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Crystal structures of solid solutions of BiMn;_,Sc,03 with x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.7 were
studied with synchrotron X-ray powder diffraction. The strong Jahn-Teller distortion, observed in
BiMnO; at 300K and associated with orbital order, disappeared already in BiMng 955Scg 0503. The orbital-
ordered phase did not appear in BiMng 955¢g 0503 down to 90 K. Almost the same octahedral distortions
were observed in BiMn;_,Sc,O3 with 0.05<x<0.7 at room temperature and in BiMnO3 at 550K above
the orbital ordering temperature Too = 473 K. These results allowed us to conclude that the remaining
octahedral distortions observed in BiMnO3 above Too are the structural feature originated from the
highly distorted monoclinic structure.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

BiMnOs and BiFeOs are one of the most studied multiferroic
materials [1] among perovskite-type oxides. BiFeOs is the only
compound among BiMOs3; (M = transition metals) that can be
prepared at ambient pressure in bulk form. BiFeOs is an
antiferromagnet and a ferroelectric material [2]. BiMnOs is the
only compound among BiMOs3 exhibiting true ferromagnetism [1].
In addition, the orbital degrees of freedom of Mn>* are active in
BiMnOs; resulting in the orbital-ordered state [3-6].

BiMnO; has a highly distorted perovskite-type structure at
room temperature (RT) and crystallizes in a monoclinic system
[3-5]. BiMnOs undergoes two high-temperature phase transitions
at Top = 474K and Ty, = 768 K [7-9]. The phase transition at 474 K
is a monoclinic-to-monoclinic phase transition accompanied by a
thermal effect, abrupt changes of lattice parameters and unit cell
volume, and a small jump of resistivity and magnetization
[5,8,10]. Structural analysis from neutron powder diffraction data
allowed us to suggest that this phase transition corresponds to
orbital order (OO) below Too [5]. The phase transition at 768 K is a
structural monoclinic-to-orthorhombic transition [8].

The monoclinic modification of BiMnO3; which is stable below
Too (space group C2/c) is called phase I [5,10,11]. Phase I is
characterized by a monoclinic angle of about 110.6°. The
monoclinic modification of BiMnOs; which is stable above Tpo
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(space group C2/c) is called phase II [5,10]. Phase II is character-
ized by a monoclinic angle of about 108.8°.

The recent first principle calculations showed that the splitting
of e; orbitals in BiMnO3 at 550K (that is, in phase II) is about
2100K even for the Mnl site with the smallest octahedral
distortion suggesting the existence of orbital order of a different
type in phase II of BiMnO3; above Too [12].

In this work, we investigated structural properties of solid
solutions BiMn;_,Sc,O3 in attempt to understand the origin of the
remaining octahedral distortions in BiMnOs above Tpo. We found
that the rather strong octahedral distortions remain in highly
diluted BiMn;_,Sc,O3 samples with x> 0.5 where the orbital order
cannot survive. The obtained results indicate that the origin of the
remaining octahedral distortions is probably the structural feature
of the highly distorted monoclinic structure of BiMnOs.

2. Experimental

The synthesis and detailed magnetic characterization of
BiMn;_,Sc,O3 with specific heat and dc/ac magnetic susceptibil-
ities are described in Refs. [13,14]. Synchrotron X-ray powder
diffraction (SXRD) data of BiMn,_,Sc,05 for structure refinements
were collected at RT (also at 90K for BiMng 955cg.0503) on a large
Debye-Scherrer camera at the BLO2B2 beam line of SPring-8 [15].
Incident beams from a bending magnet were monochromatized to
). = 0.4227 A. The samples were packed in glass capillary tubes
with an inner diameter of 0.2 mm, and the tubes were rotated
during measurements. The SXRD data were collected in a 26 range
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from 1° to 50° with a step interval of 0.01°. Structure parameters
of BiMnOs3 at 550K [5] were used as initial ones in the Rietveld
refinements using RIETAN-2000 software [16]. Coefficients for
analytical approximation to atomic scattering factors for Bi, Sc,
Mn, and O were taken from Ref. [17]. The pseudo-Voigt function of
Toraya was used as a profile function [18]. The background was
represented by a composite background function, i.e., 11th-order
Legendre polynomial multiplied by a set of numerical values to
approximate the background. The occupancy factor, g, of all the
sites was unity (g = 1). Isotropic atomic displacement parameters,
B, with the isotropic Debye—Waller factor represented as
exp((-Bsin? 0)//?) were assigned to all the sites. For the impurity
of Bi,0,C03;, we refined only a scale factor and the lattice
parameters, fixing its structure parameters [19]. The mass
percentage of Bi,0,CO3; was calculated from the refined scale
factors to be about 1% in all the samples. In BiMng g55¢g 0503,
about 5% of phase I was found [13].

3. Results and discussion

Final lattice parameters, R factors, fractional coordinates, B
parameters, and some bond lengths of BiMn;_,Sc,O3 are listed in
Tables 1-3. Fig. 1 displays observed, calculated, and difference
SXRD patterns of BiMng gSco 203 as an example. Figs. 2-4 show the
compositional dependence of the M-O bond lengths, distortion
parameters (4) of MOg [20], M1-O-M2 bond angles (M = (Mn/
Sc)), and bond-valence sums [21] and 4 values for BiOy polyhedra
(calculated with N = 8 and 10) [20].

In the structure analyses, we assumed random distribution of
Sc3* ions between two crystallographically distinct sites for Mn in
BiMnOs. These sites are very similar to each other in size (the
average bond lengths are 2.030A for Mn1 and 2.036 A for Mn2
[5]). However, they are different in symmetry. The Mn2 site is
located in the center of symmetry. Therefore, the O-Mn2-0 bond
angles with the opposite oxygen atoms are constrained to be 180°
by the symmetry. The Mn1 site has only a twofold rotational
symmetry. There is another strong argument (in addition to the
site size) in favor of the random Sc3* distribution. We found that
the end members BiMnOs and BiScOs crystallize in space group
Pnma (the GdFeOs-type structure) at high pressure of 4-8 GPa and
RT [22]. Therefore, at the synthesis conditions at high pressure

Table 1

Structure parameters of BiMng g55¢o 0503 at 300 and 90K.?

Site Wyckoff X y z B (A%)

position

Bi 8f 0.13409(7) 0.21411(9) 0.12841(11) 0.983(11)
0.13439(6) 0.21318(8) 0.12874(9) 0.552(10)

M1 4e 0 0.2284(5) 0.75 0.90(9)
0 0.2288(5) 0.75 0.54(7)

M2 4d 0.25 0.25 0.5 0.82(10)
0.25 0.25 0.5 0.65(8)

01 8f 0.0894(9) 0.1932(16) 0.5909(11) 1.2(2)
0.0915(9) 0.1932(15) 0.5930(11) 0.5(2)

02 8f 0.1659(11) 0.5565(16) 0.3897(14) 1.4(2)
0.1666(12) 0.5579(18) 0.3903(15) 21(3)

03 8f 0.3598(9) 0.5635(14) 0.1630(10) 0.8(2)
0.3597(9) 0.5618(14) 0.1610(10) 0.6(2)

2 Space group C2/c (no. 15); Z=8; a=9.58623(15)A, b =5.59798(7)A,
c=9.76139(14)A, $=108.8971(11)°, and V=495597(12)A3, R, =2.34%
(S = Rup/Re = 0.98), R, = 1.66%, Rg=1.24%, and Rp=138% at 300K and a=
9.57404(15)A, b = 5.58899(7)A, c = 9.76023(14)A, § =108.9728(10)°, and V =
493.889(12) A, Ryp = 2.44% (S = 1.12), R, = 1.72%, Rg = 1.05%, and Ry = 0.91% at
90K. The occupation of all the sites is unity; g(Mn) = 0.95 and g(Sc) = 0.05 for the
M1 and M2 sites. The first (x, y, z, and B) line of each site is for 300K, the second one
is for 90 K. Numbers in parentheses are statistical errors of the last significant digits.

Table 2
Selected bond lengths, [ (A), angles, ¢ (deg), and distortion parameters of MOg and
BiOy, 4, in BiMng g55¢g 0503 at 90 and 300K.

90K 300K
Bi-02 2.156(9) 2.169(9)
Bi-03 2.203(9) 2.187(9)
Bi-O1 2.314(9) 2.327(9)
Bi-Ola 2.516(9) 2.493(9)
Bi-O2a 2.760(12) 2.763(11)
Bi-03a 2.847(9) 2.855(9)
Bi-03b 2.876(9) 2.883(9)
Bi-02b 3.132(12) 3.125(11)
Bi-O1b 3.147(8) 3.178(9)
Bi-03b 3.235(8) 3.285(8)
A(BiOg) 164.4 x 1074 164.4 x 107
A(BiO10) 196.4 x 1074 202.6 x 1074
M1-01 ( x 2) 2.007(10) 2.012(11)
M1-02 ( x 2) 2.102(13) 2.106(12)
M1-03 (% 2) 2.106(8) 2.112(8)
A(M10g) 49x10™* 49x107
M2-01 ( x 2) 2.031(9) 2.036(10)
M2-02 (x2) 2.047(12) 2.047(11)
M2-03 ( x 2) 1.899(9) 1.909(9)
A(M20g) 11.1 x1074 9.8x 107
M1-01-M2 ( x 2) 154.3(5) 153.2(5)
M1-02-M2 ( x 2) 154.4(5) 155.0(5)
M1-03-M2 ( x 2) 151.1(5) 150.0(5)

A= 1/NYSN [ = Lay) /L], where Ly = (1/N)X N, I; is the average M-O or Bi-O
distance and N is the coordination number.

and high temperature, solid solutions BiMn;_,ScxOs most prob-
ably have the Pnma (or higher) symmetry with one crystal-
lographic site for Mn®* and Sc* and, therefore, random
distribution of these ions. This random distribution should remain
after the quenching and pressure release at RT.

Below Tgo in phase I, there are two long Mn-0 distances in
BiMnOs, and octahedral distortions of MnOg are very large
(4(Mn10g)*10% = 37.2 and 4(Mn20g)*10% = 51.3) [5]. They are
even larger than the octahedral distortion of MnOg in LaMnOs at
RT (4(MnOg)*10* = 33.1), a classical system with orbital order
[20]. Above Tqo in phase II, the octahedral distortions of MnOg are
considerably reduced in BiMnO; (4(Mn10g)+10%=4.5 and
A(Mn20g)*10* = 15.4) [5], but the reduction is not so dramatic
as that of LaMnOs; above Too = 750K (4(MnOg)+10* = 0.9) [20].

BiMn;_,Sc,O3 with 0.05<x<1 crystallizes in the phase II
structure. The M-0 bond lengths and 4 values in BiMnOs5 at 550K
and in BiMng ¢Sco 103 at RT are almost identical (Fig. 2). The same
tendency is kept for the whole range of solid solutions
BiMn;_,Sc,Os with 0.05<x<0.7. Noticeable octahedral distor-
tions remain especially for the M2 site with the center of
symmetry even in BiMng3Scg;0s3. It is obvious that the orbital
order cannot survive at such high-doping concentrations.

In solid solutions LaMn;_,Ga,0s3, the distortion of (Mn/Ga)Og
octahedra is gradually decreased with increasing x, and samples
with x>0.6 show almost regular (Mn/Ga)Og octahedra (A4((Mn/
Ga)0g)+10* = 0.09 for x = 0.6 at 300K) [23,24]. Another work
reported a nearly regular (Mn/Ga)Og octahedron in La,MnGaOg
(4((Mn/Ga)Og)+10* = 0.06 at 300K) [25]. In principle, the same
behavior should be observed in the solid solutions BiMn;_,Sc,Os.
However, BiMn,_,Sc,03 crystallizes in a highly distorted perovs-
kite structure (space group C2/c) in comparison with orthorhom-
bic LaMn;_,Ga,03. Therefore, we can conclude that the origin of
the remaining octahedral distortions in BiMn;_,Sc,O3 is the
highly distorted monoclinic structure. However, we should
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Table 3
Structural parameters and R factors of BiMn;_,Sc,O3 with x = 0.1, 0.2, 0.3, 0.4, 0.5, and 0.7 at room temperature.
X 0.1 0.2 0.3 0.4 0.5 0.7
a(A) 9.60346(15) 9.62599(15) 9.64528(16) 9.67209(18) 9.7024(2) 9.7725(3)
b (A) 5.61121(8) 5.63898(8) 5.66529(9) 5.69221(9) 5.71651(10) 5.76097(13)
c(A) 9.76888(14) 9.79177(15) 9.81772(17) 9.85067(18) 9.8829(2) 9.9492(3)
B () 108.7682(10) 108.6032(10) 108.5073(11) 108.4441(12) 108.4159(13) 108.3884(16)
x (Bi) 0.13443(6) 0.13487(7) 0.13512(7) 0.13538(7) 0.13554(7) 0.13588(9)
v (Bi) 0.21326(8) 0.21085(9) 0.20796(9) 0.20463(9) 0.20180(9) 0.19623(12)
z (Bi) 0.12884(9) 0.12951(10) 0.13051(9) 0.13125(8) 0.13206(9) 0.13348(10)
B (Bi) 0.993(12) 1.050(13) 1.154(14) 1.196(15) 1.081(15) 1.09(2)
y (M1) 0.2272(5) 0.2274(5) 0.2310(5) 0.2319(5) 0.2343(5) 0.2407(5)
B (M1) 0.83(8) 0.81(9) 0.54(9) 0.70(9) 0.58(10) 0.05(12)
B (M2) 0.69(8) 0.89(10) 1.51(11) 1.38(11) 1.32(12) 1.88(16)
x (01) 0.0895(8) 0.0877(9) 0.0899(9) 0.0891(8) 0.0874(8) 0.0854(10)
y (01) 0.1891(14) 0.1904(15) 0.1922(15) 0.1898(14) 0.1935(14) 0.1984(18)
z (01) 0.5892(9) 0.5862(10) 0.5896(10) 0.5893(9) 0.5867(9) 0.5840(11)
B (01) 1.3(2) 1.6(2) 1.3(2) 1.4(2) 0.7(2) 0.6(3)
x (02) 0.1617(10) 0.1621(10) 0.1680(10) 0.1664(10) 0.1648(9) 0.1643(12)
y (02) 0.5614(14) 0.5626(14) 0.5577(15) 0.5590(15) 0.5594(14) 0.5549(19)
z(02) 0.3824(11) 0.3740(11) 0.3753(11) 0.3745(10) 0.3735(10) 0.3720(13)
B (02) 1.2(2) 0.7(2) 1.3(2) 1.4(2) 1.1(2) 1.2(3)
x (03) 0.3591(8) 0.3618(9) 0.3612(9) 0.3596(9) 0.3580(9) 0.3564(11)
vy (03) 0.5591(14) 0.5503(15) 0.5433(15) 0.5389(15) 0.5416(15) 0.5375(18)
z(03) 0.1606(9) 0.1606(10) 0.1610(9) 0.1622(9) 0.1599(9) 0.1611(12)
B (03) 1.2(2) 11(2) 1.3(2) 1.4(2) 1.7(2) 1.2(3)
Rwp 2.54 2.51 2.23 2.99 2.68 3.53
Ry 1.79 1.73 1.63 2.16 1.90 2.53
Rg 0.84 1.00 1.42 1.69 0.62 0.96
Rg 1.10 1.29 1.43 2.02 0.62 0.85
S 1.78 1.52 1.04 1.76 1.59 2.08

See Table 1 for Wyckoff positions of the sites and other information. Mn and Sc atoms are distributed randomly between the M1 and M2 sites (that is, g(Mn) = 1—x and

8(Sc) =x).
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Fig. 1. Portions of observed (crosses), calculated (solid line), and difference patterns resulting from the Rietveld analysis of the synchrotron X-ray powder diffraction data of
BiMngp gSco 205 at 300 K. Bragg reflections are indicated by tick marks. The lower tick marks are given for reflections from the impurity Bi,0,CO5 (1.2 wt%). The inset gives

the enlarged fragment.

emphasize that Sc* ions can have the second-order Jahn-Teller
effect [26]. Combinations of ions with the first-order Jahn-Teller
effect (Mn>") and second-order Jahn-Teller effect (Sc**) may
contribute to the increase of the structural distortion. We note
that the structural analysis gives an average static picture of
crystal structures. To the best of our knowledge, there is no
structural information (compositional dependence of M-O bond
lengths) about the solid solutions LaMn; _,Sc,Os. But the compo-
sitional dependence of the lattice parameters of LaMn;_,Sc,O3
[27] is different from those of LaMn,;_,Al,O3 [27] and LaMn,_,Ga,O3
[23] suggesting probably a different behavior of M-O bond

lengths. In this content, investigations of effects of non-degen-
erate M>* ions without the second-order Jahn-Teller effect
(M = AP* (d%), Cr3* (d®), Fe** (d®), and Ga>* (d'°)) on the structural
distortions of BiMn;_,M,03; may be interesting. For example, in
La,MnMOg with non-degenerate M = Ga>* [25], Cr>* [28], and Fe3*
[28], these ions have the same effect, that is, the resulting
(Mn/M)Og octahedra are almost regular (4((Mn/Ga)Og)+10% =
0.06, A((Mn/Cr)0g)+10% = 0.12, and A((Mn/Fe)Og)+10* = 1.61).
The M-O bond lengths and A values in BiMnggs5Sc 0503 at
300 and 90K are very similar to each other (Table 2), and
BiMng 95S¢0.0503 adopts the phase II structure. This fact shows
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Fig. 2. Compositional dependence of (a) M1-O bond lengths, (b) M2-O bond
lengths, and (c¢) octahedral distortion parameters A(M10g) and A(M20g) in solid
solutions BiMn;_,Sc,O3 at 300K. The white symbols show the values for BiMnO3
at 550K [5]. The values for BiScO5 are taken from Ref. [30].

that (1) phase Il is stabilized very fast with the substitution in the
Mn sublattice and (2) phase II is stable down to 90K, and the
orbital-ordered phase I does not appear.

The stability and distortions of perovskite-type oxides can be
qualified using the tolerance factor, t:

a+To

—_AT'0 1
V2(rg +10) M

where 14, 15, and rg are the ionic radii of the A, B, and oxygen ions,
respectively, in a perovskite ABOs; and t=1 for an ideal
undistorted perovskite. With ryy(Bi®*) = 1.17 A, ry(Sc3*) = 0.745
A, ri(Mn®*)=0.645A, and r(0?)=140A [29], we have
t(BiScO3) = 0.847 and t(BiMnO3) = 0.889. That is, BiScO3 should
be more distorted. This fact can be seen from the compositional
change of the distortion parameter of the BiOy polyhedra (Fig. 4)
and M1-0-M2 bond lengths (Fig. 3). The A(BiOy) values are
almost constant for 0.0<x<0.2, and then they gradually increase
with increasing x in BiMn;_,Sc,Os. The dispersion of the
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Fig. 3. Compositional dependence of M1-O-M2 bond angles in solid solutions
BiMn;_,ScxO3 at 300 K. The white symbols show the values for BiMnOs5 at 550K
[5]. The values for BiScO3 are taken from Ref. [30].
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Fig. 4. Compositional dependence of bond valence sums (BVS [21]) for Bi3* (right-
hand scale) and distortion parameters A(BiOy) with N = 8 and 10 (left-hand scale)
in solid solutions BiMn; _,Sc,O3 at 300 K. The white symbols show the values for
BiMnOs at 550K [5].

M1-0-M2 bond lengths is the largest for BiScOs compared with
BiMn,_,Sc,O5 (0.05<x<0.7). The large Mn1-0-Mn2 bond length
dispersion in BiMnOs at RT is probably related to the large
distortions of the MnOg octahedra due to the Jahn-Teller effect.
The second-order Jahn-Teller effect of Sc®* is rather weak;
therefore, the distortion of the ScOg octahedra is small in pure
BiScO3 (Fig. 2c). The expected (from the tolerance factor) larger
distortion of BiScOs is achieved by the larger distortion of the BiOy
polyhedra and rotation of the ScOg octahedra. The introduction of
the Jahn-Teller active Mn>" ions into BiScO5 induces a noticeable
distortion of the M2 site and reduction of the BiOy polyhedra
distortion.

In this paragraph, we would like to give some comments on the
question about the origin of the highly distorted monoclinic
structure of BiMnOs. This question is a part of a more general
problem: why crystal symmetries of BiMnOs [5] (BiScOs [30] and
BiCrOs [31]), BiFeOs [2], BiCoOs [32], and BiNiOs [33] are different
(at RT and ambient pressure). All these compounds have Bi** ions
with a lone electron pair in the A-site of the perovskite structure.
The orbital order of BiMnOs; alone cannot be crucial because
BiScOs and BiCrOs have the same distorted structure and no OO.
lonic radii [29] of Sc3* (rv = 0.745A), Cr** (rv; = 0.615A), and
Mn®* (ry; = 0.645A) are quite different. On the other hand, ionic
radii of Fe** (ry; = 0.645 A) and Mn>" (ry; = 0.645 A) are the same,
however, they have different distortions (space group R3c for
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BiFeOs and C2/c for BiMnOs). lonic radii of Cr>* (ry; = 0.615 A)and
Co>* (ryi=0.610A) are also close but distortions are different
(space group C2/c for BiCrOs and P4mm for BiCoOs). Therefore,
simple crystal chemistry considerations cannot give the answer
about the origin of different symmetries. Some ideas about the
origin of the PAmm symmetry of BiCoO; are given in Ref. [34]. It is
interesting that many of the BiMO3; compounds have the Pnma
symmetry at high pressure and RT [22,33] similar to LaMOs (at RT
and ambient pressure). Therefore, the pressure seems to remove
distortions caused by the presence of a lone electron pair of Bi*".
The symmetry at ambient pressure is governed by unique
properties of each transition metal coupled with the presence of
a lone electron pair of Bi3*.

In conclusion, the structural properties of the solid solutions
BiMn;_,Sc,O3 have been investigated. Almost the same octahedral
distortions were observed in BiMn;_,Sc,Os with 0.05<x<0.7 at
RT and in BiMnOs at 550K above the orbital ordering temperature
Too = 473 K. These results allowed us to conclude that the
remaining octahedral distortions observed in BiMnOs; above Tgo
are the structural feature originated from the highly distorted
monoclinic structure.
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