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Abstract: Structural properties of polycrystalline single-phased BiMnO3; samples prepared at 6 GPa and
1383 K have been studied by selected area electron diffraction (SAED), convergent beam electron diffraction
(CBED), and the Rietveld method using neutron diffraction data measured at 300 and 550 K. The SAED
and CBED data showed that BiMnOg; crystallizes in the centrosymmetric space group C2/c at 300 K. The
crystallographic data are a = 9.5415(2) A, b = 5.61263(8) A, ¢ = 9.8632(2) A, g = 110.6584(12)° at 300
K and a=9.5866(3) A, b=5.59903(15) A, c=9.7427(3) A, p = 108.601(2)° at 550 K, Z = 8, space group
C2/c. The analysis of Mn—0O bond lengths suggested that the orbital order present in BiMnO3; at 300 K
melts above Too = 474 K. The phase transition at 474 K is of the first order and accompanied by a jump
of magnetization and small changes of the effective magnetic moment and Weiss temperature, uei = 4.69ug
and 0 = 138.0 K at 300—450 K and uer = 4.79ug and 6 = 132.6 K at 480—600 K.

Multiferroic materials have received renewed interest in recent temperaturde = 1123 K and antiferromagnetic with the’ dle

years! In multiferroic systems, two or all three of (anti)-
ferroelectricity, (anti)ferromagnetism, and ferroelasticity are
observed in the same phas8uch systems are rare in natire
but potentially studied with interest in wide technological
applications:

BiFe(:® and BiMnG*~19 have been extensively studied as
multiferroic materials. BiFe®is ferroelectric with the Curie
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and the low resistance of BiMn@ilms, making it difficult to

and 550 K at a heatingcooling rate of 10 K/min on an Sll Exstar

associate measured dielectric hysteresis loops to ferroelectricity6000 (DSC 6220) instrument.

instead of nonlinear dielectric lossEsThe ferroelectric polar-
ization of BiMnO; was measured to be 0.04&/cn? at 200
K.? The first principle calculations of the polarization using the
reported structural parametéigave 0.52¢C/cn?.12 The mag-
netocapacitance effect was observed beldwleading to
coupling between the ferroelectric and ferromagnetic orers.
BiMnO3 has a highly distorted perovskite-type structure at
room temperature ()t is believed to crystallize is space group

Magnetic Properties. Magnetic susceptibilitiesy = M/H, of
BiMnO3 were measured on a SQUID magnetometer (Quantum Design,
MPMS) between 2 and 350 K in an applied field of 100 Oe and between
300 and 600 K in an applied field of 10 kOe using a furnace under
both zero-field-cooled (ZFC) and field-cooled (FC) conditions. Iso-
thermal magnetization measurements were performed betwe@and
50 kOe at 5 K.

SAED and CBED Studies.The bulk specimen was crushed and
dispersed on a carbon thin film on a Cu grid for transmission electron

C2 as determined by electron diffraction and subsequent microscopy. The SAED and CBED patterns were taken at 300 K using

structural analysis from neutron powder diffraction data.

an analytical transmission electron microscope (Hitachi: HF-3000S)

BiMnO3 undergoes two high-temperature phase transitions atWith a cold field emission gun operated at an accelerating voltage of

470 and 770 K:101416 The phase transition at 470 K is
monoclinic-to-monoclinic without any detectable change in the
symmetry!%16 |t is accompanied by a thermal effect, abrupt
changes of lattice parameters, a small jump of resisti¥iand

an anomaly of dielectric constat#The phase transition at 770
K is monoclinic-to-orthorhombié? 16 The origin of the high-
temperature phase transitions in BiMn@as not been deter-

300 kV. The SAED and CBED patterns were taken from specimen
areas of about 300 and 10 nm in diameters, respectively.

Neutron Powder Diffraction Experiments and Structure Refine-
ments. Neutron powder diffraction data of BiMnQvere collected at
300 and 550 K with the high-resolution powder diffractometer (HRPD)
installed at the JRR-3M reactor in JAEA, Tokai. The incident neutron
wavelength was 1.8233(10) A. About 5.4 g of the sample were loaded
in a vanadium cell (diameter: 6.0 mm) in a furnace. The data were

mined yet. It was proposed that one of the phase transitionstaken with a step of ca. 0.05n a 29 range between 2°5and 162

should be a ferroelectric-paraelectric phase transition.

BiCrO320 and BbNiMnOg2* were reported to be isostructural
with BiMnOg3, and BiScQ was found to have the centrosym-
metric BiMnOs-related structure with space groGg/c.2 It was
recently shown that thin-films samples of BiG@xhibit
antiferroelectric properties rather than ferroelectric GAgsis
result suggests that BiCgOhas a centrosymmetric crystal
structure.

In this work, we showed using selected area electron
diffraction (SAED) and convergent beam electron diffraction
(CBED) that our bulk BiMn@ sample crystallizes in space
group C2/c. We determined the crystal structures of BiMnO
by the Rietveld method from neutron powder diffraction data

with 64 3He detectors.

The neutron powder diffraction data were analyzed by the Rietveld
method with RIETAN-200G8 The background was represented by a
ninth-order Legendre polynomial. The pseudo-Voigt function of
Toray&® was used as a profile function (we refined six profile
parameters). Isotropic atomic displacement parameRyrsyith the
isotropic Debye-Waller factor represented as exi® sir? 6/12) were
assigned to all the sites. Bound coherent scattering lengthssed
for the structure refinements were 8.532 fm (B#)3.750 fm (Mn),
and 5.803 fm (O¥° The neuron diffraction pattern at 300 K contained
very weak reflections from the vanadium cell. V was included as the
second phase during the refinement. The neutron diffraction pattern at
550 K showed additional reflections from a furnace (Cu and very weak
reflections from Al). Cu was taken into account during the refinement.

measured at 300 and 550 K. The structural data suggested thakesylts

the orbital order in BiMn@ melts above 474 K.

Experimental Section

Synthesis A mixture of Bi,O3 (99.99%) and MgOs with an amount-

Characterization of BiMnO3. Figure 1 shows inverse
magnetic susceptibilities and DSC curves of BiMrigtween
300 and 600 K. The phase transition at 474 K (from the peak

of-substance ratio of 1:1 was carefully ground in acetone and dried at position on the DSC curve on heating) is accompanied by a

420 K for 3 days. The starting mixture was sealed in Au capsules.

jump of magnetization. In the low-temperature (3@®0 K)

Then high-pressure cells, consisting of graphite heaters and denseand high-temperature (4800 K) regions, the,~}(T) data
NaCl-ZrO, parts surrounding the Au capsules and separating the Au could be fit by the simple CurieWeiss equation
capsules from graphite heaters, were assembled. Just before the high-

pressure treatment, the high-pressure cells were dried at 370 K for 12
h under a vacuum. The synthesis was performed in a belt-type high

pressure apparatus at 6 GPa and 1383 K for 8D min. After heat

Cc

x(T) = " 1)

treatment, the samples were quenched to rt, and the pressure was slowlyhereC is the Curie constant arfilis the Weiss constant. The

released. The resultant samples were black powder. X-ray pOWderfitted parameters ar€ = 2.751 cnd K/mol and@ = 138.0 K
diffraction (XRD) showed that the samples were single phased. Single- at 300-450 K andC = 2 869 cnd K/mol and@ = 132.6 .K at

phased MgO; was prepared by heating commercial Mn(©9.99%)
in air at 923 K for 24 h. BiOz; was dried at 570 K before its use. The
formation of the powder and single-phased BiMrgamples (actually

480-600 K. The effective magnetic momentef = (8C)*?)
was calculated to be 4.68 per Mré™ ion at low temperatures

very small single crystals) can be explained by the fact that we used 6 2nd 4.7 at high temperatures. These values are close to the
GPa and the much higher synthesis temperature of 1383 K comparedlocalized Mi#* moment of 4.90g. In the 306-450 K and 486-

with 3—6 GPa and 7231323 K reported in the literatufe10.14-17.26.27
Thermal Analysis. Differential scanning calorimetry (DSC) curves

of BiMnOs were recorded in closed aluminum capsules between 300 (26

(24) Azuma, M.; Takata, K.; Saito, T.; Ishiwata, S.; Shimakawa, Y.; Takano,
M. J. Am. Chem. So@005 127, 8889.
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Figure 1. Dependence on temperature of (a) DSC curves for Bilin@asured on heating (left-hand scale) and cooling (right-hand scale) and (b) the
inverse magnetic susceptibility measured at 10 kOe for Bilyln€@ween 300 and 600 K. The solid lines in (b) show the fits by the EWeiss equation.
The parametersyest and 6, of the fits are given.

observed with the coercive fieldH{) of about 3 Oe and a
remnant magnetizatiorV(;) of about 1.3x 10 2ug per Mré+
ion. These values are much smaller than the previously reported
ones, e.g.,H. &~ 200-470 Oe andM; ~ 0.2ug for bulk
sample&®1417and H, ~ 400-1000 Oe andM; ~ 0.5-1.Qus
for thin film samples'831

SAED and CBED of BiMnOgs. Figure 3 depicts a SAED
pattern taken along the [010] zone axis. The reflections on the
SAED patterns have been indexed based on the result of the

. previous neutron diffraction study in the monoclinic system.

100 200 300 Thehkl (h + k = 2n+1) (these SAED patterns are not shown)
andh0l (I = 2n+1) reflections are absent as indicated by arrows
in Figure 3. The former extinction condition is due to that

Figure 2. Temperature dependence of the magnetic susceptibilities - g L -
measured at 100 Oe under ZFC and FC conditions between 2 and 350 K BiMnOs belongs to &-centered monoclinic lattic& The latter

Insert shows isothermal magnetization curves K between—50 and 50 extinction condition is attributed to existence af-glide plane
kOe. perpendicular to thé-axis3? Using CBED we also confirmed
that the SAED pattern of Figure 3 was of the [010] incidence

FC curves. A clear hysteresis was observed on the magnetichy observing the 2-fold rotational symmetry along the zone-
susceptibilities and DSC curves with the hysteresis of about 23 axis, which enabled us to distinguish this pattern from the similar
K for the DSC measurements. These data confirm that the phasesAED patterns, e.g., [91—1]. The symmetry of CBED patterns
transition is of the first order. The cycling of the DSC curves including higher-order Laue zone (HOLZ) reflections yields
between 300 and 550 K gave reproducible results without any information on three-dimensional symmetry elements of the
change in the peak positions and intensities. crystal structure around the zone axis parallel to the incident

Figure 2 shows the(T) curves below 350 K. The large  beam direction. Figure 4 shows the [100] CBED pattern. The
difference was observed between the ZFC and FC curves belowing-shaped reflections around the center of the CBED pattern
about 100 K with no difference above this temperature. A small indicated by arrows stem from HOLZ. The HOLZ reflections
temperature hysteresis was found near 100 K5&K and 5T clearly show the mirror-plane symmetry of the CBED pattern
(the inset of Figure 2), the magnetization reaches (& 9%r
formula unit (f.u.) that is close to the fully aligned spin value (31) Eerenstein, W.; Morrison, F. D.; Scott, J. F.; Mathur, N.Appl. Phys.
of 4ug for Mn3*. The observed saturation value is larger than Lett. 2003 87, 101906.

X i o (32) International Tables for Crystallographth ed.; Hahn, T., Ed.; Kluwer:
those reported in the literatute!* A very small hysteresis is Dordrecht, The Netherlands, 2002; Vol. A, p 52.
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Table 1. Structure Parameters of BiMnO3 at 300 and 550 K&

Wyckoff
site position X y z B(Ry)

Bi 8f  0.13638(13) 0.21832(17) 0.12617(13) 0.57(3)
0.13387(18) 0.2160(3)  0.1279(2) 1.47(4)

Mn1l 4e 0 0.2115(6) 0.75 0.26(6)
0 0.2326(8)  0.75 0.98(11)

' Mn2 4  0.25 0.25 05 0.67(7)
002 # 0.25 0.25 0.5 0.96(11)
B il o1 &  0.09980(17) 0.1723(3)  0.58145(16) 0.69(3)
200 ® _ 0.0892(3) 0.1865(5) 0.5886(3) 1.76(6)
000 * 02 &  0.14578(18) 0.5714(3) 0.367 95(19) 0.90(3)
. R . 0.1572(3) 0.5510(5) 0.3744(3) 2.56(7)
03 &  0.35434(19) 0.5484(3)  0.16471(18) 0.81(3)

0.3529(3) ~ 0.5487(4)  0.1586(3)  2.02(6)

aSpace groufC2/c (No 15);Z = 8; a = 9.5415(2) A,b = 5.61263(8)
A, ¢ =9.8632(2) A8 = 110.6584(12), andV = 494.24(2) B, Ryp =
3.61% 6= Ryp/Re = 1.06),R, = 2.82%,Rg = 1.71%, andRs = 0.81% at
300 K anda = 9.5866(3) A,b = 5.59903(15) Ac = 9.7427(3) AB =
108.601(2), andV = 495.63(3) &, Ryp = 4.20% S= 1.10),R, = 3.18%,

Rg = 2.64%, andR= = 1.52% at 550 K. The occupation of all the sites is

. ity. The first &, y, z, andB) line of each site is for 300 K, and th d
Figure 3. SAED pattern taken along the [010] zone axis. Fibe(h = 2n iusn;g/r 5553 Klrs &,z and) line of each site is for andfhe secon

+ 1 andl = 2n + 1) reflections are absent due to the existence of the
C-centered lattice and-glide plane as indicated by arrows.

Refinements of Crystal Structures of BiMnO;s. All the
observed reflections on both neutron diffraction and XRD
patterns of BiMn@ at 300 K could be indexed in th€2/c
symmetry. The same reflection conditions were found at 550
K from the observed reflections on the neutron diffraction
pattern. Structure parameters of BiMyn& 300 and 550 K were
successfully refined from neutron powder diffraction in space
groupC2/c using the fractional coordinates of BiS¢®as the
initial ones.

Final fractional coordinate® parameters, lattice parameters,
andR factors resulting from the Rietveld refinements are listed
in Table 1. Selected bond length¥ &énd anglesd) calculated
with ORFFE2® bond valence sums (BVSj,and distortion
parameters of Mngoctahedra4)3 are given in Table 2. Figure
5 displays observed, calculated, and difference neutron diffrac-
tion patterns.

Discussion

The SAED and CBED data confirmed that our bulk BiMinO
Figure 4. CBED pattern taken along the [100] zone axis. The HOLz Sample crystallizes in the centrosymmetric space g@2ip at
reflections clearly show the mirror-plane symmetry of this pattern perpen- 300 K. The observation of rather stroh@ and 00 reflections
dicular to theb*-axis as indicated by the arrows. with | = 2n + 1 on the [+21],,1526[01—1],,2” and [-110},Y"

perpendicular to thé*-axis. Thus, it has been revealed that ZON€ axes (where p refers to the fundamental perovskite cell)

BiMnO3 belongs to a point group @ With the above SAED in the prgvﬁgus works is Iikely due. to the double di.ffraction.
result, the space group of BiMn(as been determined to be The possibility of the double diffraction was not mentioned and
centrosymmetric2/c. checked in those works. Space gro0p was assigned based
It was reported that strong and long-time electron beam on_the observation of these reflections in the first papers by
irradiation transforms the as-prepared monoclinic BiNH® Chiba et af%and Atou et af. Note that we also observed strong

new modifications characterized by different superstrucitiids, 00l reflections withl = 2n +1 on the [100] SAED pattern of
We used weak enough irradiation to prevent such a transforma-BiMnOs (not shown here). However the [100] CBED zero-order
tion. Note that when we increased the electron beam intensity -@U€ zone (ZOLZ) pattern clearly showed the dynamical
and time, we indeed observed the transformations reported in€xtinction rule (GM-line) for the OOreflections withl = 2n +

the literature. It was also reported that there are different 1 confirming the existence of theglide plane perpendicular
polymorphs in the as-prepared BiMgGamples at room to theb*-axis In addition, there are a number of very similar

temperature found in the grain boundary regions by transmission SAED patterns in BiMn@making it difficult to assign a correct
electron microscopy?-26 However, in refs 17 and 27, it was zone axis and, therefore, reflection indexes without the results

suggested that. dlﬁgrgnt polymorphs are the re;ults of strong(33) Busing, W. R.: Martin, K. O.: Levy, H. AReport ORNL-TM-3060ak
electron beam irradiation because no polymorphism was found Ridge National Laboratory: Tennessee, 1964.

; ; in (34) Brese, R. E.; O'Keeffe, MActa Crystallogr., Sect. B991, 47, 192.
in those works. We also could not detect any polymorphlsm in (35) Rodfguez-Carvajal, J.; Hennion, M.; Moussa, F.; Moudden, A. H.; Pinsard,

the as-prepared BiMngsamples under weak irradiation. L.; Revcolevschi APhys. Re. B 1998 57, 3189(R).
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Table 2. Selected Bond Lengths, I (A), Angles, ¢ (deg), Bond
Valence Sums, BVS, and Distortion Parameters of MnOg, A, in

stoichiometry and the appearance of WMior Mn?* ions. Most
of the previous works were done on samples containing different

BiMnO32
: / impurities. The tiny changes in the cation and oxygen stoichim-
¢ BVS, and A etry can also explain the difference in tHg M, and saturated
300K 550K magnetization between our samples and the literature data for
Bi—02 2.218(2) 2.213(3) the bulk and thin films of BiMn@. For example, our studies
5o ggiggg gggggg on the BiMn_,SGOs system showed thaH. and M, are
Bi—Ola 2.466(2) 2.484(3) noticeably increased with increasirgip tox = 0.2 (and forx
Bi—O3a 2.710(2) 2.751(3) = 0.05: H; = 80 Oe andM; = 0.27ug), while the saturated
Bi—02a 2.837(2) 2.864(4) magnetization only slightly decreas®dn the case of thin-film
Bi—03b 3.003(2) 2.956(3) . e . S
Bi—02b 3.077(2) 2.999(2) samples, there exist additional compressive strains in films. In
Bi—O1b 3.148(2) 3.209(3) ref 16, it was suggested that the thin-film samples in reality
Bi—03c 3.265(2) 3.199(3) consist of partially oxidized phases because these samples
BVS(Bi) 3.00 2.88 i i
Mn1-01 (x2) 2199(2) 2.032(3) shc()jw;a.d. much Iowefr fer:jomaghr}et:c(.:l transmoln te?peratﬁref. '(I;he
Mn1—-02 (x2) 1.906(3) 2.011(4) Bi-de |C|enC>/ was found in thin-film samples y Rutherfor
Mn1-03 (x2) 1.986(3) 2.112(4) backscattering spectroscoply,and oxygen deficiency was
?(ﬁ(hl/ln(l))) 3-702 Lo 42575 L0 suggested to explain the high conductivity of thin fil&§gAll
ni— LX D X . - .
Mn2-01 (x2) 1.924(2) 2.024(3) these facts can cause_structural distortion from centrosymmetric
Mn2—02 (x2) 2.242(2) 2.106(3) to noncentrosymmetric.
Mn2—03 (x2) 1.941(2) 1.913(3) There are other possible explanations of the contradiction
i\(/,\%'\zﬂfé)) gfgx 104 135.(219x 10-4 between the centrosymmetric structure of BiMnénd the
Mn1—01-Mn2 (x2) 151.4(1) 150.9(1) observed second-harmonic generatiéfiand magnetocapaci-
Mn1—02—Mn2 (x2) 161.4(1) 158.3(1) tance effect® The first one is that the centrosymmetric-to-
Mn1—03-Mn2 (x2) 149.1(1) 152.01) noncentrosymmetric phase transition may occur at low temper-

a BVS = ziNzl vi, vi = exp[(Ro — 1i)/B], N is the coordination number,
B = 0.37,Ry(Bi%") = 2.094, andRo(Mn3+) = 1.7634 A = (LIN) 3, [(l;
— la)/la]? wherela,, = (1N) 3, |; is the average MRO distance®

0] A1=18233A

(@)
T=550K

Intensity (counts/10%)
ESS
.

atures in the magnetically ordered phase. An alternative
suggestion is that the ferroelectric properties of BiMnO
originate from an electronic phase transition triggered by an
electric field. The latter is supported by a giant increase (by 4
orders of magnitude) of the second-harmonic generation ef-
ficiency in thin-flm BiMnOs; samples under applied electric
fields!® The possible relation between the orbital order and
polarization was recently pointed out in BiMg®and LaMnQ
(having the average centrosymmetric structure with space group
Pnma.3° In LaMnQs, the intrinsic dielectric anomalies were
found at the orbital ordering temperature, and it was suggested

21 that the polarization may develop locally because of orbital
0 order3® Note that the first-principle calculations on BiMgO
1 showed that the centrosymmetre2/c structure with zero
2 T T w T T L s polarization is more stable than tk®2 structure at 0 K9 and
101 T:gbgo K BiMnO3z was considered as antiferroelectric in the 1967s pPaper
10: 81 and in ref 12.
o 8 : ¢ To obtain information on formal oxidation states of Bi and
E: p 1 : Mn in BiMnOg3, we calculated their BVS (Table 2). The resulting
R A e UV AV BVS values were 3.00 for Bi and 3.05 for Mn1 and Mn2 at
z 41 A : 300 K and 2.88 for Bi, 2.75 for Mn1, and 3.09 for Mn2 at 550
é’ 5 ) 3 a7 52 K, giving the oxidation state-3. At 300 K, almost ideal BVS

values were obtained in ti2/c model compared with the BVS

04 W values calculated from the structure parameters reported in the
5 Tt et et literature for theC2 model (3.65 for Mn1 in ref 6 and 3.48 for
10 30 50 2 9% 110 130 150 the different site Mn3 in ref 8). Note that the analysis of our

20 (deg)

data in theC2 model gave more reasonable BVS values for the
Mn sites (see Supporting Information).

Figure 5. Observed (crosses), calculated (solid line), and difference patterns
resulting from the Rietveld analysis of the neutron powder diffraction data - - - )
for BiMnOg at (a) 550 K and (b) 300 K. Bragg reflections are indicated by (36) Eell_k, AA; Yfg_kosawa, T.; Kimoto, K.; Matsui, Y.; Takayama-Muromachi,
tick marks. The lower tick marks are given for reflections from V. In (a), »» IN preparation. - o )
the third row of tick marks is given for reflections from a furnace, Cu; ©7) Shgé%ébgg]ﬁ "\',ﬁg;{_"éi,"yg‘)ﬂ'g}f‘z'(%av‘géLgfgeg{_" J.; Jia, Y. F.; Schiom,
reflections from Al are shown by asterisks. Insets depict the enlarged (38) dos Santos, A. F. M.; Cheetham, A. K.; Tian, W.; Pan, X. Q.; Jia, Y. F.;
fragments. Murphy, N. J.; Lettieri, J.; Schlom, D. G\ppl. Phys. Lett2004 84, 91.
. . L. . . . (39) Mondal, P.; Bhattacharya, D.; Choudhury,JPPhys.: Condens. Matter
of CBED and determination of the incident direction. It is also 2006 18, 6869.
; ; (40) (a) Baettig, P.; Spaldin, N. A. Private communication. (b) Shishidou, T.;
pOSSIbl(_E that there is S_trong depend(_ance of the structural Oguchi, T. Multiferroicity of BiMnQ; reexamined from first principles.
{ u I { resente arch MeetingBaltimore, , .
roperties of the bulk BiMn@ on the tiny changes of the P d aAPS March MeetingBal MD, 2006
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01

(2) 300 K

(b) 550K

Figure 6. Fragments of the crystal structure of BiMp@ewed along thea-axis at (a) 300 K and (b) 550 K; only Mnctahedra are given. The black

solid lines present the longest M© bond lengths.

In the literature, the structure data of BiMgp®©btained in
the C2 model had other problems, which were systematically
ignored, in addition to the too large BVS values for some of

BiMnOgs is believed to stem directly from the particular orbital
ordering®8 Figure 6a shows the three-dimensional magnetic
exchange between the Mn atoms at 300 K. The arrangements

the Mn sites. In the first paper reporting the crystal structure of of orbitals revealed by the elongations of the Myg2tahedra

BiMnOg3 from neutron powder diffraction at room temperature,

in the C2/c model are the same as those proposed in refs 6 and

estimated standard deviations (esd’s) for atomic coordinates8 from the structural data obtained in t88 model. According

were too large for neutron powder diffraction data (for example,
(1-5) x 1078 for O)5 This fact gives evidence for strong
correlations between structural parameters inGRemodel.

Note that when we used t&2 model in the analysis of our

to the GoodenoughKanamoiri rules, the superexchange interac-
tion between MA" ions becomes antiferromagnetic if both e
orbitals point perpendicular to the bond direction, and the
ferromagnetic interaction occurs if one of theogbitals points

data (see Supporting Information), esd’s of atomic coordinates along the bond direction; there should be four ferromagnetic

were also large (for example, (6-8) x 1073 for O), and the

interactions and two antiferromagnetic interactions (Figuré$a).

01 atom had a negative thermal parameter. The refinement of The ferromagnetic interactions were estimated to be larger than
the structure at 550 K was very unstable (that is, small variations antiferromagnetic oné'§. Because of the particular three-

in nonstructural parameters and tBeparameters had strong

dimensional arrangements of strong ferromagnetic interactions

effects on the refined atomic coordinates) resulting in at least (the antiferromagnetic MRO—Mn paths form one-dimensional

two minima with the sam® factors but quite different bond

zigzag chains along the [101] direction), the magnetic structure

lengths and BVS values (see Supporting Information). Therefore, of BiMnO3 is ferromagnetic belowT.® This fact produces

the dispersion of MRrO bond lengths was large in th@é2

magnetic frustration. The ordered spin structure of BiMimO

model, and it was very hard to detect the subtle differences different from that of LaMn@, where four strong ferromagnetic
between the structures at 300 and 550 K. The crystal structureinteractions in plane and two antiferromagnetic interactions

of BiMnOg3 could also be refined in space gro@e. The R
factors were the same in ti&2 (Ryp = 3.54%,S= 1.04,R, =
2.75%,Rg = 1.63%, andRr = 0.76% at rt) andCc (Rup =
3.56%,S= 1.05,R, = 2.78%,Rs = 1.65%, andRs = 0.77%

at rt) models and slightly smaller that those of ©2/c model
(Rup = 3.61%,S= 1.06,R, = 2.82%,Rg = 1.71%, ancRr =
0.81% at rt). It is explained by the fact that the number of refined
structural parameters is two times larger in @2 and Cc
models. The same situation was found in the case of BiScO
(when theR factors were even smaller in th@c model than
those of theC2 model)?> However, we have unambiguously

between planes result in the A-type antiferromagnetic structure.

At 550 K, the distortion of the Mn@octahedra in BiMn@
is considerably reduced as can be seen from the difference
between the longest and shortest-Mn distances (0.295 A for
Mn1 and 0.319 A for Mn2 at 300 K and 0.104 A for Mn1 and
0.194 A for Mn2 at 550 K) and from the distortion parameters
of MnOg octahedra 4, Table 2). However, there are still two
long distances~2.1 A) and four short distances-(.9-2.0
A) at 550 K. The longest Mn203 distances (2.113 A) lie on
one side of the Mn1 atom; that is, the ©8In1-03 angle is
83.6° (Figure 6b). Therefore, the origin of the distortion of the

shown using SAED, CBED, and second-harmonic generation Mn10s octahedron is not the static Jakfeller effect. As a

studies that BiSc@crystallizes in space group2/c.

At 300 K, the MnQ octahedra in BiMn@ are strongly
distorted with two long distances~@.2 A) and four short
distances £1.95 A). It is explained by the JahiTeller
distortion of Mr#* ions with d* configuration. The distortion
parameters of Mn@octahedra (Table 2) are larger than that of
LaMnO;s at 300 K (A = 33.1 x 107%).35 Such a strong distortion

result, the long-range three-dimensional orbital ordering should
be destroyed in BiMn@at 550 K because of disappearance of
the static JahnTeller distortion at least for one Mn site. Note
that in LaMnQ after the melting of orbital ordering oo =

750 K, the static JahnaTeller distortion of the Mn@octahedron

is completely removedX x 10* changes from 33.1 to 0.9),
and the structure transforms from orthorhombic to pseudo-

is associated with the orbital ordering. The ferromagnetism of cubic3> However, formally LaMnQ@retains the same symmetry
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above and belowWoo (space grouPnmg. BiMnOs also retains
the same symmetnC@/c) below and above the phase transition
temperature of 474 K. Despite the fact that the MioCtahedra
become much more regular in LaMp@&boveTog, the tilt angle

of the MnQ; octahedra is conservéel The same situation is
observed in BiMn@ as can be seen from the MaD—Mn2
bond angles at 300 and 550 K (Table 2).

The orbital melting in LaMn®@is accompanied by a jump in
magnetic susceptibilities with the significant change in the Weiss
constant and without any change in the Curie constamhe
Weiss constants are 177 and 52 K above and bdigwin
LaMnOs. Considering two adjacent octahedra, there are nine
possible orbital arrangements. However, three of them with
parallel orbital configurations that give antiferromagnetic in-
teractions are not favored from the viewpoint of optimal packing
when orbital order is absefg.It should be noted that, in the
six remaining orbital configurations, four ferromagnetic and two
antiferromagnetic interactions are expected. That is the origin
of the large positive Weiss constant of the LaMyeboveToo.

The Weiss constant decreases beltwyy because the parallel
orbital configurations along thedirection give relatively large
antiferromagnetic interactions. In the case of BiMn@ere is
also a jump in magnetic susceptibilities ndap = 474 K, but

(107.823)2* at 300 K, where there is no orbital order. On the
other hand, thgg angle in BIMnQ; at the orbital ordered state
at 300 K (110.658 differs noticeably from that at 550 K.
Therefore, the value of the angle may be an indicator of the
presence of the orbital order in these systems. The structural
phase transition from monoclinic-to-(pseudo)orthorhombic is
observed in BiMnQ (at 770 K)10 BiCrOs (at 420 K)2° and
Bi,NiMnOg (at 485 K}* (BiScQ; starts to decompose above
980 K*3 before this phase transition takes place). The mono-
clinic-to-monoclinic phase transition is found only in BiMpO
confirming that the orbital degrees of freedom play an important
role in this transition.

Using the resonant X-ray scattering, the orbital melting
temperature was determined to be 770 K that corresponds to
the monoclinic-to-orthorhombic phase transitidriwe have
investigated the BiMn.,ScOs3; system and found that the
monoclinic-to-monoclinic phase transition disappearx at
0.0536 The temperature of the magnetic phase transition
decreases and the temperature of the monoclinic-to-orthorhom-
bic phase transition increases with increasinghe decrease
of the magnetic phase transition temperature is in agreement
with the dilution effect. However, it is highly unlikely that the
orbital melting temperature, if it will be associated with the

the change in the Weiss constant is quite small (Figure 1). The monoclinic-to-orthorhombic phase transition, will rise with

small jump of magnetic susceptibilities and small changes of
the Weiss constant in BiMngzompared with those of LaMnO
can be explained by the difference in the orbital ordering pattern.
There is no parallel orbital configuration in the orbital ordering
patterns of BiMn@, so the six orthogonal orbital arrangements
with four ferromagnetic and two antifferomagnetic interactions
do not change with or without the orbital order. Therefore
smaller structural transformations in BiMg@ompared with
those of LaMnQ are found from the changes in the MO
distances and th& parameters below and above the phase

increasing Sc content in BIMnSGOs. Therefore, these data
also support the idea that the orbital melting takes place above
474 K and corresponds to the monoclinic-to-monoclinic phase
transition.

In conclusion, the SAED and CBED data confirmed that
BiMnOj3 has theC2/c symmetry at 300 K. This result is very
important for theoretical studies of BiMnrCand structurally
related compounds and in practical applications. Neutron
diffraction allowed us to detect subtle differences between the
structures of BiMn@at 300 and 550 K. The application of the

transition temperatures. Therefore, all anomalies observed atcentrosymmetri€C2/c model was essential to detect the subtle

474 K in BiMnOs; resemble those of LaMnat 750 K, and
the monoclinic-to-monoclinic phase transition in BiMniseems
to have the same nature as the phase transition in LaMrt@

large difference between the orbital ordering temperatures of

BiMnO3; and LaMnQ may be explained by the presence of
magnetic frustration in BiMn@both above and belowWoo as

discussed above and in ref 18 compared with unfrustrated Supporting Information Available:

interactions in the orbital ordered LaMpO

Itis interesting to note that the monoclifiangles are similar
in BiMnO3 at 550 K (108.603) and isostructural compounds
BiCrO; (108.58),2° BiScO; (108.300),25> and BpNiMNnOg

(41) Zhou, J. S.; Goodenough, J. Bhys. Re. B 1999 60, 15002(R).
(42) Khomskii, D. I.; Kugel, K. I.Phys. Re. B 2003 67, 134401.

structural differences. We found, from our structural analysis
and magnetization measurements, that orbital order disappears
upon heating alToo = 474 K in BiMnOs.
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