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The BiMnO; perovskite is a very interesting multiferroic material that, once synthesized at high pressure
and high temperature, survives as a metastable phase at ambient conditions. We investigated ceramic
samples prepared in different conditions (temperature, pressure, and composition), and the existence of
polymorphism at room temperature was clearly evidenced by electron diffraction and high-resolution
electron microscopy in all the samples. A new polymorph, characterized by a different distortion of the
perovskite basic cell, was found to coexist as a minor phase with the well-known C2 monoclinic form.
The new polymorph, which can be described by a triclinic (pseudorhombohedral) superstructuae with
=13.62 A,b=13.66 A,c=13.66 A,a = 110.0, 8 = 108.8, andy = 108.8, is mostly segregated
at the grain surface. Magnetic characterizations revealed for this second form a critical temperature of
107 K, a few degrees above the ferromagnetic transition of the monoclinic C2 form measured at 99 K.
The new phase disappears by reheating the samples at ambient pressure, suggesting the idea of a higher
energy polymorph, which kinetically converts in the usual phase once a sufficient temperature has been
achieved.

Introduction Despite its difficult synthesis, BiMng&has been investi-
gated since 1965mainly for its unexpected ferromagnetic

Bismuth manganite (BiMn§) has been widely investi-  pepavior, Differently from LaMn@ which is an A-type
gated in the past few years, at first for its magnetic properties antiferromagnetic manganiteBiMnOs is a soft ferromag-
and then for its magnetoelectric multiferroic nature. In similar atic materidl with a Curie temperaturér¢) around 100 K.
materials, ferroelectric and ferromagnetic order can coéxist, The particular magnetic behavior of BiMaQs strictly
giving rise to unusual physical properties that open new ye|ated to the stereoactive function of thedsne pair of
pers_pec_tives in both scientific research and technological ihe pismuth ion that plays a fundamental role in distorting
applications’? the structure. Differently from rare-earth manganites, show-

BiMnOs has a perovskite-type structure and represents theing an orthorhombic distortion quite typical for the perovskite
high-pressure high-density phase in the ternaryn—0O structure of several transition metals, bismuth manganite
system. Heating at ambient pressure a mixture of bismuth crystallizes in a highly distorted triclinic lattié¢a ~ ¢ ~
and manganese oxides in the correct ratio leadsAdmBO;o 3.935 A b~ 3.989 A o &~ y ~ 91.46, andf ~ 90.96).
and BioMnO,,, whereas at high pressure 40 kbar) the Ordering of partial empty gland gz—2 orbitals of manganese
formation of the perovskite is favored. Recently, BiMnO ions was involved to explain the anomalous magnetic
thin films were successfully grown on strontium titanate properties. A neutron powder diffraction experinfégjave
(STO) substrate by laser ablation, supplying a further evidence of a JahrTeller coherent distortion below mag-
example of the stabilization of a metastable perovskite by netic transition, supporting this orbital ordering model.
“lattice pressure” in the epitaxial growfi?. The highly distorted BiMn@structure is noncentrosym-
metric and, as suggested by Hillexhibits ferroelectricity
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been related to a structural phase transition occurring at 770izing, from the structural and magnetic points of view,

K.122 Ferroelectric hysteresis loops were observed both in bulk
and thin film sample$ Dos Santos et &F and then Kimura

et al’? proved the magnetoelectric multiferroic nature of
BiMnOg3 in which ferroelectricity and ferromagnetism coexist
below the ferromagnetic temperature, allowing magnetic
control via an electric field (and vice versa). Large nonlinear
optical properties, recently observétf in BiMnOj3 thin
films, suggest possible interesting device applications.

Multiferroic materials are rare in nature. Whereas there
are hundreds of compounds presenting magnetic or ferro-
electric order, the physical/structural/chemical requiéfis
their coexistence are so hard that the number of multiferroic
materials is dramatically reduced to a few cases. In such an
interesting kind of material, the structural characterization
is obviously extremely important. In 1998 Chiba et'élon
the basis of electron diffraction (ED) and X-ray powder
diffraction (XRPD) experiments, proposed a monoclinic
superstructure, having= 9.54 A b=5.61A,c=9.86 A,
andp = 110.7, to justify the complex diffraction patterns
of BiMnOs. Taking into account the same unit cell, the
crystal structure was refined in space grad by Atou et
al.*”in 1999 on the basis of powder neutron diffraction data.
This structure, confirmed by further powder neutron diffrac-
tion studies? is commonly accepted and used as a funda-
mental model for physical interpretation of the observed
results.

The thermal evolutiott*8at ambient pressure of BiMnO
has not been completely clarified. A reversible transition to
a different monoclinic phase has been reported to occur at
about 483 K, whereas an irreversible transition to a tetragonal
or orthorhombic phase (connected with the ferroeleetric
paraelectric transition) takes place at 770 K, followed by
decomposition of the perovskite to a mixture otn4O;9
and BpOs. Neither the monoclinic nor the tetragonal (or
orthorhombic) structure is known nowadays. Even at room
temperature (and ambient pressure) the situation is far from
being completely clarified. Just in the paper of Chiba etéal.,
the existence of polymorphism at room temperature in
BiMnO3; samples prepared in high-pressuhegh-tempera-

ture conditions was detected by ED. However, because the

main peaks of X-ray or neutron powder diffraction patterns
(always characterized by the presence of minor impurity
phases) can be indexed on the basis of the commonly
accepted monoclinic structure, the possible existence of
polymorphism has been systematically ignored in all further

papers. We decided to investigate the question by character-
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BiMnO3; samples prepared in different conditions (temper-
ature, pressure, and composition). The existence of poly-
morphism at room temperature was clearly evidenced by ED
and high-resolution electron microscopy (HREM) in all the
prepared samples, and the correlation with the magnetic
characterization is discussed in this paper.

Experimental Section

Polycrystalline samples of BiMnwere synthesized by using
a high-pressure multianvil apparatus in a wide range of experimental
conditions. Pressure, temperature, and reaction time were varied
from 40 to 50 kbar, from 723 to 1023 K, and from 3 to 20 h,
respectively. As starting material a mixture of bismuth oxide@Bi
Aldrich, 99.99%) and manganese(lll) oxide (MD; Aldrich,
99.999%), in a molar ratio ranging from 0.8 to 1.0, was used.
Powder reagents were carefully mixed and ground, palletiged (
= 5 mm), encapsulated in a Pt foil (5A00um thick), inserted
into an octahedral MgO cell assembly, and placed in a 6/8-type
multianvil apparatus (Rockland Research Corp.). After the applica-
tion of the desired pressure (increasing rate 120 bar/min), the sample
was heated at the reaction temperature at a rate 8CH@in. After
reaction the sample was quenched to room temperature (RT), and
finally the pressure was slowly release¢bQ bar/min). The reaction
temperature was monitored by a PtiRh10% thermocouple, in
direct contact with the capsule. By several calibrations previously
performed on the multianvil apparatus, both temperature and
pressure gradients can be considered negligible inside the capsule
volume during the experiment.

The prepared samples were characterized by XRPD, performed
by using a Thermo ARL X'tra diffractometer, equipped with Cu
Ko radiation ¢ = 1.54178 A) and a Thermo Electron solid-state
detector. Collecting conditions were typically 0-:00.02 steps and
5—10 s/step counting times. Structural data were analyzed by
Rietveld refinement using the GSAS prograin.

Transmission electron microscopy (TEM) analyses were per-
formed using a Philips Tecnai F20 working at 200 kV and equipped
with an energy dispersion X-ray (EDX) spectrometer. The speci-
mens were prepared by grinding the samples in isopropyl alcohol
and by evaporating the suspension on a copper grid covered with
a holey carbon film. Selected area electron diffraction (SAED)
patterns and HREM images were collected by a Gatan slow scan
CCD camera.

The magnetizationM) was measured in a magnetic field up to
5 T in the temperature range—200 K with a commercial
superconducting quantum device (SQUID) magnetometer (Quantum
Design). Magnetization curves were measured in both field-cooling
(FC) and zero-field-cooling (ZFC) modes.

Results and Discussion

Optimization of the Synthesis Conditions.In the first
step a polycrystalline sample of BiMrQvas synthesized
in the experimental conditions reported by Chiba etfal.
Powder reagents were reacted at 873 K at 40 kbar for 3 h,
then the temperature was quenched, and the pressure was
slightly released. A careful observation by optical microscopy
of the reacted sample revealed a nonhomogeneous material,
with small and well-defined white crystalline islands embed-
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Alamos, NM, 1994.
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Figure 1. XRPD pattern of a BiMn@sample prepared by 20 h of reaction  — . 2. The identified impurity phases are;8CO; (asterisk), BizMnOzo

at 723 K and 40 kbar. The main peaks of the impurity phasg®8i0; (open circle), BiMn4O1o (times signs), MgO4 (square), and MyD, hp form
and BioMnOg are indicated by asterisks and an open circle, respectively. (ciosed circle).

ded quite uniformly in a dark-gray sintered cylinder. XRPD  nrocess. Different experiments were carried out, by changing
analysis showed that the sample mainly consisted of BIMnO  the conditions, in particular the applied pressure, temperature,
with contamination by bismuth oxycarbonateABiCOs) and and reaction time. The best results, in terms of limited
traces of BiMn,O,0. The presence of similar impurities was  gxycarbonate contamination, were obtained by keeping the
not surprising. Polycrystalline specimens of bismuth man- gppjied pressure at 40 kbar and reducing the reaction
ganite have been prepared in a wide range of pressure (fromemperature to 723 K (increasing at the same time the
25 to 60 kbar), but the product was never found pure. As yeaction time to 20 h, to compensate the lower reactivity),
shown in Figure 1, the principal impurities usually detected \yith the sample encapsulated in a B thick Pt foil. In
are bismuth oxycarbonate and to a less extemMBiOz, these conditions the oxycarbonate contamination, determined
Bi-Mn4O.0, and manganese oxides. by Rietveld analysis of the final XRPD patterns, was found
Bi,0,CO; is an orthorhombic phad¥(a ~ ¢ ~ 5.47 A to decrease from 10% in moles, the typical value of a
andb = 27.32 A), with a layered structure, easily stabilized synthesis carried out at 873 K, to-3%.
at high pressure. BD;CQ; is formed, inside the metallic As mentioned before, the synthesis at high pressure never
capsule, mainly by C&contamination from the graphite  eqjted in a single phase, independently of the experimental
heater of the multianvil apparatus; as reported in the .,ngitions. Accurate analysis of the XRD patterns revealed
literature* attempts to synthesize BiMn@vithout the Use ¢ jn all cases the impurities consist mainly of bismuth-
of a metallic protection led to complete conversion of |- compounds (BD,COs, Bi1,MnOx), which seem to be

bismuth oxide to oxycarbonate, without formation of the adequately compensated by segregation of manganese-
perovskite. When a metallic protection is used, the formation (., phases (BMn,O, Mn,Os or Mn:Os), apparently

of Bi20,CGs s strongly reduced, but not completely avoided, |gading to a Bi-deficient perovskite. This induced us to
owing to microcracks, which are formed in the platinum ,estigate the compositional stability limit of the perovskite
capsule during the high-pressure heating process. On theyyctyre by changing the starting stoichiometry. The syn-
other hand, also the possible contamination of the Surfacethesis of compounds with the formula;BiMnO; (0 < x <

of the starFing oxides (in particu.lar of bismuth oxide) .by 0.2) was carried out at 40 kbar and 873 K, for about 20 h.
atmospheric C@should be taken into account, the reaction Thege preparative conditions were chosen to increase the
being performed in a confined and theoretically closed rgactivity of the reagents to minimize the occurrence of
volume. We attempted, without appreciable results, to reducejycomplete reaction. The room temperature XRD patterns
the oxycarbonate contamination by preheatingCgiat of the prepared samples are shown in Figure 2. The decrease

ambient pressure above the decomposition temperature Ofyf the Bi/Mn ratio preserves the perovskite growth: there is
the oxycarbonate (873 K) before the perovskite synthesis. 4 eyidence for structural transformation of the perovskite
The unique result was the reduction of the reaction kinetics, by increasingx, and no significant change in the lattice

connected with the decrease in surface area produced by th%arameters is observed. By decreasing the Bi/Mn ratio, a

preheating. Therefore, we concluded that, at least until 5o reduction of the always present bismuth oxycarbonate

graphite heaters are used, a strong limitation of the oxycar-content is observed, whereas Bi-rich impurities are substi-

bonate contamination, but not the obtainment of a real pure ;1oq by Mn-rich ones: BiMnOsois replaced by BMn,Oxo

phase, should be considered as the main goal of the synthesiﬁJst forx = 0.1, and the main diffraction peaks of manganese

20) G c Bl S. Kviater. Res. BUll1988 23, 1001 oxides become more and more detectable. This suggests the
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Bull. 1998 33, 289. the starting composition, a hypothesis supported by magnetic
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measurements showing the saffie for all the samples, ' ' ' ' ' ' ' ' ' '
independently of the experimental conditions and starting
stoichiometry. Owing to the polyphasic nature of the prepared ~ ~
samples that prevents chemical analyses, the determinatior
of the chemical composition of the perovskite was performed
by energy dispersion X-ray (EDX) analysis coupled with

TEM. The results indicated a Bi/Mn ratio close to one for

all the examined perovskite grains independently of the
preparative conditions. This allows the conclusion that even
the nominally stoichiometric samples should contain unre-
acted manganese oxide, whose absence in the XRPD pattern

< d J
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could be justified by taking into account its low scattering 10.0 300 500 700 90.0
power, in comparison with that of Bi-containing phases, and 2 theta (deg.)
a reduced grain size. Figure 3. Final Rietveld plot obtained by refinement of the XRD pattern

The analysis of the diffraction profile indicated that the stizBi“("z?%,Eimg. 'gﬁfg?rgii ;_25550?2;1 ﬁoaﬁké?réclilé%zrggfgps
microstructure is influenced to some extent by the different Z7 5304 ancke: = 6.14%.
starting stoichiometry. The full width at half-maximum
(FWHM) increases by decreasing the Bi content, indicating For this reason and for a better comparison of diffraction
that the excess of manganese oxide acts as a crystallizatiompatterns produced by different polymorphs, we will use, in
inhibitor in the sintering process. the figures, indexes and zone axes related to their funda-
X-ray Structural Analysis at Room Temperature. A mental perovskite substructure.
deep structural characterization of all the prepared samples Figure 4 shows some ED patterns that agree with the
was carried out by X-ray powder diffraction, selected area reported structuré” the fundamental perovskite reflections
electron diffraction, and high-resolution electron microscopy. are coupled with commensurate satellites, which originate
The crystal structure of the BiMn(erovskite was refined  from the monoclinic superlattice. As discussed before, the
by the Rietveld method on powder diffraction data collected occurrence of similar patterns was quite rare in our TEM
with Cu Ko radiation (2 range 16-120°, step 0.0%, and observations. The typical situation, consisting of simultaneous
counting time 10 s/step) on a sample prepared in different diffraction from a few domains with different orientations
conditions. The monoclinic structure previously repotted and/or modulations, is depicted in Figure 5. These ED
in space grou2 (No. 5) was used as a basic model. Owing patterns are mostly characterized by the appearance of
to the unavoidable presence of,8,COs impurities in all additional modulation satellites, still commensurate to the
the prepared samples, perovskite was refined by taking intoperovskite sublattice but not explainable in terms of the
account the contribution of the oxycarbonate to the diffraction C-centered monoclinic superstructure. Owing to the twinning
patterns. Refined parameters were the background, relativedomains affecting the samples, the fundamental spots of the
fraction between the two phases, profile parameters, coor-perovskite cell are broadened or, more usually, doubled (or
dinates, occupancy, and isotropic thermal factors. The resultstripled); in contrast, the modulation satellites are often well
of the refinements, all confirming the monoclinic structure defined, as expected if produced by a single crystal domain.
as gained by neutron powder diffraction, are comparable for Taking into account the ED patterns simulated on the basis
samples prepared in different conditions and starting from of the known structure (hereinafter denoted I3s the
different compositions. This agrees with the hypothesis that composite experimental patterns could be deconvoluted into
the stoichiometry of the BiMn@perovskite is independent the single contributions, as shown in Figure 5, suggesting
of the preparative conditions. The final Rietveld plot of a the existence of a second polymorphic form of the BiMnO
typical refinement (sample synthesized at 723 K and 40 kbar) phase (hereinafter denoted &3, whose domains grow
is shown as an example in Figure 3. isooriented (in terms of the perovskite structure) withn
TEM Investigations. Differently from XRPD, where the ~ the samples.
monoclinic C2 model explains all the detectable peaks in  This idea was reinforced by HREM studies, where single
the experimental diffraction pattern, the TEM analysis clearly domains showing the typical features either of the former
indicated the presence of a second polymorph, always derivedor of the latter form could be isolated. Figure 6 shows a
from the perovskite, in all the examined samples (the sametwinning boundary between two domains, each one referring
used for XRPD analysis). to a different polymorph, as shown by the Fourier transforms
It must be pointed out that TEM characterization of in the insets.
BiMnOs is complicated by the presence of a severe twinning As shown in Figure 5, the indexing of the composite
arising on one side from its pseudocubic nature and on thediffraction patterns requires quadrupling in any direction the
other side from the probable occurrence of phase transition-periodicity of the fundamental perovskite. This forces
(s) during the cooling to room temperature and the pressureconsideration of a redundant pseudocubic perovskite super-
release process at the end of high-pressure synthesis. Evenell (PS) defined, as shown in Figure 7a, &g = 4ap. In
by working in the selected area mode, by closing the this new cell setting, the discrimination between satellite
diaphragm to reduce as much as possible the illuminated areareflections produced by polymorph&ndl* becomes quite
the occurrence of single-domain ED patterns is rather rare.simple, if the diffraction symmetry is taken into account. In
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Figure 4. SAED patterns on different zone axes for the polymarmii BiMnO3: (a) [001}; (b) [110}; (c) [111]; (d) [1 —2 1]r. Zone axes and indexes
refer to the fundamental perovskite cell. The presence of a reflection twin (the twin plane is (010)) is evidenced in (a).

fact, as shown in Figure 7b, the relationship between the PS7c, corresponds to the primitive cell of a pseudocubic
and| cells leads thé satellites to follow, in the PS setting, I|-centered PS lattice, in agreement with the systematic

the extinction rule of a F-centered lattide€ k, h + I, k + absences observed in ED patterns for this cell setting.
| = 2n). In contrast, the satellites produced by polymorph  The structural description df requires a cell which is
I* are consistent with an I-centered lattidetk+| = 2n), 32 times larger in volume than the simple perovskite and 4

making the discrimination in many cases straightforward. times larger than the C-centered monoclinic cell oThe
The unique doubtful cases are represented by patternscell is related to a fundamental perovskite wiah~ ¢ ~
showing only 22k2l reflections (with all even indexes both  3.97 A b ~ 3.92 A, a. ~ 90.7, 8 ~ 90.£, andy ~ 89.3:
the centering conditions are simultaneously satisfied), but with respect to the distortion of the cubic perovskite observed
this is fortunately limited to very few and well-known for polymorphl, the “two shorter axes and a longer one”
projections of polymorph. condition is turned into “two longer axes and a shorter one”
Following this idea, meticulous and patient work per- for I*. It must to be noticed that the diffraction patterns of
formed in SAED allowed collection of diffraction patterns I*, despite the reduced symmetry of the unit cell, show
of the new polymorph (some example are shown in Figure generally an apparent higher symmetry (pseudocubic) if only
8) from single-grain domains. A strong facilitation came from the diffracted intensities and not the geometric relationships
the change in microstructure produced by the reduction of among the reciprocal lattice vectors are considered. Together
the synthesis temperature of BiMp@ 723 K. The samples  with the relative weakness of the superstructure reflections,
prepared at this temperature were shown by TEM charac-this suggests a small deviation from the ideal perovskite
terization to be less affected by twinning than those preparedstructure, at least for what concerns the heavy Bi atoms.
at 873 K. Nevertheless, whereas XRD patterns remained fully The existence of a second polymorph was taken into
interpretable on the basis of the unique polymorph account by Chiba et al8in a preliminary structural study
polymorphl* became dominant in the ED patterns, for which of BiMnOgs, to explain an experimental ED pattern not
a thin edge region of the samples is usually examined. Theconsistent with the C-centered monoclinic cell they proposed
successful acquirement of single-grain ED patterns in severalin the paper. On the basis of our data, this SAED pattern is
zone axes led to the determination of the lattice parametersa typical pattern of polymorph, taken on the [10@]zone
of polymorph I*, which was performed with the QED axis. The authors connected this second polymorph to the
software?? The unit cell was found to ba= 13.62 A,b = cell given a long time ago by Bokov et &l for BiMnO3
13.66 A,c = 13.66 A,a = 11C°, B = 108.8, andy = (triclinic, lattice parametera=c=7.86 A,b=7.98 A, a
108.8. This pseudorhombohedral cell, as shown in Figure = y = 91.67, and$ = 90.97, which can be transformed

(22) Belletti, D.; Calestani, G.; Migliori, A.; Gemmi, MJltramicroscopy (23) Bokov, V. A.; MylI'nikova, I. E.; Kizhaev, S. A.; Bryzhina, M. F.;
200Q 81, 57. Grigoryan, N. A.Sa. Phys. Solid Staté966 7, 2993.
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Figure 5. Typical examples of SAED patterns of a BiMg®ample, taken on [014]a) and [1014 (b) zone axes, revealing a composite nature based on
different diffraction domains and structural modulations. As shown on the right, the full indexing of the diffraction patterns, whose deconvwabliEs

two and three diffraction domains for (a) and (b), respectively, requires quadruplimiltirelexes. The diffraction domain, denotedlasand common to
both patterns, corresponds to the reflections circled in the experimental images, which cannot be indexed on the basis of p¢gmahghtext for more
details).

into a monoclinic C-centered cell with a double volume). tion is the confinement of polymorphi at the surface of
However, neither the published ED pattern nor the ones wethe grains. This, on one side, could explain the observation
collected are consistent with the reported cell. In further of I* in ED and HREM analysis, which are typically
structural studies of the same group, the second polymorphperformed on the thin region near the sample edge. At the
was no longer mentioned, probably being considered ansame time this could also explain the “absencd*dh XRD
impurity with negligible or occasional character. Our study patterns, by taking into account a certain degree of mimicry
clearly demonstrates not only that this phase is always produced by the topotactic growth of this phaseloand
present, but also that it becomes dominant in TEM charac- the thickness of the surface layer, which could be in most
terization for particular samples (the ones prepared at lowercases below the coherence length of the X-ray radiation.
temperature) or in particular experimental conditions, as, for |t js quite interesting to note that, once the sample has
example, on [10@]zone axis. In fact, all the SAED patterns  peen reheated at high temperature and ambient pressure just
(tens) collected on this zone axis for different samples, as pelow the irreversible transition to the tetragonal phase that
well as the corresponding HREM images (an example is precedes the thermal decomposition of BiMi€polymorph
shown in Figure 9), showed the typical modulation features |* disappears. In fact, after this treatment, no trace of the
of polymorphl*. phase was found in SAED patterns collected at room
A first hypothesis to justify the discrepancy between XRD temperature that show uniquely the typical modulation
and ED characterizations could be the formation of poly- features of. Changes were observed also in XRPD patterns,
morphl* in the microscope under the excitation produced showing still the typical diffraction profile of polymorph
by the electron beam. However, this hypothesis is in contrastbut, in a systematic way, different relative intensities of the
with the experimental results. In fact, no change was main perovskite peaks. On one side the observed profile
observed, in both ED and HREM, by keeping the same difference could be interpreted in terms of the contribution
region under observation for a long time. On the other hand, of polymorphl* to the main reflections of the perovskite;
owing to the semiconductor nature of BiMgpheating of however, the occurrence of a reversible phase transition at
the sample under irradiation, leading to a phase transition,483 K during the heating and cooling processes must be
can be excluded (the first phase transition occurring on taken into account, and the observed discrepancy could be
heating polymorphl was observed above 483K The interpreted also in terms of microstructural changes induced
unique hypothesis that agrees with the experimental observa-by the phase transition.
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Figure 6. HREM image taken on the [01dkone axis, showing the twinning boundary between two different polymorphs. The corresponding Fourier
transforms, shown in the insets, give diffraction patterns in analogy with two components of Figure 5b.

and to experimental errors, which could mask small devia-
tions in the cationic content. We also performed thermal
retreatment of the as-prepared sample in both oxidizing
and reducing atmospheres, always observing the disappear-
ance ofl* . Therefore, since no definitive conclusion on the
phase stoichiometry can be drawn, the term polymorph, to
indicate thel* structural variant, is used in this work in a
broad sense.

Magnetic Characterization. Magnetic investigations proved
BiMnO3; samples synthesized under high pressure to be a
FigdU(? 7. IRf?dungant %ieudotchubig perovskite i{ltperstlguctt)urglﬁé%@lap) i mixture of different polymorphs, each one detectable because
cell of polymorph. and () the peeudermombobedral cel of poiymorph ! 8 different magnetic behavior at low temperature.

I*. In (b) and (c) thd andI* cells are translated to a permitted origin to The magnetization behavior (field cooling and zero-field

better visualize the corresponding F- or I-centered charactei of their cooling of a typical BiMnQ sample) is shown in Figure 10.

gessgrr'gt'&fz i?ltgiisl gaf;sérljhﬁltgagfgolr 'Lalt'fq Q)?t:g:pseimlbl o According to the structural investigation, the major magnetic
contribution belongs to the well-known and widely inves-

The disappearance ¢f on heating at ambient pressure, tigated ferromagnetic forrh: both field cooling and zero-
clearly evidenced by ED, suggests titatvould be a higher  fie|d cooling show the typical ferromagnetic characteristic
energy polymorph, which converts kinetically kponce a  pelow the Curie temperatureld = 99 K). The critical
sufficient temperature has been achieved. This hypothesisiemperature is the same for all the samples synthesized under
is in agreement with the experimental observation of a large gifferent experimental conditions (firing temperature or
amount ofi* in the samples prepared at lower temperatures pressure), and the experimental results are in agreement with
and suggests that the presencelofin the as-prepared the |iterature; the reportétispontaneous magnetic moment
samples could be ascribed to the decrease of the transformagg 2.6us at 77 K and 1 T, whereag & K and 5 T its value
tion kinetics at high pressure. On the other side, sifcis (3.6 ug) is close to the ideal value expected for Mrions
formed at the edge of the monoclinic crystallites, a variation (4 ug); our measurements gave slightly lower values (2.5
of its chemical composition with respect to(enrichment ug at 78 Kand 2 T and 3.2 at 5 K and 5 T), but it must
or deficiency in oxygen or cationic deficiency) could be taken pe pointed out that the estimation of the real amount of the

into account. We performed EDX microanalysis on several magnetic phase is complicated by the polyphasic nature of
BiMnOs grains with comparable results, but this cannot be the samples.

considered definitive evidence of a unique composition,
owing to the insensitiveness of the technique toward oxygen (24) Chiba, H.; Atou, T.; Syono, YJ. Solid State Chen1997, 132, 139.
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Figure 8. SAED patterns in different zone axes for the polymotplof BiMnOgs: (a) [001}; (b) [101); (c) [111); (d) [-1 1 2]. Zone axes and indexes
refer to the fundamental perovskite cell.
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Figure 10. Magnetization vs temperature for a BiMp®ample prepared
at 743 K and 40 kbar (20 h): FC and ZFC refer to measurements performed
by field cooling (10 Oe) and zero-field cooling, respectively.
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hypothesis, a sample was prepared at the lowest possible
temperature (723 K, to maximize the content in polymorph
- € ) I*) and successively reheated at 753 K in nitrogen (to
modulation features of polymorgh. The Fourier transform of the image S . . .
is shown in the inset. eliminate this phase). Figure 11 shows a comparison of the
magnetic measurements performed on the as-prepared sample

As shown in Figure 10, all the measured samples display and after the thermal treatment. The magnetic contribution
a further magnetic contribution with a critical temperature at 107 K, revealed in the as-prepared sample, disappears after
of 107 K, which is independent of the eventual presence of the second treatment. Comparative XRPD and TEM analysis
other known magnetic impurities (M@, Bi,Mn40,0), which revealed the disappearance of polymotphas the unique
give ferri- or antiferromagnetic contribution at low temper- variation produced in the sample by the thermal treatment,
ature. On the basis of the structural characterization, this suggesting a connection between the magnetic contribution
contribution could be related to the presence of the secondat 107 K and the new polymorph, which has been confirmed
polymorph detected by ED in the samples. To confirm this in further experiments. Because of the small quantity*of
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158 we systematically foundf in all the examined samples, in
’ SBsp —2— BiMnO, as prepared particular in those prepared at lower temperatures, where its
| Fc 0\6\ —O— BiMnO, after contribution to ED becomes dominant. Our investigations
1,24 hY thermal treatment suggest that th& phase is confined at the grain surface,
045 giving an explanation for the discrepancy observed among
different diffraction techniques. It is possible to obtain the
purel phase, since th& phase disappears after reheating
of the samples at ambient pressure just below the irreversible
transition to the tetragonal phase (763 K), which precedes
the thermal decomposition of BiMnG8 This suggests that
I* would be a higher energy polymorph, which converts
kinetically to I, once a sufficient temperature has been
00l ' achieved. A comparison of the magnetic behaviors of as-
"0 5 100 " 125 150 prepared and reheated samples allows association ¢f the
T(K) phase with a secondary magnetic transition observed at 107

_ _ o _ K in all the as-prepared samples, a few degrees above the
Figure 11. Comparison of magnetization vs temperature for a BiMnO

sample prepared at 723 K and 40 kbar (20 h) before and after a further magnetlc tran5|t|0p of polymorpih measured at 99 'K'
heating at ambient pressure to 753 K (R@min): FC and ZFC refer to Despite the experimental conditions generally used in the

measurements performed by field cooIing_(lO Oq) ar_]d zero—fi_eld co<_)|ing, literature for the preparation of BiMrﬂaIIing in the range
respectively. An enlargement of the transition region is shown in the inset. used in this work, it is plausible to consider the occurrence
of polymorphism at RT a common feature of the samples
used to study its multiferroic nature. However, this does not
impugn the results of these studiésn any case being the
dominant phase.

As evidenced in previous work8!! the ferromagnetic
nature ofl is strictly linked to the distortion of the perovskite

BiMnO3 polycrystalline samples, synthesized in a wide structure produced by the stereoactive lone pair of bismuth
range of experimental conditions (high presstingh tem- ions. It is therefore interesting to note that the rearrangement
perature), were investigated by electron diffraction and of bismuth ions in forml*, showing a quite different
HREM. This study evidenced the existence of a second symmetry, still leads to a magnetic transition at a temperature
polymorph, which coexists as a minor phase with the well- close to that of the previous case. The study of the crystal
known monoclinic form ) at room pressure and tempera- structure and of the electric and magnetic nature of this
ture. Likel, this second formlI{) has a distorted perovskite  polymorph could give important contributions to the com-
basic cell, but is described by a different superstructure with prehension of the multiferroic nature of t&2 monoclinic
triclinic (pseudorhombohedral) symmetry. The distortion of bismuth manganite and of the origin of ferroelectricity in
the basic perovskite cell is similar to that observed by heating the system, which is not yet completely understood. All these
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in each specimen, its magnetic nature is not yet completely
understood, its contribution being mainly hidden below 100
K by the dominant presence of the ferromagnetic pHase

Conclusions

| above 483 K, where a reversible monoclinimonoclinic investigations require isolation of tiie phase. Further work
phase transitiol takes place, but the symmetries of the two is in progress to check different reaction paths in TheP
structures differ completely. diagram to find the conditions in which this phase is formed

The existence of polymorphism in BiMnOat room during the preparation process.
temperature was previously suggested by Chiba é¢ ah,
the basis of an experimental ED pattern not consistent with Acknowledgment. We thank Dr. Franca Alberini (CNR-
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