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Abstract: Cationic rearrangement is a compelling strategy for
producing desirable physical properties by atomic-scale
manipulation. However, activating ionic diffusion typically
requires high temperature, and in some cases also high pressure
in bulk oxide materials. Herein, we present the cationic
rearrangement in bulk Mn,FeMoOg at unparalleled low
temperatures of 150-300 °C. The irreversible ionic motion at
ambient pressure, as evidenced by real-time powder synchro-
tron X-ray and neutron diffraction, and second harmonic
generation, leads to a transition from a Ni;TeOgstype to an
ordered-ilmenite structure, and dramatic changes of the
electrical and magnetic properties. This work demonstrates
a remarkable cationic rearrangement, with corresponding
large changes in the physical properties in a bulk oxide at
unprecedented low temperatures.

The physical properties of transition metal oxides can be
controlled by atomic-scale engineering.'™ One common
strategy to control the cationic distribution and environment
for desired applications in bulk oxides is to manipulate the
displacive transitions (polyhedral distortions and cooperative
tilting/rotation), or the cationic rearrangements.> Displa-
cive transitions can arise at relatively low temperatures,”!
while cationic rearrangements generally require high temper-
atures to overcome large energy barriers.>*!!l Cationic
rearrangements below 300°C have only been reported in
nanocrystals,> or when driven by applied external elec-
trical potential as in battery materials,'>!® but not in bulk
metal oxides by temperature alone. The corundum-derived
A,BB'O¢ family of compounds can incorporate transition
metal ions at all of the cationic sites and adopt different cation
order—disorder configurations, providing an ideal platform for
materials engineering.”®*"??l Recently, the polar room-
temperature (7-=337 K) ferrimagnet Mn,FeMoO, here-
after called phase I, was prepared by quenching to room
temperature from 1350°C at a pressure of 8 GPa.”'"! First-
principles calculations indicated that the band gap, the
magnetic and electronic properties, and the ground-state
energy of Mn,FeMoQOy are governed by the arrangement of
cations in the unit cell, which suggested effective property
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control through cationic arrangement. In this work, we have
found dramatic cationic movement when phase I was heated
under ambient pressure. Although this cationic rearrange-
ment does not significantly change the overall metal-oxygen
connections, nevertheless, it produces strong modifications of
the magnetic and electronic properties.

Initial thermal analyses on phase I of Mn,FeMoOg
indicated no decomposition up to 575°C at ambient pressure,
but showed unexpected lattice parameter and diffraction
peak evolution when annealed above 175°C (Supporting
Information, Figure S1). Figures 1a and S2 show selected
in situ variable-temperature synchrotron powder X-ray dif-
fraction (SPXD) patterns that highlight the structural
changes. This peak evolution was irreversible, as reflected
by the patterns after the sample was cooled down from 327°C
to room temperature (hereafter the Mn,FeMoQOg annealed in
ambient pressure at 327°C is called phase II). It is noteworthy
that, similar to that of phase I, all of the in situ variable-
temperature SPXD patterns can be indexed with a general
corundum-related R3 or R3 symmetry. The unusual temper-
ature-dependent peak evolution is due to the large variation
of lattice parameters illustrated in Figure 1b. Both a and ¢
expand gradually up to ~190°C and also above ~275°C, but
deviate from linearity over the intermediate temperature
region, rendering small contraction in the ab-plane and
a much larger expansion along the c-axis (Figure 1b). Both
room-temperature and in situ variable-temperature second
harmonic generation (SHG) from phase II (Figure S3a) and
phase I (Figure S3b) eliminate the centrosymmetric ilmenite
structure. Rietveld refinements on selected SPXD data
(Table S1) could not draw a firm conclusion of the structural
type. However, combined Rietveld refinements of the room-
temperature SPXD and powder neutron diffraction (PND)
data of phase II yielded a good fit in the ordered-ilmenite
model (Figure 2a and Tables S2-3), but not for the Ni;TeOq
structure type (Figure S4). Compared with the Ni;TeO4
structure of phase P! in the ordered ilmenite-type of
phase I the atomic occupancy within the face-sharing
Mn10O4¢/MoO, octahedral pairs are statistically unchanged,
while 88(1)% of Mn2 and Fe within the face-sharing
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Figure 1. a) Selected in situ variable-temperature SPXD patterns at
room temperature, 190°C, and 277°C, and at room temperature after
cooling from 327°C (phase Il) to show the irreversible peak evolution.
The (116) reflection at ~22.9° moves to lower angle, while the (030)
reflection at~26.8° to higher angle. b) Evolution of the lattice param-
eters extracted from the in situ variable-temperature SPXD up to
327°C, showing contraction in the ab-plane (a contraction (Aa)
around —0.03 A) and large expansion along ¢ (¢ expansion (Ac)
around 0.45 A) between 175 and 275°C, giving ~1.3% larger cell
volume.

Mn20¢/FeO4 pairs switched positions (Table S2), giving
a nominal structural formula of [(Mn1)(Mn2,:)(Feggg))]
[(Mn2 g5y Fe121y)(M0)]Og. There was no cation mixing over
the Mo-site detected within the statistical uncertainty. Struc-
tural analysis of the low-temperature PND data showed
a structure of phase II down to 1.72(5) K (Figure S5 and
Tables S2-3). Compared with phase I (Table S3), the cationic
switching yields shortened (~0.10(1) A) average metal—
oxygen distance at the original Mn2-site (now dominated by
88(1)% Fe’*), but lengthened (~0.08(1) A) value of the Fe-
site (now dominated by 88(1)% Mn?"), owing to the ionic
radius differences between the high-spin Mn>* (0.83 A) and
Fe** (0.645 A) at octahedral sites.?”! This finding is consistent
with the absence of charge transfer in Mn>",Fe’**Mo’"Oq, as
seen by comparison of the X-ray absorption near-edge spectra
(XANES) of phase I and phase II (Figure S6).

The above studies on a Mn,FeMoOg phase II sample
indicated irreversible cationic rearrangement upon heating,
accompanied by structural transition from the Ni;TeO4-type
to the ordered ilmenite-type structure. To further investigate
the cationic rearrangement, insitu variable-temperature
PND was undertaken by heating phase I. These measure-
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Figure 2. a) Plots of the room-temperature PND data of phase Il from
combined PND and SPXD refinements. The vertical bars (|) indicate
the index of phase Il, vanadium, and small wolframite-type impurity
MnMoO,, respectively, from top to bottom. Inset shows plots of the
room-temperature SPXD data from combined refinements. The vertical
bars (|) indicate phase I, small wolframite impurity, and diamond,
respectively, from top to bottom. b) Variation of the Fe and Mn (at the
Mn2-site) occupancy (x) in [(Mn1)(Mn2,_,Fe)][(Mn2,Fe,_,) (Mo)]Os
upon heating, and the corresponding magnetic T evolution for
samples annealed at different temperatures up to 327°C. Note that
the x value at 327°C is from the combined refinements shown in
Figure 2a. The dashed line marks the boundary between Ni;TeOg
(phase 1) and ordered ilmenite (phase II) structures. c) Ni;TeOg type
crystal structure at 150°C (x=0.10(1)). d) Ordered-ilmenite-type crys-
tal structure at 300°C (x=0.88(1)). Green spheres represent Mn, red
are Fe, orange are Mo, and blue are oxygen (plotted smaller for
clarity). The green dashed-line ellipse highlights the distortion degree
of Mn106 for comparison; the red dashed-line ellipse encloses the
face-sharing Mn206/FeO6 octahedral pairs along the c-axis.

ments (Figures S7-8) are in good agreement with the in situ
variable temperature SPXD results (Figure 1a,b). Writing the
chemical formula as [(Mnl)(Mn2,_,Fe,)][(Mn2Fe,_,)-
(Mo0)]Og, x=0 corresponds to the NizTeOy structure (with
layers of Mn:Fe alternating with layers of Mn:Mo along the ¢
axis), while x=1 would be a fully ordered ilmenite phase,
with segregated layers of Mn and Fe:Mo. x is plotted as
a function of temperature in Figure 2b: below 127°C, there is
no ionic motion (x =0) within the accuracy of the measure-
ments. Although the unusual lattice parameter evolution
(deviation from linearity in Figures 1b and S7) appears
around 190°C, 10% of Mn2 and Fe have switched their
positions already at 150°C, based on the PND data. The value
of x increases to approximately 50 % at 210°C, and 87 % at
the highest temperature measured, 300 °C, in good agreement
with its value for the phase II. As the Fe** and Mn2*" ions
change places, the metal-oxygen distances also evolve, so that
the Fe**—O distances are always smaller than the Mn2>*—O
distances. The change in the Mn1—O and Mo—O distances
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over that temperature range are a factor of five times smaller.
This cationic rearrangement finally gives a smaller structural
distortion in phase II, which results in a smaller estimated
spontaneous polarization along the c axis (55 uCcm )4
compared with that of phase I (68 pCcm2).2!! This variation
of structure distortion can be seen from the crystal structures
at 150 (Figure 2¢) and 300°C (Figure 2d) by comparing the
octahedra enclosed in the dashed green lines.

The cationic rearrangement in Mn,FeMoOg produces
dramatic changes in the physical properties. Figure 3a
illustrates the magnetization (M) versus temperature (7)
evolution at H=0.1T for Mn,FeMoO; prepared at high
pressure (phase I), and the phases annealed at 207, 227, 267,
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Figure 3. a) M vs. T in the ZFC and FC modes under H=0.1T for the
phase directly prepared at high pressure (phase 1), and the phase
annealed at 207, 227, 267, and 327°C (phase II) to show the magnet-
ization and T¢ evolution: T decreases in the Ni;TeO, structural region
from 337 K (phase I) to 195 K when annealed up to 227°C, and then
starts to increase from 201 to 229 K (phase Il) when annealed between
247°C and 327°C. b) M vs. H curves recorded at T=5 and 300 K for
phases | and II. The value of the net magnetic moment at 5T in

phase Il is substantially larger (/3.5 pg/f.u.) than in phase | (=2 pg/
f.u.). ¢) Magnetic structure of phase | at 10 K refined from PND data.
Net magnetic moment: M =m(Mn1) 4+ m(Fe)—m(Mn2)—m(Mo).

d) Magnetic structure of phase Il at 1.72 K refined from PND data. Net
magnetic moment: M=m(MnT1) +m(Mn2)—m(Fe)—m(Mo). e) p vs. T
at zero-field shows semiconductor behavior of phase | and II. f) The
linear fit to the plots of Inp vs. 1/T"*, indicating Mott’s variable range
hopping conduction mechanism in both phase | and Il. Note that the
magnetic structure, and magnetic and magnetotransport data of
phase | are from Ref. [21].
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and 327°C (phase II). The evolution of the magnetic tran-
sition temperature (also plotted in Figures2b and S9 and
listed in Table S6) coincides with the Mn/Fe switching degree
(x). The T¢ decreases in phase I as the degree of disorder
increases between cations, as reported in Sr,FeMoOg per-
ovskite,” and strongly drops when the structural transition
occurs. Then it starts increasing again as the degree of cationic
order increases in the phase II region. The hysteresis loops
(Figure 3b) show ferromagnetic response in both phase I and
II at 5 K, but paramagnetic behavior for the latter at 300 K.
The magnetic structures of phases I and II, as determined by
PND, are shown in Figure 3¢ and d, respectively. All of the
spins in both phases are oriented along c. In phase II, the
direction of the magnetic moments of Mn2 and Fe ions have
switched relative to those of phase I. The magnetic structure
of phase II is formed by alternating ferromagnetic layers of
Mnl (2.8(3) ug) and Mn2 (2.6(4) ug) with those of Fe
(—1.6(1) uyg) and Mo (—0.82(6) pg); these ferromagnetic
layers are arranged antiferromagnetically along the c-axis.
The magnitude of the net magnetic moment (~2.98(4) ug/
fu.) of phase Il obtained by PND is comparable to that
obtained by the magnetic measurements (=~ 3.5 pg/f.u.).

In Figure 3e, the resistivity (o) versus temperature (7)
plots indicate 20 Q cm and 3.6 x 10° Q cm at 300 K for phases I
and II, respectively at H=0 T. The resistivity becomes too
high to be measured below 160 K in phase II. Above 200 K,
the resistivity of phase II also follows a Mott’s variable range
hopping® conduction mechanism, as seen in the linear fit of
Inp versus 1/T" plot (red line in Figure 3 f, T, =2.87 x 10° K,
00=0.92x 107" Qcm), the same behavior as phase I. Below
200 K, the limited data range does not allow any reasonable
fit. Thus, phaseII is also a ferrimagnetic variable range
hopping semiconductor, but with around three orders of
magnitude larger resistivity than phase I. The optical band-
gap of phase II can be roughly estimated from the SHG
counts, where it steeply increases in Figure S3a, to between
800-900 nm (1.38-1.55 eV).*"!

The corundum-derived crystal structures under high
pressure can crystallize in the structural type of the smallest
possible cell volume by the arrangement of edge-sharing
octahedra between the larger and smaller cations in the ab-
plane, at a cost of lattice strain owing to ion size mis-
match.”?% Compared with the cationic re-distribution in
spinel nanocrystals at moderate temperature (typically 350—
600°C),[1>¥ electric potential-driven ionic motion in battery
materials,"™'® and ionic rearrangements in bulk oxides
(typically above 600°C),['*! the lattice-strain-driven cationic
rearrangement in Mn,FeMoO, at such low temperatures
(150-300°C) is unique. In the Ni;TeO4-type phase I, the
smaller cell volume is achieved by edge-sharing between the
larger Mn®>* (0.83 A) and smaller Fe** (0.645 A) or Mo**
(0.61 A)® in the ab-plane. The position swap between Mn2
and Fe within the face-sharing octahedral pairs result in the
elongation of the c-axis, and alternating layers of the larger
Mn1?"O—Mn2*"O, edge-sharing octahedra with the smaller
Fe’*O—Mo’" Q4 octahedra in the ab-plane. This structural
change relieves the lattice strain, as reflected by the degree of
octahedral distortion (Figure 2¢,d and Table S5), and lowers
the energy of the material. The change in the crystal structure
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also produces a change in the magnetic arrangement by
switching the direction of Mn2 and Fe spins, but keeping the
same global ferrimagnetic structure.

To understand this structural rearrangement, it is neces-
sary to find a mechanism; it is simply not plausible that the
Mn** and Fe*" ions exchange in a single step through their
shared face. Figure 4 illustrates one possible pathway from

Figure 4. Possible mechanism for the transformation from Ni;TeOq to
ordered ilmenite structure type. Views of the Ni;TeO, (left) and
ordered ilmenite (right) structure types along [1-10]. Black arrows
illustrate the motion of metal ions. Colors: Mn green, Fe red, Mo
orange, and O blue.

the Ni;TeOy to the ordered-ilmenite structure. Starting with
the Ni;TeOy structure on the left, in the first step, Mn** and
Fe’ ions move one layer in the ¢ direction. Subsequently,
Mn?" ions move to adjacent empty sites in the same layer to
produce the ordered-ilmenite structure type at the right.
There are several equivalent sets of motions that achieve the
same result, and it is likely that the failure of the material to
achieve a fully ordered ilmenite structure at the temperatures
studied is related to the one-way transition path nucleated at
multiple sites in each grain.

Our results established an unprecedented lattice-strain-
driven large cationic motion and atomic-scale physical
property tuning in a bulk oxide at exceptionally low temper-
ature ranges (150-300°C). A possible cationic switching
reversibility under high pressure is worthy of further explo-
ration at in situ elevated temperature and pressure, to under-
stand the ionic motion cycle and the structure evolution in the
corundum family in the Earth’s mantle. Deep in the Earth,
conditions favor highly ordered LiNbOs-type structures,
which are, however, very rare in the shallow crust compared
with the ilmenite-related minerals.

Experimental Section

See the Supporting Information for Experimental Details: Materials
and Methods; thermal stability; in situ variable-temperature SPXD,
PND, and SHG; XANES; crystallographic data and analyses; and
temperature-dependent magnetic transition temperature evolution.
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