nature
chemistry

ARTICLES

PUBLISHED ONLINE: 4 APRIL 2016 | DOI: 10.1038/NCHEM.2478

Charge-ordering transition in iron oxide Fe,Os
involving competing dimer and trimer formation
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Alexander E. Karkin®, Vladimir V. Shchennikov®’, Sergey E. Kichanov3, Huiyang Gou'#,
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Phase transitions that occur in materials, driven, for instance, by changes in temperature or pressure, can dramatically
change the materials’ properties. Discovering new types of transitions and understanding their mechanisms is important
not only from a fundamental perspective, but also for practical applications. Here we investigate a recently discovered
Fe,O5 that adopts an orthorhombic CaFe;O5-type crystal structure that features linear chains of Fe ions. On cooling below
~150 K, Fe,Os undergoes an unusual charge-ordering transition that involves competing dimeric and trimeric ordering
within the chains of Fe ions. This transition is concurrent with a significant increase in electrical resistivity. Magnetic-
susceptibility measurements and neutron diffraction establish the formation of a collinear antiferromagnetic order above
room temperature and a spin canting at 85 K that gives rise to spontaneous magnetization. We discuss possible
mechanisms of this transition and compare it with the trimeronic charge ordering observed in magnetite below the Verwey

transition temperature.

and are accompanied by peculiar changes in atomic and elec-
tronic structures, is important for various areas of materials
science, physics and chemistry!~!8. The discovery of new phase tran-
sitions, as well as the reinvestigation of well-known ones by means
of more-advanced characterization techniques, can reveal unex-
pected aspects of seemingly simple materials?>~!®. For example, the
pressure-driven transformations of the metallic elements lithium
and sodium into insulators above ~60 and ~200 GPa, respectively”?,
recently gave a new insight into the behaviour of elemental metals
under high pressures. Oxides, industrially important materials,
also demonstrate exciting phenomena under conditions that are
more immediately relevant to practical applications, for instance
temperature-driven ‘metal-insulator’-type transitions that are
widely employed in various industrial settings. Understanding the
mechanisms and dynamics of such transitions is thus interesting
both from a fundamental perspective and for applications, as they
can directly affect the performance of devices. Detailed reinvestiga-
tion of the transitions of a metal-insulator in some key functional
materials, such as vanadium oxides, VO, and V,03;, revealed a
number of unexpected features and new transient states’ 15
The oldest known magnetic mineral, magnetite (Fe;0,), adopts a
cubic spinel (MgAl,O,-type) structure. On cooling below ~125 K it
demonstrates a ‘metal-insulator’-type transition, discovered by
Verwey in 1939, at which its electrical resistivity abruptly jumps
by about two orders of magnitude'. As Fe;O, comprises both
Fe** and Fe’* ions, its high electrical conduction at ambient

l |nderstanding unusual transformations that occur in solids,

conditions is attributed to the possibility of charge transfer
between Fe* (charges) and Fe®* (vacancies)"’. Consequently, this
transition of Fe;O, to an ‘insulator’ phase was attributed to
charge ordering!. Only recently, more than 70 years after the
discovery of this transition!, has the elusive charge-ordering
pattern in the low-temperature phase of Fe;O, been solved by
means of single-crystal X-ray diffraction, and the charge ordering
in magnetite was found to involve ‘three-site distortions’, called
trimerons®. This picture differs drastically from the Peierls-type
transition that leads to dimeric order along one-dimensional (1D)
chains of metal atoms’, signatures of which may be found in
many compounds.

In this work, we synthesized samples of the recently discovered
Fe,O5 (ref. 19) under high-pressure high-temperature con-
ditions?*?!, Fe,O5 contains equal amounts of Fe** and Fe’* ions,
and in a similar manner to Fe;O, (refs 1,2,5), it might undergo a
charge ordering at relatively low temperatures. The crystal structure
of Fe,O5 comprises linear chains of octahedrally coordinated iron
ions that occupy two slightly different crystallographic positions,
Fe2 and Fe3, and linear chains of trigonal-prismatically coordinated
Fel cations along the a axis (Fig. 1A,D). Therefore, Fe,Os is
expected to be a good model system with which we can trace the
charge-ordering process. We examined Fe,Os by means of single-
crystal X-ray diffraction (Figs 1 and 2), as well as by measurements
of electronic-transport properties (Fig. 3), magnetization (Fig. 4)
and neutron diffraction (Fig. 5), and obtained a comprehensive
picture of the charge-ordering transition at low temperatures.
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Figure 1| Crystal structure of Fe4Os. A, Crystal structure projected down the a axis at room temperature. Red spheres, trigonal-prismatically coordinated Fel
cations; green and blue spheres, octahedrally coordinated ions that occupy the two slightly different Fe2 and Fe3 crystallographic sites, respectively. The
trigonal prismatic coordination environment of the Fel cations is shown as a purple prism (bottom). B,C, Examples of reciprocal lattices of X-ray diffraction
intensities at 260 K (B) and 100 K (C). a* and b* are the axes of reciprocal lattices. D, Crystal structure in projection of the ¢ axis at room temperature. The
bold rectangle shows the unit cell. The numbers indicate the distances (A) between the neighbouring Fe ions along the a axis. EF, The same part of the low-
temperature crystal structure at 4 K in approximation of the nearest commensurate ‘3a x 4b x ¢' superstructure shown in two projections along the a axis (E)
and c axis (F). These plots demonstrate the preference for dimeric (D) or trimeric (T) ordering in different chains. In the projection shown in F, the two
parallel chains of each pair of Fe3 chains plotted in E overlap with each other, so we have shown only one chain. The red dashed line in E indicates those
chains selected for F. In three different lines in F the parts of the Fel and the Fe2 chains that overlap with each other in this projection are shown. The
numbers are distances (A) between the closest Fe ions. The shortest distances in this structure are highlighted in red. All the Fel-Fel distances are the same
(~2.861 A). G, Example of a three-chain ribbon with shared edges highlighted by the dashed ellipsoid in E. The inset above G labels all the oxygen atoms of
this ribbon. The O1 oxygen sites (marked by arrows) that neighbour the central Fe ions in the trimers potentially might be ‘underbonded’. The minority-spin
d orbitals of the Fe ions within such planes have the same spatial symmetry (as examples, the d orbitals of four Fe ions are shown in white). H, Typical BVSs
of the dimers and trimers at 4 K.

Results and discussion Methods for the details)*® and found the oxidation states of Fel, Fe2

Crystal structure of Fe,Os. At ambient conditions, Fe,Os crystallizes
in the orthorhombic CaFe;Os-type Cmcm structure, which contains
three different sites for Fe ions (Fig. 1A,D and Supplementary
Table 1)!*?2, To evaluate the oxidation states of different Fe ions in
this structure, we applied a bond-valence-sum (BVS) approach (see

and Fe3 to be +1.92, +2.76 and +2.66, respectively. This charge
distribution was confirmed by electron energy loss spectroscopy
(EELS) (Supplementary Fig. 1). The above estimations suggest that
the Fel sites are filled exclusively by Fe** ions, whereas the Fe2 and
Fe3 sites are mixed valent, featuring both Fe’" and Fe’* ions. This
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Figure 2 | Crystal structure parameters of Fe,0s. a-f, The closest distances between the Fe ions calculated from the crystal structure at 4 K: Fel-Fel (a),
Fe2-Fe2 (b), Fe3-Fe3 (c), Fel-Fe2 (d), Fe2-Fe3 (e) and Fel-Fe3 (f). The reference distance, Fel-Fel ~ 2.861 A, is shown in b and ¢ as a horizontal dashed
line. The upper indices in b and ¢ denote different symmetry codes: (i) (x +1),y.z; (i) (x-1),y,z; (iii) (x-2),y,z and (iv) (x +2),y,z, where x, y and z are the
relative atomic coordinates (Supplementary Table 4). These plots demonstrate the formation of dimers (one short and two long distances) and trimers (two
short and one long) in the Fe2 and Fe3 chains. We have labelled these areas in the plots by visual representations. One can see in b and ¢ that the distances
between the Fe ions in the dimers and trimers can vary smoothly through the crystal structure. g-i, BVSs of the Fe ions at 4 K: Fel (g), Fe2 (h) and Fe3 (i).
j-1 Temperature dependence of lattice parameters (j), unit-cell volume (k) and the incommensurate g-vector component, o, (I). The data in j-l represent a
combination of results of two experiments from 300 down to 80 K and at 4 K. The vertical dashed lines indicate two crossovers.

picture indicates a possibility of charge transfer between Fe** and Fe’*  Electronic properties of Fe,Os. We examined the electronic
ions that occupy the octahedral sites, in a similar manner to other  properties of Fe,O5 by measurements of the electrical resistivity
Fe-bearing oxides, including magnetite'?. Therefore, like magnetite!, and the Hall effect (see Methods) of a bulk quasi-single-
Fe,O;5 is expected to have a high concentration of charge carriers, crystalline sample (Fig. 3). The temperature dependence of the
which results from the high concentrations of available charges electrical resistivity, p(T), demonstrates a semiconducting-like
(Fe**) and vacancies (Fe*") at the octahedral sites in the structure. behaviour (Fig. 3c) and has an activation character, which
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Figure 3 | Electronic properties of Fe4Os. a, A photograph of a large quasi-
single-crystal of Fe;Os. b, Temperature dependence of the Hall constant, R,
measured in a magnetic field of 12 T (the error bars show the potential
average uncertainties related to a noise contribution to the signal,
experimentally determined for several temperature points). In a similar way
to Fe30,4 (ref. 24) and Fe,O5 (ref. 27), the measured Hall effect of Fe,Os5
might also include some contribution of the extraordinary Hall effect that
arises from non-zero magnetization in an applied magnetic field, but an
investigation of this effect was beyond the scope of our present work.

¢, Temperature dependence of electrical resistivity of Fe4Os at 0 and 12 T
magnetic fields. These curves exhibit a bend at 150 K (shown by the arrow),
which indicates a transition between the states with a high and a low
electrical conduction (that is, of the ‘metal-insulator’ type). The inset in ¢
shows a determination of E, in the both phases. The E, values of these
states were found to be £, =25.3 and 113 meV above and below 150 K,
respectively. The electrical resistivity curves (¢) show a noticeable positive
magnetoresistance effect below 150 K, but this effect requires further
investigation beyond the scope of this work.

suggests that the resistivity decreases with temperature as a function of
p ~ exp[E,/(kT)] (inset in Fig. 3c), where E, is the activation energy
(the energy that is required to activate either the charge carriers
over the bandgap into the conduction band, or the carrier
mobility enabling the existing charge carriers to contribute to
electrical conduction), k is Boltzmann’s constant and T is the
temperature. The dramatic increase in the electrical resistivity
below 150 K (Fig. 3c) resembles that of the Verwey transition in
magnetite!, although the transition in Fe,Os looks more continuous.
At ambient conditions, Fe,Os has an E, of ~25 meV (inset in
Fig. 3¢). It is interesting that materials with a semimetal conductivity
can also exhibit an activation dependence on electrical resistivity, for
example, magnetite demonstrated E, values of 14 meV (ref. 24) or
0.1 eV (ref. 25) in single- or polycrystalline samples, respectively.
As discussed in previous works?#26%7, the charge carrier mobili
in Fe;04 and a-Fe,O; is rather low, less than ~0.1 cm? V™' s7/,
and hence E, values should be attributed mainly to mobility acti-
vation, which suggests a progressive increase in carrier mobility,
but not to carrier activation over the bandgap. Measurements of
the Hall effect (see Methods) in Fe,O5 showed a very low value at
room temperature, which suggests a metallic carrier concentration

above 10*' cm™, although a precise estimate is not possible at the
moment (Fig. 3b). The Hall effect slightly increased as temperature
decreased and showed positive values, which suggest p-type con-
duction (Fig. 3b). Magnetite is known to be a half metal that demon-
strates a good conductivity to electrons of one spin orientation, but
poor conductivity to electrons of the opposite orientation®*-*° and,
taking into account certain similarities between Fe;O, and Fe,Os,
we cannot exclude half-metallic conduction in Fe,Os, but this
point requires further investigation. The low-temperature phase of
Fe,Os has an E, of ~113 meV, which suggests an energy bandgap,
Eg, of 2E, = 0.226 eV (Fig. 3¢, inset), which is larger than the reported
bandgap in the Verwey phase of magnetite, E; <0.1 eV (ref. 31).

Low-temperature crystal structure of Fe,Os. On cooling below
150 K, single-crystal X-ray diffraction studies detected the
appearance of superlattice reflections (Fig. 1B,C) indicating the
appearance of a new structural order that was superimposed on
the persisting initial crystal structure. Intensities of these reflections
grow with decreasing temperature (Supplementary Fig. 2).
Indexing these superlattice reflections demonstrated that this
structure is incommensurately modulated. In other words, this is a
modulated structure in which atoms suffer certain periodical
deviations from positions they would take in a hypothetical
‘average’ (basic) non-modulated structure, and a period of these
fluctuations is incommensurate with at least one of the periodicities
in the 3D unit cell. These structural fluctuations in Fe,Os are
determined by the modulation wave vector, q = g;a* + o,b*, where
a* and b* are the axes of reciprocal lattices shown in Fig. 1B,C, and
01 =1/3 and the temperature-dependent o, are components of this
vector. We solved this structure and determined its superspace
group as C2;/m(010,0)0s (standard setting P2,/m(070,0)0s No.
11.1.2.2)** (see the Supplementary Information, which includes
Crystallographic Information Files). At 4 K, we found the lattice
parameters to be a =2.8610(4) A, b=9.8123(5) A, c=12.5425(11) A,
y=90.0(1)°, V=352.10(6) A’ and 0,=0.7293(13) (Supplementary
Table 2). The parameter o,~0.7293(13) of the modulation wave
vector is irrational and, hence, a period of the structural modulations
along the b axis cannot be proportional to the unit-cell parameter b
and, therefore, the crystal structure is incommensurately modulated.

The largest displacements of the Fe ions in the low-temperature
structure of Fe,Oj relative to their positions in the ‘average’ (basic)
non-modulated structure were along the a axis (Supplementary
Fig. 3). As incommensurately modulated structures cannot be visu-
alized in crystallographic software, to investigate the details of this
low-temperature structure we used the nearest commensurately
modulated crystal structure with o, =3/4 (instead of o, ~ 0.73),
and hence, with a q vector (1/3, 3/4, 0) that corresponds to a
Bax4bxc lattice (Fig. 1F). With JANA2006 software (see
Methods) we plotted the Fe-Fe distances and the BVSs of the
Fe ions at 4 K (Fig. 2a-i). On cooling, the lattice parameters of
Fe,Os5, determined from the single-crystal X-ray diffraction data,
demonstrated several interesting features in their temperature
dependence, in particular sharp bends at 135 K, 115 K and below
90 K (Fig. 2j,k). The anomalies in the unit-cell volume below 90 K
resemble those reported earlier for the Verwey transition in
magnetite’. Unusual electronic transitions can lead to very peculiar
volumetric effects— this has, for example, been observed with
an inter-site charge transfer in LaCu;Fe,O;,, which results in a
negative thermal expansion*.

The main characteristics of the transition in Fe,Os5 at 150 K
involve the formation of Fe dimers and trimers within the chains
of Fe2 and Fe3 ions along the a axis (Fig. 1F), with the chains of
ferrous Fel ions only weakly modulated along the ¢ axis
(Supplementary Fig. 3). A constant Fel-Fel distance in the
low-temperature structure (~2.861 A at 4K) (Fig. 2a) served as a
reference point, which enabled us to deduce the significant
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Figure 4 | Magnetic properties of Fe,Os. a, Temperature dependence of the magnetic susceptibility y of Fe4,Os measured at different magnetic fields under
both field-cooling (FC) and zero-field-cooling (ZFC) conditions. b, Temperature dependence of the magnetic susceptibility measured in a magnetic field of
0.1mT. ¢, Reciprocal magnetic susceptibility measured in a magnetic field of 0.1 T from a. These curves indicate two crossovers, near 150 and 75 K (indicated
by the arrows). A weak downturn around 150 K marks the structural and electronic phase transitions (Fig. 3c). d, Magnetization curves measured at 2 and
300 K. These magnetic studies were performed on bulk polycrystalline samples, and hence we cannot exclude the presence of a minor impurity of unreacted
Fe304 that would also induce weak ferromagnetic behaviour up to room temperature.

shortening of some Fe2-Fe2 and Fe3-Fe3 distances (Fig. 1F, marked
by elongated ellipsoids, and Fig. 2b,c). As seen in Fig. 1F, each chain
of Fe2 or Fe3 ions contains either dimers or trimers and, as seen
from Fig. 2b,c, the overall numbers of dimers and trimers through-
out the crystal structure are roughly equal.

Using data of Fe-O bond lengths at 4 K (Supplementary Fig. 4
and Supplementary Table 3) we estimated the BVSs (Fig. 2g-i). A
small non-equivalence in these BVSs between the Fe2 and Fe3
sites found at 295 K (+2.76 vs +2.66, respectively) also persisted in
the low-temperature phase (Fig. 2h,i). This hints that the charge car-
riers (Fe**) have a slight preference for the Fe3 sites, and for this
reason the Fe3 chains could have less charge than the Fe2 ones
(Fig. 2h,i). This is also shown by comparison of the BVSs of
dimers and trimers in the Fe2 and Fe3 chains (Fig. 1H). The BVS
analysis shows that the trimers are, in general, composed of one
Fe** and two Fe’* ions (Fig. 1H), similar to the trimerons in
Fe;O, (ref. 2). Similarly, the Fe ions in the dimers in the Fe3
chains have an oxidation state close to +2.5, thereby indicating that
the dimers are Fe?*~Fe®* pairs with one shared electron. However,
the dimers in the Fe2 chains seem a bit overcharged—their
average charge, +5.35, is notably higher than that of the dimers in
the Fe3 chains, +5.1 (Fig. 1H). Meanwhile, as seen from a compari-
son of Fig. 2h and Fig. 2i, the charge density waves along the Fe2 and
Fe3 chains are in opposite phases of modulation, which suggests a
nearly uniform charge distribution in the lattice. In contrast to
these intricate changes in the Fe2 and Fe3 chains across the phase
transition, the BVSs of the Fel ions (Fig. 2g) and the distances
between them (Fig. 2a) remained equal, thereby demonstrating
that the low-temperature transition is driven by the charge ordering
and, hence, the Fel chains remain inactive in this transition.

As can be seen in Fig. 2d-f, the minimal Fel-Fe2, Fe2-Fe3 and
Fel-Fe3 distances at T'=4 K do not exhibit any significant shorten-
ing along the c and b axes when compared with the aforementioned
reference distance of ~2.861 A. This indicates that the transition in
Fe4O5 can be considered as a quasi-1D charge ordering in the Fe2
and Fe3 chains, which leads to the formation of both dimers in
some chains and trimers in the others (Fig. 1F). Each 1D chain

has an individual set of the Fe-Fe distances that obey the three-
fold period (o;=1/3). X-ray diffraction images collected below
150 K show an appreciable diffuse scattering (Supplementary
Fig. 5) that could be related to additional structural effects at the
local level, but these go beyond the scope of our present work.

Magnetic properties of Fe,Os. The magnetic properties of Fe,Os
were examined by magnetic-susceptibility and neutron-diffraction
studies on bulk polycrystalline samples. We observed weak
ferromagnetism up to room temperature, with the remnant
magnetization of ~0.02 up per Fe at 300K (Fig. 4d). This
behaviour resembles that of haematite (a-Fe,Os), which is a weak
ferromagnet with a tiny magnetic moment of ~0.002 yp per Fe at
room temperature® because of the weak spin canting, which
consists in the tilting of spins by a small angle away from the
collinear configuration, on top of the collinear antiferromagnetic
ordering. This resemblance suggests that it may be the case in
Fe,Os as well. A more-pronounced and clearly intrinsic
ferromagnetic signal is seen below ~90 K (Fig. 4a—c), and at 2K
the magnetization saturates to ~0.2 up per Fe (Fig. 4d). Thus,
these data indicate that below 85-90 K, Fe,Os is a canted
antiferromagnet, that is, an antiferromagnet in which the spins
are tilted by a small angle away from the collinear configuration
and do not fully compensate each other, which leads to such a
non-zero magnetic moment. The abrupt growth in the
magnetization below 90 K (Fig. 4a—c) correlates with the anomaly
detected in the lattice parameters below 90 K (Fig. 2j,k).

Neutron diffraction showed that magnetic order was already
present at room temperature. This magnetic order resulted in the
growth of the (021) peak at d=4.51 A which has a negligible con-
tribution from the nuclear structure (Fig. 5a). Magnetic moments
of the Fe ions are directed along the ¢ axis and are ordered antifer-
romagnetically (Fig. 5b,c). From the powder data we can neither
exclude nor confirm a weak spin canting at room temperature. To
reduce the number of refinable parameters, we constrained the
ordered magnetic moments of the Fe ions located at different sites
to be equal. From the temperature dependence of magnetic
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antiferromagnetic) and M, (FM, ferromagnetic) components of the Fe spins. These dependences demonstrate two effects: (1) the spin canting below

Tsc =85 K from the ¢ towards the a axis and (2) an abrupt increase in the ordered magnetic moment at the lattice modulation temperature, T,,oq =150 K.
¢, d, Long-range magnetic order in Fe,Os above () and below (d) the spin-canting temperature. The arrows indicate the orientations of the Fe spins in
different crystallographic positions, of which labels and colours correspond to those in Fig. 1. For simplicity we show the unit-cell edges that correspond to
the crystal structure at ambient conditions. In the actual incommensurate low-temperature structure the Fe ions are slightly shifted (Figs 1F and 2a-c).

moments, we estimated the antiferromagnetic transition tempera-
ture as Ty ~ 320 K (Fig. 5b). Near 150 K, we detected an abrupt
increase in the average ordered magnetic moment by ~0.5 up
(Fig. 5b). This effect correlates with the structural modulation and
ensuing changes in electronic-density distribution. Near Tsc=85K,
we found another magnetic transition that was attributed to spin
canting of the ordered magnetic moments towards the a axis
(Fig. 5d). This rearrangement in the magnetic structure resulted in
the appearance of ferromagnetic components (M,) that gave rise to
two magnetic peaks, (002) at d=6.19 A and (022) at d=3.81 A
(Fel and Fe2 sublattices) and contributed to the (020) nuclear peak
at d=4.84 A (Fe3 sublattice). The ferromagnetic components of the
Fel and Fe2 magnetic sublattices are antiparallel, and thus compensate
each other (Fig. 5d). In contrast, the ferromagnetic component of the
Fe3 sublattice remains uncompensated, which leads to the remnant
magnetization observed below Tsc (Fig. 4).

The lattice of Fe,O5 was found to exhibit very different axial
compressibilities (Fig. 2j). The magnetic order can give insight
into these peculiarities. Thus, negative thermal expansion along
the b axis (Fig. 2j) may be related to the antiferromagnetic spin
arrangement along this direction (Fig. 5c¢,d). Antiparallel spins
will generally tend to increase the antiferromagnetic exchange
energy by expanding Fe—Fe distances and, hence, by increasing
Fe—O-Fe angles that play a crucial role in this superexchange.
Similar effects were reported for CuF, (ref. 36) and SrCu,(BOs),

(ref. 37). Progressive shrinkage along the a axis with decreasing temp-
erature (Fig. 2j) suggests an enhancing role of the a axis in the charge
transfer and Fe-Fe interactions at lower temperatures and could
explain the quasi-1D character of the charge-ordering transition.

The low-temperature transition. The charge ordering in Fe,Os is
preceded by the magnetic transition that imposes a ferromagnetic
spin arrangement along the a direction (Fig. 5d). The electronic
configuration of Fe** ions is 3d°, so that in the high-spin state five
electrons adopt one spin direction, and the sixth electron adopts
the opposite spin direction to form the minority-spin channel.
Below the Verwey transition temperature, the spins of Fe ions that
form trimerons in Fe;O, are aligned ferromagnetically®*3*, and
the minority-spin electron of one Fe** ion can be shared with two
neighbouring Fe’* ions?. This process is facilitated by weak axial
distortion of FeOg octahedra, which introduces an additional
crystal-field splitting and defines the position of the lowest-energy
t,, orbital to host this minority-spin electron of Fe**. Then, three
atoms that share the same plane of this lowest-energy orbital form
a trimeron?. Thus, the charge-ordering pattern is related to the
connectivity of FeOg octahedra.

The ferromagnetic order along the a direction renders a similar
mechanism operative in Fe,Os. Both the Fe2 and Fe3 octahedra in
Fe,O5 showed a noticeable axial compression that splits the three
tr¢ levels of Fe ions in a regular FeOg octahedron into the lower-lying
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singlet and higher-lying doublet. The lowest-energy orbital that can
be occupied by the minority-spin electron lies in the plane that is
shared by all the octahedra of one chain (Fig. 1E,G). The same
plane is also shared by two contiguous chains, and together they
form a structural ribbon that comprises one Fe2 chain encompassed
by two Fe3 chains (Fig. 1G). Alternation of dimers and trimers
throughout the crystal structure may be understood by considering
such diagonal ribbons (Fig. 1E,G) in which two chains form the
trimers and one chain forms the dimers, or the other way around.
The dimers (D) are always formed in the space ‘between’ trimers
(T), as illustrated in Fig. 1G. For the opposite case of ‘D-T-D’
ribbons, which, for example, surround this selected ‘T-D-T’
ribbon (Fig. 1E), the dimers in the Fe3 chains are always formed
in the space between trimers in the central Fe2 chain (see the
third to fifth upper chains in Fig. 1F). The simultaneous formation
of dimers and trimers and their nearly perfect alternation in these
ribbons might be linked, for instance, to a peculiar type of
bonding of O1 oxygen atoms shared by the Fe2 and Fe3 chains
(Fig. 1G). If only dimers or only trimers are formed, these O1
oxygen atoms (labelled by arrows in Fig. 1G) might become ‘over-
bonded’ (that is, their effective valence might become higher than
two) or ‘underbonded’ (that is, with an effective valence smaller
than two), respectively. Other factors, such as elastic coupling
between Fe2 and Fe3 chains through Ol atoms located between
these chains within each ribbon, could also affect the ordering
pattern. Thus, the formation of dimers in the space between
trimers (or the other way around) partly compensates the lattice dis-
tortions that arise from the formation of trimers (Fig. 1F,G).

Conclusions

In summary, we showed that at 150 K, Fe,O5 undergoes a phase
transition that involves the simultaneous formation of dimers and
trimers within linear chains of octahedrally coordinated Fe ions.
This unexpected charge ordering gives rise to unusual modulations
in the crystal structure. The underlying mechanism of the charge
ordering in Fe,O5 may be, to some extent, similar to that in magne-
tite, but the different nature of the crystal structure results not only
in the formation of trimers, but also in that of dimers, present in
approximately equal numbers throughout the crystal structure.
Unlike the Verwey transition in magnetite, which has a 3D charac-
ter?, the charge ordering in Fe,Os looks like a quasi-1D transition.
For Fe,OBO3, a charge ordering that involves the ordering of loca-
lized charges without sharing electrons within dimers or trimers
also led to an incommensurate phase®. The coexistence of dimers
and trimers in Fe,Os at low temperatures may be related to a
peculiar structural connectivity and elastic coupling between
Fe chains.

Methods

Preparation and characterization of Fe,Os. The samples of Fe,O5 were synthesized
in 1,200 tonne Multi-Anvil Presses at the Bayerisches Geoinstitut. We explored
several synthesis routes to fabricate this polymorph. The best and simplest path we
found was a direct synthesis from a mixture of Fe;0,4 (Aldrich, 99.99% purity) and
Fe (99.99%) that corresponded to Fe,Os stoichiometry at conditions of 11-14 GPa
and 1,000-1,300 °C. We employed a standard assembly, which included a Re
capsule, LaCrO; heater, W3Re/W25Re thermocouples and an octahedral
container; the procedure was similar to that described before?®*!. Typical synthesis
times were about 1-4 hours. This Fe,O5 polymorph is readily recoverable at ambient
conditions and remains (meta)stable if not overheated above 150 °C (ref. 41).
It is also stable under the application of high pressures of at least up to 40 GPa
(refs 19,42). The chemical composition of the samples was examined by
scanning electron microscopy with a LEO-1530 instrument and by microprobe
analysis with a JEOL JXA-8200 electron microprobe. The purity and the
stoichiometry of the samples were verified. Also, doped modifications of Fe,O5
may be prepared routinely from magnetite (for example, those reported doped
with Cr and Mg)*-*.

The sample for the transmission electron microscopy investigation was prepared
by crushing the material, dispersing it in ethanol and depositing it onto a holey
carbon grid. EELS measurements were performed using a FEI Titan3 80-300

transmission electron microscope operated at 300 kV. A monochromator was used
to optimize the energy resolution for the EELS measurements to 250 meV. The EELS
spectra were fitted using the EELSMODEL program (www.eelsmodel.ua.ac.be)*®.
EELS spectra of the Fe L, 5 excitation edge combined with a model-based fitting to
reference spectra for Fe?* and Fe®* were used to measure the oxidation state of the Fe
cations. We obtained a mixed-valence condition of 53(4)% Fe** and 47(4)% Fe>*.
Details of the collection treatment of the EELS spectra are given in the
Supplementary Information (Supplementary Fig. 1).

Single-crystal X-ray diffraction studies of Fe,Os. At ambient conditions the crystal
structure of Fe,Os was determined from single-crystal X-ray diffraction studies using
a four-circle Oxford Diffraction Xcalibur diffractometer (1 = 0.71073 A) equipped
with an Xcalibur Sapphire2 CCD (charge-coupled devise) detector (details are
available in the Supplementary Information). High-quality single crystals were
selected for temperature-dependent single-crystal X-ray diffraction studies. In one
experiment we studied temperature-dependent X-ray diffraction using a Mar345dtb
diffractometer equipped with a MAR345 image plate detector from 295 to 80 K. For
the lattice-parameter determination, the series of ¢ scans (60 frames, Ap = 1°,
exposure time = 60 s deg™") were measured at different temperatures and processed
with the CrysAlisPro software package. For each temperature point the same part of
reciprocal space was covered, which thus gave equal sets of diffraction peaks used for
the orientation matrix refinement. Another experiment with full data collection was
carried out at SNBL (The Swiss-Norwegian Beam Line, European Synchrotron
Radiation Facility) with a wavelength of 0.6884 A at the lowest temperature of 4 K.
Intensity data were collected on a single-axis diffractometer equipped with a Pilatus
2M pixel detector by 360° ¢ scans (A¢ = 1°). Data processing (peak-intensities
integration, background evaluation, cell parameters and absorption correction) was
done with the CrysAlisPro 171.36.28 program. The structure was solved by
SUPERFLIPY employing a charge-flipping algorithm in superspace. Structure
refinements were performed with the JANA2006 crystallographic

computing system*S.

To evaluate the oxidation states of different Fe ions in the crystal structure we
applied a BVS method? based on the analysis of Fe-O bond lengths around the Fe
ions. In this method the oxidation state of an ion (V;) is the sum of all its bond
valences (S;), each of which is determined as S;; = exp((R;; - d;)/bo), where d; is the
distance between atoms i and j, R;; is the empirically determined distance for
this cation-anion pair and b is an empirical parameter, which is normally about
0.37 A (ref. 23).

Measurements of the electronic-transport and magnetic properties of Fe,Os.
Electronic-transport properties (Fig. 3) were measured by the conventional
Montgomery method using an Oxford Instruments set-up. We measured the
temperature dependence of electrical resistivity and the Hall effect. The Hall effect
consists of the appearance of a voltage difference in the direction perpendicular to
both the electrical current in a conductor and the applied magnetic field, which is
also directed perpendicular to this electrical current.

Magnetic susceptibility (Fig. 4) was measured with a Quantum Design MPMS
SQUID magnetometer in the temperature range 2—380 K in applied fields up to 5 T
under both field-cooling (FC) and zero-field-cooling (ZFC) conditions.

Neutron-diffraction studies of Fe,Os. The magnetic structure of Fe,O5 was
investigated using a DN-12 neutron diffractometer to study microsamples® at the
IBR-2 high-flux pulsed reactor (Frank Laboratory of Neutron Physics). A sample
with a volume about 1.5 mm?® was placed inside a cryostat based on a closed-cycle
refrigerator. The neutron powder diffraction data were collected at scattering angles
of 20=45.5 and 90°. The measurements were performed in the temperature range
10-300 K. The data were analysed by the Rietveld method using the Fullprof
program®. Possible models of magnetic structure were considered, taking

into account the symmetry analysis performed by the BasIreps program
(https://www.ill.eu/sites/fullprof/).

Data availability. The X-ray crystallographic coordinates for the structure of Fe,O5
at 4 K are deposited at the Bilbao Incommensurate Structures Database, under the
deposition number 11512ETwLZI.

Received 5 March 2015; accepted 15 February 2016;
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