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The interaction of coexisting structural instabilities in multiferroic materials gives rise to intriguing
coupling phenomena and extraordinarily rich phase diagrams, both in bulk materials and strained thin
films. Here we investigate the multiferroic BiMnO3 with its peculiar 6s2 electrons and four interacting
mechanisms: electric polarity, octahedra tilts, magnetism, and cooperative Jahn-Teller distortion. We have
probed structural transitions under high pressure by synchrotron x-ray diffraction and Raman spectroscopy
up to 60 GPa. We show that BiMnO3 displays under pressure a rich sequence of five phases with a great
variety of structures and properties, including a metallic phase above 53 GPa and, between 37 and 53 GPa,
a strongly elongated monoclinic phase that allows ferroelectricity, which contradicts the traditional
expectation that ferroelectricity vanishes under pressure. Between 7 and 37 GPa, the Pnma structure
remains remarkably stable but shows a reduction of the Jahn-Teller distortion in a way that differs from the
behavior observed in the archetypal orthorhombic Jahn-Teller distorted perovskite LaMnO3.
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Functional properties of ABO3 perovskites are intimately
linked to their structural distortions away from the ideal
cubic perovskite, which can be schematically decomposed
into rotations (tilts) of BO6 octahedra, (anti)polar cation
shifts and distortions of octahedra, typically induced by a
cooperative Jahn-Teller effect and orbital ordering [1–3]. A
perovskite at given external conditions may exhibit one or a
combination of these distortions. Their respective stability,
their evolution and coupling as a function of temperature,
pressure or chemical substitution give rise to a large variety
of crystal structures and an equally rich variety of physical
properties [1]. The family of bismuth-based perovskites
displays a particularly remarkable diversity of structures
[4], and the peculiar chemistry related to the 6s2 lone pair
electrons of the Bi3þ and the associated polar properties are
of great interest in the search for new lead-free piezo-
electrics [5,6]. The by far most studied is the multiferroic
bismuth ferrite BiFeO3 (BFO), which presents at 300 K a
combination of strong octahedra tilts, strong ferroelectricity
and canted antiferromagnetism [7]. The interplay between
these instabilities gives rise to a rich and not fully under-
stood P–T phase diagram [7,8] with six phase transitions
between 0 and 60 GPa at room temperature, including a
noncubic metallic phase above 48 GPa and unusually large
unit cells at lower pressures. This complexity, as well as the
richness of strain-induced phases in BFO thin films [9], has
motivated numerous studies of Bi-based perovskites.
Here, we are interested in understanding bismuth man-

ganite, BiMnO3 (BMO). Although under focus for some

time as a potential multiferroic, BMO has been less studied
experimentally, mainly because of its more demanding
synthesis conditions. Its structural complexity combines the
peculiar 6s2 electrons and four interacting mechanisms:
electric polarity, octahedra tilts, magnetism and cooperative
Jahn-Teller distortion associated with the Mn3þ cation.
Ferroelectricity in BMO has been a controversial issue over
the past few years. The ferroelectric structure originally
proposed for bulk polycrystalline BMO was contradicted
by subsequent studies (Refs. [4,10] and references therein).
On the other hand, ferroelectricity has been reported in thin
films [11,12] while ab initio calculations have found no
trend for ferroelectricity under epitaxial strain [13]. Here,
our complementary use of Raman scattering and synchro-
tron x-ray diffraction (XRD) on both powder and single
crystal shows that BMO exhibits above 37 GPa a polar
monoclinic phase with an unprecedented giant elongation
for a perovskite under high-pressure. Also remarkable in
the pressure evolution of BMO are the reduction of the
Jahn-Teller distortion, which occurs through a different
process than the model system LaMnO3, and an insulator-
to-metal (IM) phase transition at 53 GPa.
BiMnO3 powder and single crystals were synthesized at

high pressure–high temperature using the flux method in a
belt-type apparatus as described before [14]. All diffraction
and Raman scattering experiments were performed at room
temperature in diamond-anvil cells, with helium as pressure
transmitting medium. This is crucial to minimize non-
hydrostatic stresses as they are known to potentially modify
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phase sequences in perovskites with multiple instabilities
[15]. X-ray diffraction experiments were performed on the
ID09 A beam line at the ESRF (λ ¼ 0.4144 Å, beam size
≈ 20 μm). Unpolarized Raman spectra were recorded on a
Jobin-Yvon Labram spectrometer with a low-frequency
cutoff at 100 cm−1 and an exciting laser line at 633 nm.
We have verified that all phase transitions are reversible.
In the following we sequentially discuss the different

parts of the pressure evolution which we divide into four
parts: a low-pressure regime from ambient pressure to
6 GPa, the wide midpressure range from 6 to 37 GPa, the
first high-pressure regime from 37 to 53 GPa, and a final
regime above 53 GPa. The sequence of five phases is
summarized in Fig. 1, where we show the evolution of the
lattice parameters (a) and volume per formula unit V=Z
(b) with pressure. Discontinuities in the volume evolution
show that all transitions are first order. Note that such a rich
sequence of multiple phase transitions is unusual and only
the similar Bi-perovskite BFO presents six phase transi-
tions, while the vast majority of perovskites investigated so
far presents none (CaTiO3 [16]), one (SrTiO3 [17], RMnO3

[18,19]) or two phase transitions (PbTiO3 [20]).

In the low-pressure regime, both Raman spectroscopy
and XRD reveal two phase transitions at 1 and 6 GPa (see
Supplemental Material [21]). In agreement with literature
data [22,23], we confirm the phase sequence C2=c → P21=
c → Pnma. Both the C2=c and P21=c monoclinic struc-
tures have Z ¼ 8 and unit cell axes a ≈ ac
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and β ≈ 110° (with ac ¼ equivalent cubic
perovskite lattice parameter). The first transition is marked
by the loss of the C-centering of the cell and the swapping
of the a and b lattice parameters revealing a rearrangement
in the (a, b) plane. Unfortunately, twinning of the single
crystal made a full structural refinement impossible.
Interestingly, no phase coexistence is observed in the single
crystal experiment. In contrast, the transitions in the powder
are characterized by large regions of phase coexistence
(first transition: between 1 and 4 GPa; second transition:
between 5.7 and 7.7 GPa). This suggests that the wide
phase coexistence observed here and in previous experi-
ments [22,23] is not of intrinsic origin but likely originates
only from stress between grains, which in turn underlines
the importance of single crystal experiments.
The midpressure regime is characterized by the ortho-

rhombic Pnma structure which remains stable between 6
and 37 GPa. This evolution is particularly interesting as an
example of a Jahn-Teller (JT) distorted orthorhombic Pnma
perovskite over a large pressure range. Generally speaking,
experimental and theoretical studies of JT systems
[18,19,24–28], confirm the intuition that the JT is reduced
under pressure, but the details of this evolution and its
potential total suppression have been debated [24,25,28].
In the model compound LaMnO3 in particular, it was first
claimed that the JT was completely suppressed above
18 GPa [18] before further measurements by Raman and
x-ray absorption spectroscopy suggested a persistence of
the JT distortion up to the highest pressure preceding the IM
transition at 34 GPa [24,25].
Attempts at refining the crystal structure from the

powder diffraction pattern at low pressure (≈10 GPa)
confirmed that BMO shows distortions typical of orbital
ordering [22,23] but did not enable us to extract reliable
evolutions of the oxygen positions over a large enough
pressure range. On the other hand, an analysis of sponta-
neous strains defined with respect to a cubic perovskite
with lattice constant a0 ¼ ðV=ZÞ1=3 can be done from the
knowledge of the lattice parameters alone and gives
information on the evolution of JT distortion. Following
previous studies [3,29], the relevant quantities are the shear
strain e4 and tetragonal strain et (see Supplemental Material
[21]). Strains can in principle reflect the evolution of both
tilt angles and cooperative JT. However, similarly to BFO,
where strain in the Pnma phase is due to tilts alone and
shows virtually no pressure dependence [8], the tilt angles
in BMO can be expected to vary little with pressure, so that
the evolution of strains essentially reflects rearrangements
of the orbital ordering. The absence of anomaly between 6

(a)

(b) (c)

FIG. 1 (color online). (a) Lattice parameters, (b) volume and (c)
spontaneous strains as a function of pressure (single crystal data).
The hatched regions show phase coexistence. The powder data
(not shown), follow the same evolution, albeit with much broader
coexistence regions for all transitions. Since the structure above
53 GPa could not be determined with certainty, we estimated the
volume by a Lebail fit of the integrated single crystal pattern with
a triclinic cell (see values in the Supplemental Material [21]).
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and 37 GPa excludes a Pnma ðtiltþ JTÞ → Pnma (tilt
only) transition. The general decrease of the total strain
indicates that the distortion is strongly reduced, but we
cannot ascertain whether it can be considered completely
suppressed at 37 GPa. We note however that at this pressure
we have e4 < 0 (i.e., c > a), which is characteristic of
perovskites with low tilt angles (resp. a tolerance factor
close to 1), a shear distortion of BO6 octahedra and a
coordination mismatch at the A site that is known to drive
the system to a first-order transition upon substitution with
larger A cations, or an increase in temperature or hydro-
static pressure [30–32].
The evolution of the Raman spectrum in the Pnma phase

is shown in Fig. 2(a), and can be used to follow the
evolution of the MnO6 octahedra on a local scale, as it has
been done on LaMnO3 and related compounds [18,24,34].
This requires an assignment of the Raman modes in BMO,
which can be done by comparison with previous work on
Pnma rare-earth manganites RMnO3 [33]. For this, we
compare in Fig. 2(b) the Raman modes in orthorhombic
BMO at high pressure with those of RMnO3 at ambient
conditions by plotting the positions of the Raman bands as
a function of V=Z. The remarkable overlap shows that the
mode assignment can safely be transferred from RMnO3

to BMO. We note in particular the nonlinear behavior of
the Agð7Þ and Agð2Þ modes, which can be accounted for
by mode coupling, like in the RMnO3 series [33]. The tilt
modes Agð2Þ and Agð4Þ can be identified as well, and their
relatively weak volume dependence supports a limited

evolution of the tilt angles under pressure. The modes in
the 450–750 cm−1 range labelled ν1;2;3 are associated to
breathing of the MnO6 octahedra and are relevant for a
discussion of the JT distortion. ν3 can be assigned to
B2gð1Þ; the assignment of ν1 and ν2 is more delicate since
they might contain several overlapping bands (bending and
antisymmetric stretching modes) that we cannot disentan-
gle here. ν1 and ν3 show a linear volume dependence and
their widths decrease slightly before increasing [Fig. 2(c)].
ν2 on the other hand shows a nonlinear behavior and a very
pronounced broadening. This overall signature is signifi-
cantly different from previous observations on LaMnO3,
where the main feature was reported to be the splitting of
the high-frequency breathing B2gð1Þmode into two distinct
peaks with a gradual intensity transfer from one to the
other. This feature was then interpreted as the signature of
a coexistence of distorted and undistorted (or less distorted)
octahedra [24,34]. Here, we conclude that the reduction of
the JT distortion proceeds through a continuous displacive-
like process in BMO and does not show the coexistence of
different MnO6 octahedra proposed for LaMnO3.
Between 37 and 39 GPa we observe a further phase

transition revealed by the emergence of new peaks in the
Raman spectrum [Fig. 2(a)], and a very clear change in the
diffraction pattern (Fig. 3). Already qualitatively, we note in
Fig. 3 a strikingly large splitting of the diffraction peaks,
providing evidence for the sudden onset of a considerable

(a) (b)

(c)

FIG. 2 (color online). (a) Selection of Raman spectra from 8 to
56 GPa. (b) Position of the main Raman bands as a function of
volume per formula unit V=Z for BiMnO3 under pressure in the
Pnma phase and RMnO3 at ambient conditions, taken from
Ref. [33]. (c) Evolution of the bandwidths for the three Raman
modes related to JT distorsion.

FIG. 3 (color online). (a) Illustration of the detwinning of the
crystal under pressure in the Pnma phase; the indices 1 and 2
refer to the two different domains. (b) Selected region of the
reciprocal ða�; b�Þpc plane (pseudo-cubic settings) showing the
splittings associated with the domain structure in the Cm phase.
The zoom shows a map of the ð010Þpc reflection in the ða�; c�Þpc
plane (ð110Þ þ ð001Þ in the monoclinic settings). (c) Rietveld
refinement (calculated profile in black line) of the experimental
powder pattern (red open dots) at 50 GPa (see Supplemental
Material [21] for details).
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distortion, which is highly unusual at such high pressure.
For a better understanding of its origin we first consider the
evolution of the domain structure in the single crystal
pattern which is equally remarkable. Before the transition,
the original twinning gradually disappears, similarly to
BFO [8], so that the crystal is in a single domain state
between 30 and 37 GPa [Fig. 3(a)]. After the transition, the
diffraction pattern shows an (at least) eight-variant ferroe-
lastic domain structure [Fig. 3(b)], which can only be
expected for a monoclinic or triclinic structure. We also
note the absence of superstructure peaks, which indicates
the absence of strong octahedral tilts. A monoclinic unit
cell with Z ¼ 2, a ≈ ac

ffiffiffi

2
p

, b ≈ ac
ffiffiffi

2
p

, c ≈ ac and β ≈ 92:5°
was indeed identified to index the single crystal and powder
diffraction patterns, with reflection conditions leaving only
C2, Cm and C2=m as possible space groups. The quality of
tentative Rietveld refinements on the powder patterns using
this cell can be considered reasonable given the very high
pressure [Fig. 3(c) and Supplemental Material [21]], but did
not enable us to identify positively the most suitable space
group. However, the inspection of possible atomic posi-
tions in a C2=m cell shows that the atoms all have to
occupy special positions in the unit cell and sit at an
inversion center so that no Raman active mode would be
expected at all in this structure. Therefore, this space group
can be safely ruled out and the polar C2 and Cm space
groups remain as possible candidates. In both of these
space groups, a total of 27 Raman-active modes can be
expected, which is more than the 24 Raman active mode of
the Pnma phase, and therefore in qualitative agreement
with the emergence of new Raman modes at the transition.
Although we cannot discriminate between Cm and C2 on
the basis of our XRD and Raman data we note that (i) Cm
phases with the same unit cell axes have been reported in
related Bi-based perovskites [35,36], and (ii) there is no
relation to the C2 structure considered for BMO at ambient
conditions because of different unit cell axes. Regardless of
the difficulty in assigning the final space group, the crucial
point is that both are polar space groups that allow
ferroelectricity. This polar character can now explain the
strongly elongated cell and the very large distortion, which
we plot in Fig. 1(c) by the total spontaneous strain etotal
calculated with Aizu’s definition for all phases [37]. It
shows a jump at the Pnma → CmðC2Þ transition and
reaches 8% at 53 GPa, which is considerably larger than
the distortions seen at lower pressure. It also exceeds the
distortion reported for ferroelectric BMO thin film
(c=a ¼ 1.03, etotal ≈ 2%) [11], and even for archetypal
PbTiO3 at ambient conditions (c=a ¼ 1.064, etotal ≈ 5%),
in line with the general view that a high c=a ratio is a good
fingerprint for ferroelectricity.
The emergence of a polar phase at very high pressure is

a remarkable if not unique feature for a perovskite. It
contradicts the traditional expectation that high pressure
suppresses ferroelectricity [38] and sheds light on the
conditions for such strongly elongated polar phases to

occur in Bi-based perovskites. More recently, the re-
entrance of ferroelectricity at very high pressure has been
theoretically predicted [39–41], but through a mechanism
that produces only very small distortions driven by the B
cation, which we rule out here. Given the magnitude of the
distortion, it appears natural to relate our observation to the
classical ferroelectric activity of bismuth. This hypothesis
gains support from the comparison with rare-earth man-
ganites RMnO3, which have the orthorhombic Pnma
structure at ambient conditions but do not exhibit any
transition to a polar phase under pressure [18,19].
Comparison with BFO is more delicate. BFO does exhibit
multiple phase transitions under pressure, but no similar
polar phase. Strongly distorted polar phases have been
observed and predicted in BFO, but in conditions of
epitaxial strain [42] or negative hydrostatic pressure [43]
that are not readily comparable to hydrostatic compression.
At 35 GPa, just before the transition, BFO and BMO have
comparable volumes, but differ in at least two ways: the
presence of a JT active B cation and the amplitudes of tilt
angles revealed by the different strain states. The mere
presence of the JT active cation does not seem to be
necessary considering that, in most Bi-based perovskites
where a Cm polar phase has been observed, the B cation is
not JT active (Fe3þ, Cr3þ, Al3þ, Ga3þ) [36]. However, the
importance of the strong reduction, if not total suppression,
of the cooperative JT distortion by hydrostatic pressure is
supported by the observations that in BiMn1−xGaxO3, the
Cm polar phase is only stable for x ≥ 0.66, a composition
for which the long-range cooperative JT distortion can be
expected to be completely suppressed by analogy with the
LaMn1−xGaxO3 system [44]. We anticipate that the sup-
pression of JT distortion can be obtained by a combination
of pressure and chemical substitution, and that such a polar
phase should be therefore stable in the x–P phase diagram
of BiMn1−xGaxO3 in a much broader region than previ-
ously expected [36]. This factor might as well play a role in
the stabilization of a ferroelectric phase by epitaxial strain
in thin films [12]. However, a deep understanding of the
interaction between JT distortion, octahedra tilts and
ferroelectricity under pressure will require more theoretical
and experimental investigations.
The last and again drastic phase transition in the pressure

evolution of BiMnO3 occurs between 52 and 55 GPa and is
characterized by the vanishing of the Raman spectrum and
a marked change in the diffraction pattern. The vanishing of
the Raman signature on its own provides conclusive
evidence for a phase transition, but it does not allow
elucidating its nature and two scenarios can be envisaged.
(i) BMO proceeds from the Pnma to the ideal perovskite
Pm3̄m structure. In this scenario, the loss of the Raman
spectra is explained by the fact that Raman scattering is
forbidden by symmetry. (ii) BMO undergoes an insulator-
to-metal (IM) transition, similarly to BFO, so that the loss
of the Raman spectrum can be explained by the strongly
reduced penetration depth of the laser in the metallic phase.
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Our XRD data allow us to rule out a Pm3̄m cubic cell:
the single crystal pattern (not shown) shows a threefold
splitting of the (001) reflection and a fourfold splitting of
the (011) reflection (at least), indicating that the highest
possible symmetry is monoclinic, which again contrasts
with the high-pressure phase of BFO. The exact structure
determination, as well as the mechanism for the IM
transition, will require further investigations.
In summary, we have shown using a combination of

high-pressure Raman spectroscopy, single crystal, and pow-
der diffraction that BiMnO3 shows a remarkable structural
sequence under high pressure C2=c → P21=c → Pnma →
CmðC2Þ → X. It exhibits an original evolution of the
cooperative Jahn-Teller distortion in its Pnma phase, a
polar monoclinic phase at high pressure and an insulator-to-
metal transition. BiMnO3 therefore appears as a useful
case study for a theoretical understanding by ab initio
calculations of the special chemistry of Bi-based perovskites.
Experimental investigations of other such Bi-based perov-
skites in the same pressure range are also desirable.
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