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High-pressure polymorph of LuFe, 04 with room-temperature antiferromagnetic order
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Branded for its potential electronic ferroelectricity, charge-ordered LuFe,O, has a layered Fe triangular
framework, whose topology is a source of degeneracy, both at the charge and spin levels. Here we present an
in-depth characterization of LuFe,O4-hp, the high-pressure (2p) polymorph of LuFe, Oy, using electron, x-ray,
and neutron diffraction, combined with transport and magnetization measurements. We show that LuFe,O4-hp
is characterized by a misfit-related monoclinic structure, accommodating a buckled triangular [Lu], layer and
two shifted adjacent rectangular [Fe]., planes belonging to a distorted rock salt—type layer. The release of the
geometric frustration of the Fe magnetic lattice in the sp form leads to collinear antiferromagnetic ordering at
Ty = 380 K. Possible coexistence of charge and magnetic orders in this material opens research pathways for
the design of tunable multifunctional devices using high-pressure techniques.

DOLI: 10.1103/PhysRevB.91.214111

I. INTRODUCTION

Innovations in high-pressure science have led to the
identification of new physical behaviors, such as high-hardness
coefficients in BgOj_, [1], superconductivity in all groups
of the periodic table, including rare gases and magnetic
metals [2], and optical transparency in light alkali metals such
as sodium [3]. In parallel, a new chemistry has flourished,
in which high-pressure studies have unveiled previously
unknown compounds with unusual atomic coordination and
bonding, such as the polymeric forms of N, or CO, [4,5],
or the y form of the Si;N4 spinel, a new wide band-gap
semiconductor with rare SiNg octahedra [6]. It was recently
shown that LuFe,O4—a potential candidate for ferroelectricity
[7,8], mostly known for its complex Fe®*/Fe’* charge
ordering (CO) below Tco = 330K [9,10],—is transformed
under high pressure into a complex orthorhombic phase
(denoted hereafter LuFe,04-Ohp), which could be charge
ordered at room temperature [11]. The comparison between
the properties of polymorphs is often valuable in determining
the relevant factors controlling the ground state of a system,
in particular when the crystal lattice symmetry implies a high
degree of frustration. Our first study of pressure effects on
LuFe,04 showed that LuFe,04-Ohp is characterized by a
large orthorhombic cell [11], resulting from complex twin-
ning mechanisms, and with modulation phenomena, possibly
related to charge ordering. In [11], however, the broadening
of Bragg peaks owing to the high-pressure experimental
conditions prevented any detailed structural information of this
form. In this article, detailed synchrotron x-ray, electron, and
neutron diffraction studies, combined with density functional
theory (DFT) calculations and transport measurements, have
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been performed on a newly synthesized material, allowing
one to revisit the crystal structure of LuFe,O4-hp. In the
LuFe,O4-hp phase, although the pseudotriangular lattice of
the Lu layer buckles to adapt to the pressure but is preserved,
the more deformable Fe bilayer changes to rectangular.
LuFe,04-hp is antiferromagnetic at room temperature, and
its magnetic ground state bears close resemblance to that of
NaCl-type monoxide FeO [12]. Transport measurements are
not conclusive as to whether, and in which temperature range,
LuFe;04-hp could be charge ordered; mixed valence on the
rock salt lattice of the Fe bilayer, however, provides ground
for further studies on ion transport in this material.

II. EXPERIMENTAL METHODS

LuFe,;04-hp is obtained by irreversible transformation
of LuFe,04 under high-pressure conditions. Synthesis of
LuFe,04-hp was carried out starting from a LuFe,O4 powder
sample prepared according to the procedure described in [13].
The in situ high-pressure synthesis process [14] was followed
by neutron diffraction (up to 12 GPa) on the D20 diffractometer
(ILL, Grenoble, A = 1.36 10\) at ambient temperature (see left
panel of Fig. 4). The sample was loaded in a Paris-Edinburgh
press, equipped with cubic boron nitride (c-BN) anvils and
a Ti-Zr gasket. Pressure was applied using a deuterated 4:1
methanol:ethanol mixture as pressure-transmitting medium.

The LuFe;04-hp sample recovered from the pressure
cell after the pressure release was thereafter used for the
synchrotron x-ray and electron diffraction studies, as well as
for the neutron diffraction versus temperature study the details
of which are given below.

Synchrotron x-ray diffraction was performed on the
CRISTAL beamline (Soleil Synchrotron, Saint-Aubin). The
powder sample was put in a glass capillary tube of 0.3 mm

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.91.214111

F. DAMAY et al.

inner diameter, and rotated during the experiment. The data
were collected at 300 K, using a wavelength A = 0.62070 A.

Electron diffraction (ED) observations were carried out
at room temperature, using a JEOL 200 CX microscope,
equipped with a tilt-rotation sample holder (£60°). High-
resolution electron microscopy was performed with a 2010
FEG microscope. Powder specimens were first crushed in
ethanol in an agate mortar; drops of the suspension were
subsequently deposited onto a holey carbon grid.

Neutron diffraction experiments versus temperature (in the
range 10—730K) were carried out on the D20 diffractometer
with wavelength A = 2.41 A, in a vanadium can. Rietveld
refinements of the powder diffraction data were performed
with programs of the FULLPROF suite [15].

The LuFe;04-hp sample used for transport measurements
was prepared at Laboratoire Magmas et Volcans: a pressed
pellet of LuFe,O4 was placed in a pressure medium consisting
of semisintered Cr-doped MgO, and inserted between eight
tungsten carbide anvils with a 1500-ton press. The compres-
sion ramp lasted 2 h and the sample was kept at 17 GPa for 2 h.
Decompression was achieved in 10 h. Slow decompression
is mandatory in order to avoid anvil failure and sample
loss. Electrical measurements were performed on a 4 mm x
1.1 mm x 1 mm sample of LuFe,O4-hp. The four electrical
contacts located on the boundary of the sample have been
made with silver epoxy, and the resistivity value of the sample
was measured by a standard dc method in the van der Pauw
geometry, taking the average of all current configurations. The
current value through the sample has been carefully selected
to ensure the ohmicity conditions. The sample holder was
placed inside the furnace in a quartz tube, and resistivity
measurements were performed under a vacuum of 2.10~7 bars.
Temperatures of up to 625 K were measured with a platinum
Pt resistor and controlled with a precision better than 0.5 K.

Calculations are based on density functional theory and the
Perdew, Burke, and Ernzerhof [16] generalized gradient ap-
proximation (GGA), as implemented in the VASP code [17,18].
The interactions between ions and electrons were described by
the projector augmented-wave method [19]. The plane-wave
energy cutoff was 650 eV and the Brillouin zone integration
was performed using a 6 x 4 x 2 Monkhorst-Pack mesh [20].
To properly describe the strong electron correlations in iron,
the GGA plus on-site repulsion U method (GGA + U), as
formulated by Dudarev et al. [21], was used with an effective
Ut 0f 4.61 eV. Calculations are spin polarized and performed
using a 1 x 2 x 2 supercell to take into account the antiferro-
magnetic order found experimentally. This supercell is fully
relaxed until the maximum residual forces on each atom and
pressure are less than 0.003 eV A” and 0.04 GPa, respectively.
Pressure-dependent volume calculated at four pressure values
(£0.5 GPa and 1.0 GPa) were required to derivate the bulk
modulus B from the fitof the B = —Vd P /dV equation, where
V is the cell volume.

III. RESULTS

A. Room-temperature structure of LuFe,O4-hp

The room-temperature (RT) and ambient-pressure C2/m
crystal structure of LuFe,O4 is characterized by a stacking
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of [Fe,04] bilayers and Cdlp-type [LuO;] layers. The
Fe lattice is equivalent to a buckled honeycomb network,
also called “W” bilayers [22]. The coordination of Fe inside
this bilayer is fivefold (4 + 1) and commonly described
as an irregular trigonal bipyramid, with four similar Fe-O
distances and a longer one between the Fe planes. It is an
example of a lesser common coordination within the vast
number of known iron oxides, which tend usually to favor
tetrahedral (fourfold) or octahedral (sixfold) environments,
like in perovskite- or spinel-related structures. Other examples
of fivefold coordination can be found for instance in the
Sr4FecO13_s ferrite system [23], in which the Fe cations adopt
four different coordination environments, namely, tetragonal
pyramid, monocapped tetrahedron, trigonal bipyramid, or
octahedron [24].

At ambient temperature and pressure, all the Bragg peaks
of the synchrotron x-ray diffraction patterns of LuFe,O4-hp
can be indexed using a monoclinic Pm cell, with parame-
tersa = 5.8045(3) A, b = 3.2902(2) A, ¢ = 8.3325(2) A, B =
100.27(6)° [Fig. 1(a)]. The reconstruction of the reciprocal
space from the electron diffraction (ED) patterns confirms
these subcell parameters; the absence of condition of reflection
is also consistent with the Pm space group [Fig. 1(b)].
In the [001] ED pattern [Fig. 1(b), middle panel], within
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FIG. 1. (Color online) (a)Rietveld refinement profile of the x-ray
synchrotron diffraction pattern of the Pm cell of LuFe,O4-Ap at 300 K
(experimental data: open circles; calculated profile: continuous line;
allowed Bragg reflections: vertical marks. The difference between
the experimental and calculated profiles is displayed at the bottom
of the graph). Stars indicate Bragg intensity resulting from the
displacement along ¢ of the Lu positions. The second row of
vertical marks corresponds to untransformed LuFe,O4 [14]. (b) [010],
[001], and [100] electron diffraction patterns of LuFe,O4-hp. The
circled reflections on the [001] pattern highlight the link with the
hexagonal-like LuFe, O, phase. The 0021 satellite (using four indices
hklm with m = 1/4b* 4 1/2¢*) is shown on the [100] pattern.

214111-2



HIGH-PRESSURE POLYMORPH OF LuFe,O4 WITH ...

the rectangular pattern of the Pm reflections, the circled
reflections highlight a pseudohexagonal system, reminiscent
of the LuFe, Oy structure. In addition to the intense reflections
of the Pm subcell, weak reflections are also observed in
the [100] ED pattern [Fig. 1(b), right panel]. They involve a
commensurate modulated structure with a propagation vector
1/4b* 4 1/2c¢*, which will be discussed further on.

The high-pressure synthesis process leads to residual
structural strains in LuFe,O4-hp, with noticeable anisotropic
broadening of the Bragg peaks on the synchrotron x-ray data
[Fig. 1(a)]. A search for a structural model was carried out
in the Pm cell, focusing first on Lu and Fe atoms, which
have the largest x-ray scattering factors. In the Pm cell,
there are two Lu sites [la in (x0z) and 1b in (x % z)] and
four Fe sites (two in la and two in 1b). Attempts were
first based on small shifts (either in-plane or out-of-plane)
of the Lu and Fe atoms with respect to their positions in the
LuFe, Oy structure, keeping its overall stacked topology, with
slightly distorted or corrugated triangular [Lu],, or [Fe;]oo
layers. Not being able to capture the important features of the
x-ray pattern, and bearing in mind the recent evidence for the
unusual structural flexibility of the iron bilayer with respect
to oxygen intercalation [25], a more complicated modeling,
involving changes in the topology of the [Fe], layer, was
then attempted. The best refinement is illustrated in Fig. 1(a),
with the corresponding cationic framework in Fig. 2(b). The
resulting structural model shows that the overall stacking of
one [Lu]s and two [Fe],, layers along c is not modified.
The Bragg scattering intensity observed for the (—101) and
(—102) reflections [stars on Fig. 1(a)] results from the fact that
the triangular [Lu]., layer is not planar anymore but strongly
corrugated [with Lu atoms in z = 0 and z = 0.138(1)]. This
is further confirmed by high-resolution electron microscopy,
as shown by comparing the [010] images of LuFe,O, [upper
part of Fig. 2(a)] and LuFe,O4-hp [upper part of Fig. 2(b)],
images recorded for focus values for which the heavy cations
appear as brighter zones. The white dots corresponding to
the projection of Lu positions are aligned in Fig. 2(a), but
zigzag in Fig. 2(b); in both cases, they perfectly match the
calculated positions. Pressure leads therefore to a buckling of
the triangular [Lu]. layers, a result that can be understood
considering that they are close packed, and therefore quite
stable structurally: in PtO,, the CdI,-type layers are stable
up to 4GPa at 1500 °C [26]. Similar buckled layers are
also found in the metastable form of LuFeO; [27,28], and in
HgBr;, [29].

On the other hand, refinement results of both the x-ray
and neutron diffraction data show a major reconstruction of
the iron bilayer, involving a change in the topology of the Fe
plane from triangular to rectangular [lower parts of Figs. 2(a)
and 2(b)]. The Fe-Fe distances extracted from the refinement
of the synchrotron x-ray data [Fig. 2(b)] are only qualitative,
because of the inherent structural strains and the constraints
on oxygen positions. They clearly reflect, nonetheless, the
rectangular character of the Fe lattice, with a longer Fe-Fe
distance along b, of ~3.29 /0%, and shorter Fe-Fe distances
along a, ranging between ~2.75 and ~3.05 A, therefore
considerably shorter than the ~3.44 A average of the Fe-
Fe distances observed in the triangular plane of LuFe,04
[Fig. 2(a)] (see also Tables I and II). The stacking of two
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FIG. 2. (Color online) (Top) [010] HREM images; the brighter
contrast is associated with the positions of the Lu atoms, zones
of higher electron density: the calculated Lu positions in the
C2/m [LuFe,0y, (a)] and Pm [LuFe,04-hp, (b)] forms are super-
imposed. In the [010] projections of the crystal structures, Lu atoms
are in blue, and Fe atoms in orange and green to differentiate the top
and bottom planes of the bilayer. This color code is kept throughout.
(Bottom) High-pressure transformation of the initial triangular array
of Fe ions (a) to a rectangular one (b), leading to a NaCl-type structure
and to an increase (3 — 4) of the in-plane oxygen coordination of Fe.
The orange and green arrows schematize the displacements of the iron
atoms during the transformation. (c) Structural relationships between
the cells of LuFe,O4-hp and LuFe,O; — Ohp [11], following
twinning and nanotwining mechanisms (see text), illustrated through
the [010] ED patterns. The light blue spots in the upper panel are
associated with the reflections of the calculated electron diffraction
pattern of the monoclinic Pm cell (blue dashed lines) of LuFe,O4-Ap.
The system of reflections and the cell resulting from the formation of
twins (mirror parallel to the layer plane) and slips are in red (middle
panel).

staggered rectangular Fe planes leads to out-of-plane Fe-Fe
distances between ~3.00 and ~3.18 A, for an average of about
3.09 A, which can be compared with a longer 3.16 A distance
in the original phase (Tables I and II).
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TABLE 1. Structural characterization of LuFe,O4-hp at 300 K
(from Rietveld refinement of high-resolution synchrotron x-ray
powder data). Atoms are on the Wyckoft positions la(x,0,z) and
lb(x,%,z). The positions of the heavy atomic species Lu and Fe
have been determined from synchrotron x-ray data; the positions of
oxygen atoms (in italic) have been computed from DFT calculations.
Estimated standard deviations were obtained from the Rietveld
refinement [15].

Temperature 300 K

Space group Pm (No. 6)

Cell parameters

a(A) 5.8045(3)

b (&) 3.2902(2)

¢ (A) 8.3325(2)

B 100.27(6)

Cell volume V(AY) 156.59(2)

Lu(1) (0, 0, 0)

Lu(2) [0.548(1), 0.5, 0.138(1)]
Fe(1) [-0.121(4), 0, 0.435(5)]
Fe(2) [0.353(8), 0, 0.431(4)]
Fe(3) (0.211(8), 0.5, 0.711(5)]
Fe(4) [0.687(4), 0.5, 0.685(5)]
o(1) (-0.0614, 0, 0.6857)
0(2) (0.4638, 0, 0.6691)
0(3) (0.8189, 0, 0.1940)
0(4) (0.3346, 0, 0.1973)
o(5) (0.6297, 0.5, 0.4387)
0(6) (0.1540, 0.5, 0.4546)
o(7) (0.7618, 0.5, —0.0767)
0(8) (0.2499, 0.5, —0.0652)
Bragg R factor (%) 8.94

X 5.54

Refining the oxygen positions in LuFe,O4-hp is challeng-
ing, considering the eight oxygen sites and the broadening
of the Bragg reflections in the diffraction patterns. Simple
rectangular oxygen layers seem to be a reasonable hypothesis:
the stacking of two shifted [FeO]., planes would form one
rock salt-type (RS) layer, leading to an irregular octahedral
environment for the Fe atoms and to a sevenfold coordination
for Lu akin to the Lu coordination in hexagonal LuFeOs;
[27]. Keeping Lu-O and Fe-O distances within the range of
those found for hexagonal LuFeOs, this simple structural
model gives a good match to the diffraction data. It is also
strongly supported by density functional theory calculations.
The latter lead to relaxed lattice parameters, a = 5.935 A,
b=3.250A, c =8.519A, and = 100.53°, that are 1% —
—2% larger than the experimental ones, as usual in GGA.
Moreover, the calculated bulk modulus value is 153 GPa, in
good agreement with the experimental value B = 170(6) GPa,
which was derived from x-ray diffraction experiments under
high pressure [14], supporting the validity of the calculated
structure. Density functional theory calculations also lead to
buckled [Lu]., planes and to an octahedral environment on
the four Fe sites (the oxygen positions as determined by DFT
are presented in Table I), compressed along the apical bonds
and with Fe slightly off-centered (see Table II). It is more
realistic, however, to consider that the “true” oxygen network
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TABLE 1I. Selected interatomic distances in LuFe,O4-hp at
300 K [from Rietveld refinement of high-resolution synchrotron x-ray
powder data and DFT calculations (in italic)]. Estimated standard
deviations were obtained from the Rietveld refinement [15].

Distances (A)
Lu(1)-Lu(1)/Lu(2)-Lu(2) 3.2902(2)
Lu(1)-Lu(2) 3.464(6)
3.584(5)
Fe-Fe (in plane)
Along a 2.76(3)
2.81(3)
3.01(3)
3.04(3)
Along b 3.2902(2)
Fe-Fe (out-of-plane) 3.02(4)
3.08(4)
3.09(4)
3.18(4)
Fe(1)-O(1) 2.09
Fe(1)-O(3) 1.95
Fe(1)-0(6) (x2) 2.20
Fe(1)-O(5) (x2) 2.28

is more complex, with a likely distribution of Fe-O distances
on the different Fe sites, a problem that is beyond the power
of powder diffraction.

The layered structure of LuFe,O4-hp described here can
be compared with the misfit crystal structures of cobaltites
[30-32], or chalcogenides [33], sometimes synthesized under
high pressure [34]. The oxides belonging to this structural
family result from the intergrowth of triangular CdI,- and
rectangular RS-type layers (occupied by Co or Cr and alkaline
earth, post-transition metals or lanthanides, respectively) and
are characterized by strong structural modulations, owing to
the discrepancy between the periodicities of the two subsys-
tems. The difference between LuFe,O4-hp and the cobaltites
lies in the fact that the transition metal (Fe) is located in the
distorted [FeO], RS bilayer and the rare earth (Lu) in a buckled
CdI,-like layer. In addition, to accommodate the discrepancy
between the two sublattices, the two layers are rotated by
about 45° with respect to what is observed in cobaltites.
The main originality of LuFe,O4-hp is that, as a result,
this adaptability mechanism leads to a commensurate match
between the Lu triangular and Fe rectangular layers, in contrast
with what is generally observed in misfit oxides. Note that
the existence, mentioned earlier, of an additional propagation
vector 1/4b* 4+ 1/2¢* in LuFe,04-hp, could originate from
charge ordering, as in LuFe, Oy, but could also be linked with a
structural modulation originating from the misfitlike character,
as such modulations are commonly observed to accommodate
two subsystems with different periodicities [33].

B. Relationship with the orthorhombic supercell
of LuFe,04-Ohp

In LuFe,04-Ohp, the bop,(~17.5A) and copp(~32.8 A)
cell parameters are multiplied by 5 and 4, respectively, with
respect to those of LuFe,O4-hp [11]. The quadrupling of
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the ¢y, parameter (cop, A 4cjp) can be explained considering
twinning and nanotwinning mechanisms associated with plane
slips to release strains. The different steps involved are
illustrated in Fig. 2(c). The upper panel of Fig. 2(c) shows part
of the [010] ED pattern of the LuFe,O4-Ap cell, with [4 0—1]*
perpendicular to c¢*. In the middle panel is schematized local
twinning with regards to this direction in the [010] plane, while
the lower panel shows the result of nanotwinning, leading to an
angle close to 90° and to a quadrupling of the ¢ parameter, that
is, to the B-centered orthorhombiclike cell of LuFe,O4-Ohp,
with agy, ~ 5.8 A ~ a;, and con, ~ 32 A & 4cy,,.

C. Room-temperature magnetic structure of LuFe,O4-hp

Magnetic Bragg peaks are seen in the 300 K neutron
diffraction pattern of LuFe,O4-hp, and are characteristic
of long-range magnetic ordering [Fig. 3(a)]. These peaks
can be indexed with the commensurate propagation vector,
k = (0%%) [Fig. 3(b)]. From the temperature evolution in
the 10-380 K range of the integrated magnetic scattering

PHYSICAL REVIEW B 91, 214111 (2015)

intensity on the (000) + k peak, the Néel temperature Ty
can be estimated to be around 380 K [Fig. 3(a) and inset].
This value of Ty is confirmed by magnetization measure-
ments (not shown). Symmetry analysis performed on the
Pm space group, for the la and 1b Fe sites and the k =
© % %) propagation vector, shows a constraint on the moment
direction, which can be either along b or in the ac plane.
Accordingly, the best agreement with the data [Fig. 3(b)]
corresponds to Fe moments perpendicular to the ab plane
and forming ferromagnetic chains along a, these chains being
antiparallel along b [Fig. 3(c), lower part]. At the bilayer
level, this magnetic configuration is similar to that of RS-type
iron monoxide FeO, whose reported antiferromagnetic spin
structure (Ty ~ 200K [12,35]) consists of (111)cypic planes of
ferromagnetic spins [identified by red surfaces on Fig. 3(c)],
with an antiferromagnetic coupling between adjacent planes.
The bilayers stacking is antiferromagnetic along ¢ [upper part
of Fig. 3(c)]. The value of the ordered moment at 310 K
is ~4.8(4) ug, which would agree with a 1:1 ratio of Fe?*
and Fe** species in their high-spin (HS) states. This result
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FIG. 3. (Color online) (a) Neutron diffraction patterns of LuFe,O4-Ap in the 310-380 K range. Inset: evolution of the normalized magnetic
moment (with respect to the 10 K value) with temperature. (b) Observed (red circles), calculated (solid line), and difference (bottom line)
magnetic intensity profile of LuFe,O4-hp (gray areas correspond to artifacts at crystal Bragg peaks positions). (c) Perspective view of the
LuFe,O,4-hp antiferromagnetic structure and projection of a single RS layer in the ab plane, showing the comparison with the FeO magnetic
order (red dotted line), corresponding to ferromagnetic (111)cypic planes (outlined in red) coupled antiferromagnetically.
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FIG. 4. (Color online) (From left to right) Evolution with pressure (at RT), increasing temperature (from RT to 730 K, in vacuum), and
decreasing temperature (from 730 K back to RT, in vacuum) of the neutron diffraction patterns, showing the structural phase transition
LuFe,0, — LuFe,04-hp around 8 GPa, and its reversibility (LuFe,04-hp — LuFe,0y, starting around 520 K in vacuum). Arrows in orange
(purple) indicate the pressure or temperature range in which LuFe,O,(LuFe,04-hp) is identified on the diffraction patterns. The dotted red
line marks the antiferromagnetic transition temperature of LuFe,O4-hp, and the red letter m the position in Q of the corresponding main

antiferromagnetic Bragg peak.

would agree with the fact that HS to low-spin (LS) transitions
are generally observed at much higher pressures [36,37], but
Mossbauer experiments would be needed at this point to further
investigate the Fe atoms’ local environments and spin state.

D. Reversibility of the LuFe,04-hp — LuFe,0y, transition
at high temperature

The pressure-induced structural transition, around 8 GPa,
from as-synthesized LuFe,O4 to LuFe,O4-hp, followed by
neutron diffraction at 300 K, is illustrated in the left panel of
Fig. 4. The middle panel of Fig. 4 shows the evolution with
increasing temperature of the LuFe,O4-hp phase between 300
and 730 K. LuFe,O4-hp is stable up to ~400 K, the tempera-
ture at which weak intensities corresponding to the LuFe;O4
phase are observed in the neutron diffraction patterns. The
LuFe,04-hp — LuFe,0, transformation accelerates between
520 and 550 K, and from 550 up to 730 K, only single-
phase LuFe,0Oy4 is observed in the neutron diffractograms.
In the right panel of Fig. 4, which shows the evolution of
diffractograms with decreasing temperature from 730 to 300 K,
no additional structural changes are observed down to RT. This
confirms that LuFe,O4-Ap is a metastable structural form at
ambient pressure, which transforms back to LuFe,O, after
mild temperature treatment above 400 K.

E. Transport properties of LuFe,O4-hp versus temperature

Transport p(7) measurements were performed to get
further insight on a possible CO state in the LuFe,O4-hp
phase (Fig. 5). In LuFe,04, Tco ~ 330K can be easily
identified on the p(T~!) curve, as it is accompanied by
a change in the conductivity regime (gray dots in Fig. 5).
For LuFe,04-hp (purple dots), whose resistivity at 300 K is
an order of magnitude larger than as-synthesized LuFe;Oy,
a steady decrease of resistivity is observed as temperature
increases (purple arrow 1), with a 20% drop around 410 K,

possibly linked with the antiferromagnetic ordering transition.
There is no noticeable change in the conduction regime at Ty
or above and the activation energy estimated from a simple
Arrhenius law leads to 430 meV in both the paramagnetic and
antiferromagnetic states. The resistivity jump around 530 K
(dotted red arrow) corresponds to the phase transition back
to the LuFe,04-type structure, as supported by the neutron
diffraction data (Fig. 4, middle panel).

Temperature (K)
400 300

p (Q.cm)

.

decreasing T after transformation (2):

10° £ .

A increalsing T(3) i
0.0015 0.0020 0.0025 0.0030 0.0035
T (K"

FIG. 5. (Color online) Temperature evolution of the resistivity
p of the LuFe,04-hp sample heated in vacuum (P = 2.1077 bars)
up to 565 K (1, full purple circles), then cooled down to RT after
transformation into LuFe, O, (2, full orange circles), and heated up
again to demonstrate reproducibility (3, hollow orange triangles).
p(T) of the as-synthesized LuFe,0, is also shown (hollow gray
circles) for comparison purposes. Inset: [001] bright-field image of
LuFezO4-hp.
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After the structural transition (orange curves) to LuFe, Oy,
the p(T~!) evolution bears close resemblance to that of
as-synthesized LuFe,04. The two activation energy regimes
that can be identified, as in as-synthesized LuFe,O,, are
therefore likely related to the occurrence of charge ordering.
The transport properties are reproducible in this temperature
range, as can be seen from the comparison between the data
measured with increasing (orange arrow labeled 2 and cor-
responding orange dots) or decreasing (orange arrow labeled
3 and corresponding orange hollow triangles) temperature.
Interestingly, the charge-ordering temperature is higher in
the LuFe, 04 compound resulting from the transformation of
the —hp phase, around Tco ~ 380K, than in as-synthesized
LuFe,04 (Tco ~ 330K). In contrast, the activation energies
in the two conductivity regimes, either above or below
Tco, are close in both samples (whether as-synthesized or
resulting from the transformation of the —hp phase). The
difference by an order of magnitude of the resistivity at 300 K
between the two LuFe, 04 samples of Fig. 5 is likely related
with the degraded microstructural state of the LuFe,O4-hp,
which is retained after transformation into LuFe,O, despite
the temperature treatment. This is illustrated by the uneven
contrast observed in the bright-field images of the crystallites
viewed along [001] in the inset of Fig. 5.

IV. DISCUSSION

Under specific conditions, such as thin-film deposition on
chosen substrates [38] or high pressure [39], polymorphic
mechanisms have been observed in hexagonal manganites
RMnOs;, which are characterized by a single layer of MnOs
trigonal bipyramids. In LuMnOj3, for instance, the hexagonal
to orthorhombic phase transformation involves a significant
motion of the O atoms within the ab plane. Hexagonal ferrites
can be stabilized on specific substrates also [40], but examples
illustrating the effect of pressure on the coordination of FeOs
bipyramids are rarely found in the literature. Although not an
oxide, Znln,S4 [41] is worth mentioning, as it has the same
structure as LuFe,Oy. Its high-pressure form is a cubic spinel,
in which there is an increase of the coordination of In atoms,
from 5 in the W layer, to 6 in the octahedral sites of the spinel.
On the other hand, the coordination of the Zn atoms changes
from 5 in the W layer to 4 in the spinel (tetrahedral sites).

Structurally, the effects induced by pressure on the LuFe,;Oy4
framework are rather unique, as they combine two different
responses to an external stress : the original Cdl, layer is
preserved, albeit buckled, whereas the W bilayer undergoes
a profound restructuration to form a rectangular bilayer. The
decrease of the cell parameters of LuFe,O4-hp with respect
to LuFe,04 is particularly pronounced along b, which is
shortened by more than 4%. The variation of the cell volume
is of about —9%, in agreement with the values reported for
other examples of high-pressure structural transformations
[42,43]. The coexistence of both polymorphs during the
high-pressure synthesis process, the discontinuity of the cell
parameters and volumes, and metastability are all indicative
of a first-order transition. The breakage of primary interatomic
bonds and changes in atomic coordinations further indicates
a transition of the reconstructive type, following Buerger’s
classification of structural phase transitions [44]. It results
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in an original phase, belonging to the misfitlike structures,
built from rotated rectangular RS and triangular Cdl,-like
layers. A thorough understanding of the actual reconstructive
transformation pathways [45,46] is beyond the scope of this
article.

Unlike LuFe,0,4 [47], there is no obvious sign of two-
dimensional magnetism in LuFe,O4-hp. In fact, in view of the
complexity of the magnetic ground state reported for LuFe,O4
[48,49], the magnetic properties of LuFe,O4-hp are arresting.
There is no particular broadening of the magnetic peaks, as
would be expected in case of short-range correlations, nor
an increasing broadening of the peaks with the scattering
angle, as can be seen in LuFe,Qy itself [48], and which is
attributed to magnetic stacking disorder along c. Moreover, the
increase of Ty inthe —hp phase (Ty = 250 Kin LuFe,0y) also
underlines an increase of the magnetic exchange constants,
possibly linked with the loss of the two-dimensional magnetic
character of LuFe,O4 in the hp phase, and/or with larger
exchange constants within the bilayers, through an increase
of the Fe d,,_,, and O p orbitals’ hybridization in the
high-pressure form. The fact that the iron spin keeps an
axial anisotropy perpendicular to the basal plane despite the
change in its environment is an interesting characteristic of
the phase, with potential consequences on its magnetostriction
properties.

LuFe,O4 is presently at the center of a controversy
concerning its ferroelectric properties [50] and the alleged
role of charge ordering, and the question arises as to whether
LuFe,04-hp can exhibit either. In LuFe,O4, the most con-
clusive evidences of CO were a change of slope in the
p(T) curve and superstructures reflections below T¢p on ED
patterns. It is difficult to ascertain the existence of CO based
on the resistivity measurements of LuFe,O4-hp performed in
this work, but electron diffraction on the other hand clearly
shows complex structural modulations in the hp phase, with
a propagation vector 1/4b* 4+ 1/2c¢* reminiscent of the extra
reflections associated with CO in LuFe,Oy4 (involving modu-
lation vectors within the bc plane of the monoclinic structure
[13]). Moreover, DFT calculations actually yield a magnetic
structure similar to the one determined experimentally, with
an additional modulation of the ordered moment amplitude,
depending on the Fe valence (this modulation does not improve
the refinement of the neutron diffraction data significantly and
was therefore not implemented in the latter): The CO derived
from these calculations would correspond to alternating stripes
of Fe** and Fe?* parallel to b. The presence of four different Fe
sites in the Pm cell of LuFe,04-hp can actually accommodate
this type of CO without any additional superstructure, and the
link between the modulation vector determined by electron
diffraction and a CO state remains therefore uncertain. Demon-
strating the existence of CO in LuFe,O4-hp will therefore
require further studies, with the motivating possibility of a
new misfit structure with room-temperature coexistence of
charge and antiferromagnetic orders. In addition, alongside
the recent observation of remarkable oxygen intercalation
properties in LuFe,O,4 [25], the existence in LuFe,O4-hp
of mixed-valence [FeO]zRS layers, similar to those found in
ion conductor SrsFecOi3_s [23], extends the potential of
this compound towards mixed ion conductivity or oxygen
permeability applications.
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V. CONCLUSION

A crystal structure is proposed for the high-pressure
polymorph of LuFe,Oy4, based on extensive synchrotron x-ray,
neutron, and electron diffraction experiments. LuFe,O4-hp
exhibits a monoclinic crystal structure, with a stacking of
buckled triangular [Lu],, and rectangular [Fe], layers, akin
to misfit structures. Antiferromagnetic ordering, character-
ized by ferromagnetic chains coupled antiferromagnetically,
occurs below 380 K. Unlike LuFe,04, no conclusive sign
of charge ordering can be inferred from the transport
properties versus temperature, although DFT calculations
indicate that a CO phase could be stable. LuFe,04-hp is

PHYSICAL REVIEW B 91, 214111 (2015)

metastable at ambient pressure and reverts to LuFe,O,4 around
530 K.
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