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Hidden Charge Order in an Iron Oxide Square-Lattice Compound
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Since the discovery of charge disproportionation in the FeO, square-lattice compound Sr3Fe,O; by
Mossbauer spectroscopy more than fifty years ago, the spatial ordering pattern of the disproportionated
charges has remained “hidden” to conventional diffraction probes, despite numerous x-ray and neutron
scattering studies. We have used neutron Larmor diffraction and Fe K-edge resonant x-ray scattering to
demonstrate checkerboard charge order in the FeO, planes that vanishes at a sharp second-order phase
transition upon heating above 332 K. Stacking disorder of the checkerboard pattern due to frustrated
interlayer interactions broadens the corresponding superstructure reflections and greatly reduces their
amplitude, thus explaining the difficulty of detecting them by conventional probes. We discuss the
implications of these findings for research on “hidden order” in other materials.

DOI: 10.1103/PhysRevLett.127.097203

The term ‘“hidden order” was coined for d- and
f-electron compounds that undergo a thermodynamic
phase transition whose order parameter cannot be identified
using conventional experimental methods [1-4]. The most
prominent example is URu,Si, whose hidden-order phase
has confounded researchers for decades, despite numerous
experimental and theoretical studies [1,2]. A lesser known,
but equally puzzling case of hidden order has been found
in the FeO, square-lattice compound Sr;Fe,O,, whose
electronically active Fe sites are accessible to Mdssbauer
spectroscopy. As early as 1966, [5,6] Mossbauer
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experiments on slightly oxygen deficient SryFe,O;
revealed a disproportionation of the Fe** ions into nominal
Fe3* and Fe’™ valence states around room temperature.
Numerous studies since then have confirmed a sharp
phase transition at Tcg = 340 + 10 K in stoichiometric
Sr3Fe, 05, but no hints of a charge-ordering transition (such
as a symmetry reduction or crystallographic site splitting)
have ever been identified in diffraction data [6—12].
We have combined two advanced experimental methods,
neutron Larmor diffraction (NLD) [13,14] and resonant
elastic x-ray scattering (REXS) [15,16] at the Fe K-
absorption edge, to resolve this long-standing conundrum.
Specifically, we demonstrate checkerboard charge order in
the FeO, layers and show that the “invisibility” of charge
ordering in Sr3Fe,O; originates from frustration of the
interactions between neighboring layers.

The impact of geometrical frustration on charge order
has been widely investigated, beginning with the classical

Published by the American Physical Society
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Verwey transition in magnetite (Fe;O,4) [17,18], and has
recently been discussed for widely different solids ranging
from metal oxides [19-21] to organic conductors [22,23],
and in diverse contexts such as electronic ferroelectricity
[19,20], superconductivity [21], quantum criticality [22],
and phase-change memory applications [23].

Sr3Fe, 05 can serve as a model compound for frustrated
charge order, because it is chemically stoichiometric and
crystallizes in a body-centered tetragonal structure with
FeO, square-lattice bilayers [Fig. 1(a)]. This lattice archi-
tecture is common to many materials including Sr;Ru, 04,
La, ,,Sr;,»,,Mn,07, and La,_,Sr,CaCu,Og_ 5, which have
been intensely studied in relation to quantum criticality
[24], magnetoresistance [25], and superconductivity [26].
Helical magnetic order due to competing exchange inter-
actions between the Fe ions sets in at a much lower
temperature (7y = 115 K) and does not affect T [27].
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FIG. 1. Schematic crystal structures of (a) charge-disordered
metallic and (b) charge-ordered insulating Sr3;Fe,O;; colors
indicate the Fe valence states. (c) Specific heat. An entropy-
conserving construction identifies a transition at Tcqg = 332 K
(dashed line), consistent with transport and diffraction data.
(d) In-plane resistivity showing a metal-insulator transition at
Tco- The anomalies at 7 ~ 115 K in (c) and (d) are due to the
onset of helical magnetic order. (e) Mossbauer spectra of
Sr3Fe, 07 in the paramagnetic and magnetically ordered phases.
The outer and inner components correspond to Fe3*- and Fe*-
like sites, respectively [6-9,29]. Inset: two degenerate stacking
patterns of Fe3™- and Fe’*-like sites in adjacent bilayers.

Our crystallographic data imply that the cooperative
Jahn-Teller effect is inactive and orbital order is absent
in Sr3Fe, 05, in contrast to isoelectronic manganates such
as LaMnOs;, but similar to several rare-earth nickelates
RNiO; [28].

Frustration of the Coulomb interactions among valence
electrons in SryFe,O; is caused by the body-centered
stacking of FeO, bilayers, with each Fe located directly
above or below the center of a square iron-oxide plaquette
in the adjacent bilayer [Figs. 1(b) and (e), inset]. We have
found superstructure reflections indicative of checkerboard
charge order in the FeO, layers and demonstrated that
stacking disorder due to frustrated interlayer coupling
suppresses their amplitude below the detection limit
of standard crystallographic probes. Interlayer frustration
thus holds the key to the hidden-order conundrum in
Sr3Fe,0;. Possible implications for other hidden-order
materials are discussed.

High-quality single crystals of Sr3Fe,O,; were grown
by the floating-zone technique [12,36]. In order to obtain
full oxygen stoichiometry, single-crystalline rods were
annealed under 5-6 kbar of oxygen pressure [29].
Specific heat data [Fig. 1(c)] demonstrate a second-order
phase transition with a sizeable entropy release of
~2.7 J/mol K at To = 332 K. The transition is associated
with a strong upturn in the in-plane resistivity [Fig. 1(d)],
in agreement with previous reports [11,12]. To confirm
charge ordering in our Sr;Fe,0; samples, we conducted
Maossbauer experiments on powdered crystals. The result-
ing spectra [Fig. 1(e)] reveal two components in the
paramagnetic as well as in the magnetically ordered phases,
indicating charge disproportionation of Fe** into Fe**- and
Fe’*-like sites below T¢q. (Note, however, that the high
formal charge in Fe** compounds has to be understood in
terms of negative charge transfer energy states, in which the
excess holes and the electronic density modulation reside
predominantly on the oxygen ligands [37,38].) The area
ratio of 1:1 between the two subspectra confirms full
oxidation of the sample and also indicates that the single
iron site in the /4/mmm space group has split into two
distinct sites with equal population, in agreement with
prior work [5-9,11].

Before addressing the charge-ordered phase, we used
single-crystal neutron diffraction to verify the high-
temperature crystal structure from which this order devel-
ops. Refinements [29] in the space group [4/mmm
[Fig. 1(a)] showed no indications of any reduction in
symmetry, in agreement with previous work [6,10]. The
oxygen site bridging two adjacent FeO, layers was refined
to full occupancy as expected for stoichiometric Sr3Fe, 0.

We now turn to the crystal structure for T < Tcq. We
first note that neither our neutron diffraction data nor our
high-resolution synchrotron x-ray powder pattern (Fig. 2)
contained any additional primitive Bragg reflections to
indicate a violation of the body-centering condition, nor
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FIG. 2. High-resolution synchrotron x-ray powder diffraction
pattern of the charge-ordered phase at 7 = 15 K. Inset: tetragonal
(219) and (220) Bragg peaks, together with the results of
refinements in the 74/mmm and Bmmb space groups.

any obvious splitting of peaks, in agreement with prior
work that failed to detect any crystallographic signature
of charge disproportionation [6,10]. There was a slight
discrepancy between the synchrotron x-ray data and the
14/mmm refinements at a handful of peaks (inset of Fig. 2).
To check whether anisotropic strain below 7o could
explain the peak profile broadening, we used a strain
model (Laue class 4/mmm) in the refinement, but the fit
did not improve substantially. Nonetheless, these devia-
tions alone were not compelling evidence for a change in
crystal symmetry.

We therefore employed neutron Larmor diffraction
on the TRISP spectrometer [39] at the Maier-Leibnitz-
Zentrum in Garching, Germany. NLD is capable of
detecting lattice parameters d and their spread Ad/d with
a resolution better than 1 x 1074, independent of beam
collimation and monochromaticity and of the crystal’s
mosaic spread [13,14,29]. Figure 3(a) shows that Ad/d
of the tetragonal (220) Bragg reflection extracted from
NLD increases sharply but continuously upon cooling
below Tco, then saturates at a value of 4 x 1074, as
expected for the order parameter of a structural phase
transition. No comparable change of Ad/d is observed
along the ¢ axis (not shown), but the thermal expansion of
the c-axis parameter extracted from the Larmor phase of the
(0010) reflection provides additional evidence of a con-
tinuous structural phase transition at T¢q [Fig. 3(b)].

The spread of the in-plane lattice parameters below T'¢q
revealed by NLD [Fig. 3(a)] and the slight discrepancy
between the synchrotron x-ray data and 74/mmm refine-
ments (Fig. 2) provide clues to the lattice structure in the
charge-ordered state. Based on the observation of specific
superstructure reflections indicative of a unit cell with
doubled in-plane area (see below), we identify the ortho-
rhombic space group Bmmb (an alternate setting of Cmcm,
No. 63) as the simplest crystallographic description com-
patible with our experimental data. Here, Fe**- and Fe’*-
like sites in the FeO, planes alternate in a checkerboard
pattern within the plane and also within a bilayer unit along
the ¢ axis [Fig. 1(b)]. The checkerboard pattern is analo-
gous to the charge-ordering patterns in the pseudocubic
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FIG. 3. Neutron Larmor diffraction results. (a) Splitting of the

in-plane lattice parameters, Ad/d = (b — a)/a, extracted from
the tetragonal (22 0) Bragg peak as a function of temperature 7.
In the analysis, the intrinsic peak width of AQ/Q = 4.8 x 10~* at
400 K was kept constant at all 7. (b) Thermal expansion extracted
from the cumulative Larmor phase of the tetragonal (220) and
(0010) Bragg peaks, relative to the phase at T = 17 K.

perovskite CaFeO5, where Fe’*- and Fe>*-like sites alter-
nate in all three directions [40].

Rietveld refinements in Bmmb produced lattice
constants a = 5.43050(3) A, b =5.43287(3) A, and
¢ =20.12134(6) A. We note that the difference between
a and b, (b—a)/a = 4.0 x 107, is in quantitative agree-
ment with the independent neutron Larmor diffraction
results for the in-plane Ad/d [Fig. 3(a)]. Complete tables
of the resulting structural parameters are given in the
Supplemental Material [29]. The refinement does not
indicate any rotations of the FeOg octahedra such as those
observed in nearly isostructural Sr;Ru,0; [41,42] and in
CaFeO; [40]. Since substantial rotations and distortions of
the FeOg octahedra are present in CaFeO; even above T¢q,
the splitting of its orthorhombic Bragg reflections AQ/Q is
~20 times that of the tetragonal peaks in Sr3Fe,O, for
T < Tco. Charge order then manifests as a spectral-weight
shift between the split peaks, which is readily resolved by
standard diffraction probes [40].

To search for weak superstructure reflections that are
allowed in Bmmb but not in 14/ mmm, we first investigated
a ~10 um-diameter Sr;Fe,0; single crystal at the BMO1A
beamline at the European Synchrotron Radiation Facility,
using the wavelength 0.6973 A. In Bmmb, such reflections
occur at (h,0,[) for h + k = 2n and (0, k, 1) for [ = 2n. In
I4/mmm, these have noninteger indices (h/2,k/2,1) and
are therefore forbidden. We found no intensity at the
position of any superstructure reflection, and were able
to place an upper bound of 107> on the ratio of the peak
intensities I(hkI)/[I(115)+I(—=115)] (in the ortho-
rhombic setting), which should be of order 10~* according
to our refinement [29]. If our space group assignment is
correct, this finding implies that the superstructure reflec-
tions are broadened by disorder so that their amplitude is
reduced below the detection limit.

097203-3



PHYSICAL REVIEW LETTERS 127, 097203 (2021)

15»(a) . 7112 eV

=
N

[ 7128 6V
(b) Sk

=
(=]

@

Intensity (arb. units)

Intensity (arb. units)
o

T e
o X ek N N 0 A . L L L L
0 50 100 150 200 250 300 350 1 12 13 14 15 16 17
Temperature (K) (212 L)

FIG. 4. (a) Temperature dependence of the integrated intensity
of the (% % 14) superstructure reflection measured by Fe K-edge
REXS slightly off resonance (photon energy 7112 eV). The line
is a guide to the eye. Inset: in-plane K scans at temperatures
marked by squares in the main panel, demonstrating the absence
of T-dependent shifts or broadening of this reflection. (b) L scan
on resonance at 7 = 30 K. The line is the result of a calculation
that considers only the Fe sites, assuming differing charge. The
Fe positions were taken from the crystallographic refinement
[29], and only the width, overall intensity, and the imbalance
between the population of orthorhombic twin domains (45 :55%)
were fitted. Reciprocal-space locations refer to the high-temper-
11

ature [4/mmm cell. (5 5 14) in I4/mmm is equivalent to

(1014)/(01 14) in Bmmb.

To enhance the sensitivity to the diffraction signal from a
charge modulation on the Fe sites, we performed single-
crystal REXS [15,16] measurements at the Fe K edge
(photon energy 7128 eV) at beamline P09 at the PETRA-II
synchrotron, Deutsches Elektronen-Synchrotron, in
Hamburg, Germany [43]. The incoming polarization was
perpendicular to the scattering plane, and the outgoing
polarization was not analyzed. As shown in Fig. 4, REXS
indeed enables the detection of superstructure peaks at the
positions predicted for the space group Bmmb. The (% , % )
reflections (in /4/mmm notation) are direct manifestations
of the unit cell doubling due to checkerboard charge order.
The intensity of the superstructure reflections decreases
continuously with increasing 7 and vanishes at T = T g
[Fig. 4(a)]. Figure 4 represents our most crucial result, as it
demonstrates that the checkerboard ordering pattern is
correct and has temperature dependence consistent with
Mossbauer (Fig. 1) and neutron Larmor diffraction
(Fig. 3) data.

In addition to the data shown in Fig. 4, we surveyed ~50
reciprocal-space positions, including primitive reflections
forbidden in Bmmb [29]. In particular, superstructure peaks
having a temperature dependence consistent with those
shown in Fig. 4 were also found at (3.,3,l) positions
(tetragonal cell) for both even and odd I, but not at
tetragonal (0,0,2n+1) or (1,1,2n+ 1), as expected
for Bmmb. The structure factor of these reflections is
roughly consistent with a model that only considers the
contribution of the iron atoms resulting from the structural
refinement [Fig. 4(b)]. In this model, the structure factor

of the (5.%,1) reflections shown in Fig. 4(b) is given by

4f sin(2zz(l) + 4f, sin(2zz,1), where f, are the form
factors of inequivalent Fe ions, and z; & —z, & 0.097 are
their c-axis positions measured from the center of the unit
cell [Fig. 1(b), center] [29]. Some deviations from the
model calculations are apparent, possibly indicating a
contribution from FeOg octahedral distortions which modu-
late the Fe 4p intermediate state of K-edge REXS, as
recently found in experiments on nickel oxides [44]. Since
the positional parameters of the O atoms cannot be
accurately extracted from the structural refinement [29],
comprehensive modeling of the REXS intensity on and off
resonance goes beyond the scope of the current Letter and
will be the subject of future work.

Here we emphasize that the observation of the super-
structure reflections and the corresponding extinction rules
complete the space-group assignment in the charge-ordered
state. The low-temperature space group has to accommo-
date iron ions in two different valence states as found by the
Mossbauer experiments. Since the phase transition at 7'cq
is second order, we considered subgroups of 74/ mmm with
two crystallographically different Fe sites. The observation
of peaks at half-integer positions in % and k requires a unit
cell with a doubled in-plane area. This requirement leads to
Fmmm and its direct subgroups. Out of these, Cmme and
Cmece do not support charge order. Fmmm itself and its
subgroups Fmm?2, F222, Ccce, and Cccm can also be
ruled out, because (%,O, [) and (0,%,1) reflections were
found for both odd and even [ [Fig. 4(b)]. Likewise, the
nonobservation of (1,1,7) and (1,1,9) (again in I4/mmm
notation) excludes C2/m. This leaves Bmmm and Bmmb,
which feature in-plane checkerboards with uniform and
alternating stacking within a unit cell (and corresponding
structure factors with cosinelike and sinelike dependence
on [), respectively. The experimentally observed sinelike
structure factor [Fig. 4(b)] singles out Bmmb, which is also
favored by electrostatic and structural considerations.
Deviations from orthorhombic symmetry (such as a mono-
clinic distortion) were not found outside the experimental
uncertainty.

The REXS data yield insight into the origin of the
“invisibility” of the charge-ordered state to standard dif-
fraction probes. Whereas the width of the superstructure
reflections is resolution-limited in the FeO, planes (which
implies a lower bound of ~100 tetragonal lattice spacings
on the in-plane correlation length), the reflections are
broadened into diffuse streaks along the ¢ axis. From their
momentum width, we infer a domain size of ~0.65 lattice
spacings along c. Because of the corresponding reduction
of the peak amplitude by about 2 orders of magnitude,
the superstructure peaks are below the detection threshold
of standard neutron and nonresonant x-ray scattering. The
correlation along the ¢ axis is strong within, but weak
between bilayer units, so that the order can be regarded as
quasi-two-dimensional. Nonetheless, the observation of
well-defined superstructure peaks implies that the space
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group is correct and the stacking is not random. It is
interesting to point out that the Ising symmetry of
the charge-order parameter allows a finite-temperature
phase transition in two dimensions [45], which helps
explain the sharp transition in the thermodynamic, trans-
port, and diffraction data even in the presence of substantial
stacking disorder.

The insights gained from our resolution of the long-
standing Sr3Fe,O; conundrum provide interesting perspec-
tives for research on hidden order in other compounds.
First, we note that Mossbauer spectroscopy provides a
sensitive, direct probe of the charge and spin density
modulation in Sr3Fe,0,. Without Mdossbauer data (which
are only obtainable on a small number of compounds with
Mossbauer-active elements), the origin of the prominent
phase transition in Sry3Fe,O; would have been far less
evident. This is the case, for instance, for the layered
iridates with reported hidden-order transitions [4] as well as
the archetypical hidden-order compound URu,Si, [1,2],
which also crystallize in /4/mmm with the same body-
centered stacking pattern of electronically active atoms
(i.e., iridium or uranium) as in SrzFe,0.

We also note that the orthorhombic distortion breaks the
fourfold rotational symmetry of the tetragonal host lattice,
and is thus expected to induce twofold angular modulations
in thermodynamic and transport quantities if domain
averaging can be avoided (by reducing the sample volume
or by applying external strain). Such modulations have
indeed been identified in experiments by Okazaki and
coworkers on URu,Si, [46], and were attributed to
“nematic” order, that is, a state with broken rotational
symmetry that maintains the translational symmetry of the
host lattice. Our observation of the orthorhombic supercell
in Sr3Fe,O; suggests an alternative explanation of this
behavior. The possible sensitivity of the orthorhombic
domain size along the ¢ axis to cooling protocols or defects
might help explain why the experiment of Okazaki et al.
has been difficult to reproduce [2].

In summary, our NLD and REXS experiments have
resolved the 50-year-old puzzle of “hidden” charge order
in Sr3Fe,0;. The results highlight the need for further
investigations of the influence of frustration and disorder on
experimental observables in hidden-order phases of other
materials. Finally, we point out that the high ordering
temperature of Sr;Fe,O; might enable device applications
akin to those recently proposed for organic compounds
with frustrated charge order [23].
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