the tetragonal (220) and
(0010) nuclear Bragg peaks were investigated in zero ap-
plied field. The outgoing neutron polarization was mea-
sured as a function of the magnetic field applied along
the incident and scattered neutron paths, parallel to the
tetragonal (220) Bragg planes. The measured polariza-
tion data for the (220) peak are shown in Fig.
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FIG. S2. Raw polarization data underpinning the neutron
Larmor diffraction results on the tetragonal (220) peak. The
increased depolarization at lower temperatures indicates a
broadening of the lattice parameter.

RESONANT ELASTIC X-RAY SCATTERING

To enhance the contrast between the two Fe sites,
we performed temperature-dependent single-crystal res-
onant elastic x-ray scattering (REXS) at the Fe K edge
at beamline P09 at PETRA III (DESY, in Hamburg,
Germany) [0], with the experimental geometry shown in
the upper inset to Fig. a). Before measurement, the
sample was aligned using a Photonic Science Laue diffrac-
tometer with a tungsten source — the sharp diffraction
spots, seen in the inset to Fig. a)7 indicate the high
quality of the single crystal. The Laue pattern produced
no clear evidence for superstructure reflections. The sam-
ple was mounted on the cold finger of a closed-cycle dis-
plex cryostat sitting in a six-circle diffractometer, with
the (001) axis in the vertical scattering plane; o polar-
ization was used. An avalanche photodiode point detec-
tor was used to measure the scattered x-ray intensity,
and a VORTEX Si-drift diode fluorescence detector was
employed to measure the total fluorescence yield (TFY)

from the sample. Fig.[S3|(a) shows the TFY of SrzFe,O7
measured as a function of the incident photon energy
across the Fe K edge. The main edge at around 7128 eV
and a small pre-edge at around 7115eV are clearly visi-
ble.
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FIG. S3. (a) X-ray absorption spectrum of SrzFe,O7 at the
Fe K edge, from total fluorescence yield measurements. The
dashed line indicates the beam energy of 7112 eV used for the
temperature-dependent data in the main text while the dot-
ted line identifies the on-resonant energy whose L-dependence
is fit in Fig. 4(b). The left inset shows the experimental
geometry for the (% % 14) superstructure peak and for fluo-
rescence measurements, while the right inset shows an x-ray
Laue pattern of this crystal, viewed along (00L). The in-
coming beam is polarized horizontally (perpendicular to the
scattering plane). (b) Energy scans across the Fe K edge
of two superstructure peaks and a regular Bragg peak, in-
dexed in I4/mmm. The (1112)74/mmm Bragg peak behaves
as expected, with a significant drop in intensity at the reso-
nance followed by a gradual recovery which is due in part to
fluorescence. The superstructure peaks exhibit distinct and

nontrivial energy dependence.

As can be seen in Fig. b), which references peaks to
the 74/mmm cell, the diffraction anomalous fine struc-
ture (DAFS) of the superstructure peaks is complex.
While the regular tetragonal Bragg peak (1112) shows
a characteristic absorption dip at the edge, the two su-
perstructure peaks exhibit a complex energy-dependence
throughout the entire edge region. This is related to
interference effects between the two Fe sites with dif-



TABLE IV. List of positions probed in reciprocal space referenced to the high-temperature I4/mmm unit cell, together with
the peak intensity found there, normalized by incoming beam intensity. Weak peaks were also observed at positions which
correspond to intergrowths of the single-layer Ruddlesden-Popper material SroFeO4 (which are common in Ruddlesden-Popper
phases). From the peak intensities, we estimate that these intergrowths occur below one part in 10*. These peaks were verified

to retain their full intensity at 330-350 K, well above the charge

order transition in Srz3Fe>O7. Based on the [-coordinate and

temperature dependence, they can be discriminated from superlattice reflections that belong to SrsFesOr7. However, some
overlap with Sr3Fe2O7 reflections is noted in the table. Since this experiment was intended to survey which peaks were present
and was not intended to produce quantitative data, readers are cautioned against treating these numbers as quantitative. In
particular, a variety of energies and temperatures were used, and some data were collected using an area detector with different
sensitivity, as noted in the table. The small beam spot will lead to substantial variations in sample illumination and absorption
as a function of the angle between the sample’s surface normal and the beam, and, even on a single peak, variations at the 10 %
level routinely arise. Peak intensities measured under different conditions should not be compared, and scans along different

axes should be treated with caution.

Position Peak T Axis Energy Notes Position Peak T Axis Energy Notes
(counts/s) (K) (eV) (counts/s) (K) (eV)
(004) Present 5 =z 7112 Area detector (0013) <83x10° 5 ¥ 7112 overlap SroFeO4 (008)
(006) 9.5x 10" 5 @ 7012 (0113) 35x10° 5 x 7112
(336) 6.6x10° 5 L 7112 (3313) 78x10° 5 x 7112
(337) 74x10° 5 L 7112 (3 213) 20x10° 5 x 7112
(107) 1.8x10° 296 6 7112 Area detector (1013) 43x10° 5 x 7132
(117) <600 6 x 7012 (1113)  <20x10* 196 L 7112 overlap SroFeO4 (118)
(338) 6.4x10° 5 L 7112 (00133) Absent 5 L 7112
(118) 39x10° 6 x 7112 Area detector (11133) Absent L 7112
(339 92x10° 5 L 7112 (-3314) 18x10° 5 L  T117
(329) 18x10° 5 L 7112 (0114) Absent 5 L 7112
(119) <500 6 x = 7012 (3 114) 23x10° 25 x 7112
(0010) 14x10" 5 x 7012 (3 214) 9.0x10° 6 x 7112
(3 310) 18x10° 5 L 7112 (1114) 22x10" 5 L 7112
(3 210) 85x10° 5 L 7112 (11143) Absent 5 L 7112
(1110) 21x10% 296 x 7112 (-3315) 86x10° 5 x 7112
(-3311) 12x10° 5 L 7117 (0115) 54x10° 5 x 7112
(3311) 6.6 x10° 25 L 7112 (3315) 1.0x10° 25 L 7112
(3 211) 35x10° 5 L 7112 (3 215) 41x10° 5 L 7112
(1111) < 1.5x10° 196 L 7112 overlap SroFeO4 (117)  (01153) Absent 5 L 7112
(-3312) 83x10" 5 L 7117 (-3316) 1.9x10° 5 L 7080
(0012) 21x10° 5 x 7012 (0116) < 1.0x10° 196 L 7112 overlap SraFeO4 (0110)
(0112) Absent 5 L 7112 (3 316) 6.2x10° 25 L 7112
(3312) 6.2x10° 5 x 7012 (3 2 16) 29x10° 5 L 7112
(3 212) 95x10* 5 L 7112 (01163) Absent 197 L 7112
(1112) 29x 10" 5 x 7012 (-3317) 54x10° 5 L  T117
(11123) Absent 5 L 7112 (3317) 9.1x10° 25 L 7112
(-3313) 84x10° 5 x 7112

ferent valences in combination with the short correla-
tion length along the L direction. The temperature-
dependent REXS data presented in the main text were
collected at an energy of 7112¢eV, or 1.743 A, correspond-
ing to the dashed vertical line in Fig. [S3| just below the
pre-edge features. This energy avoids the strong fluo-
rescence background but is close enough to the edge in
order to benefit from resonant enhancement. Table [V]
lists reciprocal-space positions probed by resonant x-ray
scattering.

MOSSBAUER SPECTROSCOPY

Mossbauer spectra were collected between 4.8 and 316
K with a standard WissEl spectrometer, which was op-
erated in constant-acceleration mode and was equipped
with a 57Co/Rh source. For the absorber, a crystal of
Sr3Fe;O7 was ground. The powder containing about
10 mg of natural Fe/cm? was diluted with boron nitride
to ensure homogeneous distribution and filled into a Plex-
iglas sample container. In order to prevent sample degra-



dation by moisture the absorber was prepared in an Ar-
filled glovebox. Spectra at different temperatures were
obtained using a Janis SHI-850-5 closed cycle refrigera-
tor (CCR); the spectra at 292 and 316 K were collected
with the CCR switched off. Isomer shifts are given rela-
tive to a-Fe. The data were evaluated with the program
MossWINN [7] in the perturbation limit QS < By,
where QS corresponds to the quadrupole splitting and
By to the hyperfine field. Spectra were evaluated with
Lorentzian-type sextets or with hyperfine field distribu-
tions according to the Hesse-Riibartsch method.
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FIG. S4. Mossbauer spectra of Sr3FeaO7 in the magnetically-
ordered phase and around the magnetic phase transition. The
dark and light components correspond to the “Fe3™” and
“Fe5t” sites, respectively. The blue component in the 115-
K spectrum reflects the residual magnetically-ordered phase.

Representative Mossbauer spectra of SrgFesO7 in the
temperature range 5-120 K are shown in Fig.[S4] and the
isomer shifts 7.5 and hyperfine fields By, s are depicted in
Figs. [S5] and [S6] The spectrum at 5K can be described
by two hyperfine sextets with distinct .S and By, values
which correspond to two inequivalent iron sites. The two
sextets are somewhat broadened. Since the line broad-
ening increases with temperature, the spectra were de-
scribed by two distributions of hyperfine fields, rather
than by two distinct sextets with Lorentzian lineshape.
The area ratio between the two subspectra is 1:1 which
confirms a charge disproportionation (CD) of Fe?*, in
agreement with previous investigations of highly-oxidized
SI‘3F€207[8*10].

The CD is frequently written as 2Fe*t — Fe3t + Febt.
The IS and By values are similar to those in CaFeO3
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FIG. S5. Temperature dependence of the isomer shifts IS of
the “Fe®™ (dark) and “Fe®*” (light) sites and of the differ-
ence AIS of the isomer shifts between the two sites (green).
The solid lines are guides to the eye.
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FIG. S6. Temperature dependence of the average hyperfine
fields (Brs) of the “Fe3™ (dark) and “Fe®™” (light) sites.
The data were obtained by evaluation of the spectra with a
distribution model. The Néel temperature was chosen to be
115.0 K, although a minor fraction is still in the magnetically
ordered phase. The dashed lines are guides to the eye.

[11] which is the classical example for a CD of Fe**. How-
ever, as pointed out previously[9], the I.S of 0.31 mm/s
at 5K for the “Fe3*” site is considerably smaller than
the typical values of ~0.45mm/s for Fe3™ in octahe-
dral oxygen coordination, whereas the IS = —0.03 mm/s
for “Fe5*” is larger than for instance IS = —0.34mm/s
found in the Fe® double perovskite LagFeLiOg[12]. Sim-
ilarly, the hyperfine fields of 42 and 28 T are smaller and
larger than expected values of >50T for Fe3* and 23T
for Fe®*, respectively[12]. Accordingly, the differences
AIS and AByy in isomer shifts and hyperfine fields be-
tween the two species are smaller than expected for a full



charge disproportionation, which is in qualitative agree-
ment with the view that these formal iron(IV) oxides
are strongly covalent and can be considered as negative-
A materials[I3], where A is the charge-transfer energy.
Then the CD may be formulated as 2d°L~' — d° +
d°L=2, where L™! and L2 represent one and two holes
in the oxygen coordination sphere, respectively. The for-
mulation 2Fe*t — Fe(*=9+ 4 Fe*t9+ has also been
used to indicate an incomplete degree of charge separa-
tion. In any case, the CD clearly alters the electron and
spin densities at the iron sites which gives rise to distinct
IS and By values. As there is only a small quadrupole
interaction, the different By, ¢s correspond to different or-
dered magnetic moments at the two sites. For CaFeOs,
ordered magnetic moments of 3.5 and 2.5 up were ob-
tained from neutron diffraction studies for the helical
state of CaFeOs[14]. Since the Bj,y values of CaFeOg are
quite similar to those of Sr3Fe;O7, similar moments are
expected. The difference AIS is also nearly the same in
the two compounds, which implies a comparable degree
of charge segregation in SrgFe;O7 and CaFeOsg.

The CD remains nearly unchanged up to the mag-
netic ordering temperature Ty ~115 K, where phase co-
existence of the paramagnetic and magnetically-ordered
phases is found. The latter appears as a broad magnetic
hyperfine pattern which is superimposed on the param-
agnetic subspectrum. In the magnetically-ordered phase
the spectra become continuously broadened with increas-
ing temperature which is reflected in an increased dis-
tribution width of Bj¢. The broadening could reflect
slight variations of the magnetic ordering temperature
due to a residual oxygen deficiency and/or spin fluctua-
tions. It is noteworthy that even at 5K a broadening is
observed which is more pronounced for the “Fe3t” sub-
spectrum than for the “Fe®*” subspectrum. This may
reflect the helical spin structure of SrsFe;O7[I5]. The
“Fe3t” site has a larger quadrupole splitting than the
“Fe®t” site, where the quadrupole interaction essentially
vanishes. The quadrupole splitting parameter QS for
“Fe3t” (—0.06 mm/s at 5K) depends on the angle be-
tween the principal axis V7 of the electric field gradient
(efg) and the spin direction, which varies in the case of a
helical spin structure. The resulting distribution in QS
may be the origin of the increased broadening in the case
of the “Fe3*” component.

At 120K the sample is completely in the paramag-
netic state. It is obvious that the spectra between
120 and 316K (Fig. are composed of two compo-
nents, which evidences that the CD persists in the para-
magnetic phase. The spectra were described by two
quadrupole doublets, with quadrupole splitting QS of
0.07 and 0.36 mm/s at 120K for the “Fe5t” and “Fe3*”
sites, respectively. Thus, the “Fe®*” component is es-
sentially a slightly broadened single line. The tempera-
ture dependence of the isomer shifts and of the difference
between the isomer shifts AIS of the two sites in both
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FIG. S7. Méssbauer spectra of SrgFe2O7 in the paramagnetic
phase. The dark and light components correspond to the
“Fe3t” and “Fe’T” sites, respectively. The values QS of the
quadrupole splitting are given in the figure.

the magnetically ordered and the paramagnetic phase is
shown in Fig. In agreement with the earlier results
these data suggest that the CD is largely insensitive to
the magnetic phase transition. With increasing tempera-
ture, in particular above 200 K, AIS decreases, which in-
dicates that the degree of charge separation is reduced[9],
an effect which is also visible in the resonant diffraction
results in the main text. Nevertheless, the CD is still ap-
parent at 316 K, the highest temperature in this study.
This is in agreement with the results in the main text
and with the slightly higher Tco = 343+£10K reported
in Ref. [10L

We note that the fit of the spectra in the paramagnetic
phase is not unique, and there is another fit with some-
what increased values of QS for both the “Fe3*” and
the “Fe®t” sites which reproduces the spectra equally
well. This data analysis, however, results in an anomaly
in AIS near the magnetic phase transition and thus
would point to a magnetostriction effect, which reduces
the charge segregation at Tn. A magnetostriction effect
is, however, excluded by the neutron Larmor diffraction
results in the main text, and thus this fit is discarded.

In summary, the Mossbauer study on the present
Sr3Fes O sample corroborates the CD of Fe't and is
fully consistent with the crystal structure data at 15K



which reveal a bond-length alternation within in the dou-
ble layers. The Fel sites with the larger bond distances
correspond to the “Fe3t” sites in the Mdossbauer spec-
tra, whereas the Fe2 sites correspond to the contracted
“FeSt7 sites.

* These authors contributed equally to this work.
t b keimer@fkf.mpg.de
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