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Abstract: A newly designed ferromagnetic, ferroelectric compound, BizNiMnOg, was prepared by high-
pressure synthesis at 6 GPa. The crystal structure, as determined by synchrotron X-ray powder diffraction,
is a heavily distorted double perovskite with Ni>* and Mn** ions ordered in a rock-salt configuration. The
presence of 6s? lone pairs of Bi®* ions and the covalent Bi—O bonds give ferroelectric properties with Tce

of 485 K, while —NiZ*—O—Mn*"—0O—Ni2"—

magnetic paths lead to a ferromagnetism with Tcy of 140 K.

This simple material design to distribute two magnetic elements with and without ey electrons on B sites of
Bi- and Pb-based perovkites can be applied to other Bi,M?*M'4*Og and Pb,M3*M'5*Os systems to search

for newer ferromagnetic ferroelectrics.

1. Introduction

A compound where magnetic and ferroelectric orders coexist

is potentially of great use. If the coupling between magnetic

and dielectric properties is strong enough to switch the direction

of magnetization by application of an electric field, the thermal
power of a magnetic memory will be drastically reduced.
Discovery of anomalously large interplay between ferroelec-
tricity and magnetism in ToMng and TbMnrOs? has acceler-

ated such interest. Despite their usefulness, magnetic ferroelec-
trics are rare in nature and most of them are antiferromagnets

with small responses to an external magnetic field. A classical
way to obtain a magnetic ferroelectric is to locaté'Bor P+

ions and a magnetic transition metal ion on A and B sites of a
ABO; perovskite structure, respectively. The? Gsne pair of

Bi (Pb) ions and the strong covalent character of Bi(RD)
bonds stabilize a noncentrosymmetric distorted structtire.
Indeed, BiFe@is a well-known antiferromagnetid’( = 643

K) ferroelectric c = 1103 K)?> Large spontaneous polarization

tric (Tce = 760 K) among Bi,Pb-3d transition metal perovskites.
High-pressure (HP) synthesis is a powerful tool to stabilize such
distorted structures. HP syntheses of Bi,Pb-3d transition metal
perovskites including BiMn@ were reported in the late
1960s'%712 We have also investigated BiCs@® BiCoQOs,4
BiNiO3,'®> and PbVQ,'® but these were all found to be
antiferromagnets. The ferromagnetism of BiMyi@sults from

a particular orbital order. No other example of such an orbital
order as the origin of the ferromagnetism is known. According
to the Kanamort-Goodenough rules, a ferromagnetic insulator
can also be obtained by distributing two kinds of transition metal
ions with and without gelectrons in a rock-salt configuration.
Since no antiferromagnetic superexchange interaction mediated
by oxygen ions works between the adjacent magnetic ions,
ferromagnetic Hund’s coupling is dominant. Such configuration
is realized in LaMMnOg with M = Co17-1° Nj,17.18:20 gnd
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and weak ferromagentism due to a spin canting were recently (8) MOFEII’a dos Santos, A.; Cheetham, A. K.; Atou, A.; Syono, Y.; Yamaguchi,

reported in an epitaxial thin film of a tetragonal PbEi®pe
structure and stimulated many of the following wofks.
BiMnO3’~? is the only ferromagneticTey = 110 K) ferroelec-
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@ Table 1. Refined Structural Parameters for Bi;NiMnOg at 300 K#
] atom site X y z B (A?)
’% Bil 4c 0.133(1) -0.023(12) 0.378(1) 0.672(5)
= Bi2 4c 0.369(1) 0.035(12)  0.123(1)  0.672
El Nil 2a 0 0 0 0.40(7)
= Ni2 2b 0.5 0.015(2) 0.5 0.40
2 Mn 4c 0.243(3) 0.013(13) 0.749(3) 0.40
£ o1 4c  0.111(5) —0.061(15) 0.849(6) 0.8
M 02 4c 0.420(4) 0.042(14) 0.680(5) 0.8
g 03  4c  0.146(9) 0.276(18)  0.636(9) 0.8
e 79 15 30 35 30 35 40 04  4c  0.333(4) 0.242(14)  0.413(5) 0.8
20 (deg) 05 4c 0.377(5) 0.204(12) 0.899(5) 0.8
06 4c 0.162(8) 0.216(17) 0.126(9) 0.8

(c) 1
R aSpace grout2, a = 9.4646(4) Ab =5.4230(2) Ac = 9.5431(4) A,
andp = 107.823(2). Rup = 4.79% andR, = 0.64%.P The sameB values
were given for Bil and Bi2, Ni, and Mn, respectively. TBevalue of O
was fixed during the refinement.

Table 2. Ni—O and Mn—0 Bond Lengths (A) for Bi,NiMnOg

Ni1—01 2.06(7)x 2 Mn—04 2.10(5)
Nil—05 2.04(6)x 2 Mn—05 1.90(5)
Ni1—06 2.01(8)x 2 Mn—06 2.05(8)

Mn—O1 1.83(7) Ni2-02 2.08(5) 2

- Mn—02 1.99(6) Ni2-03 2.05(9)x 2

Figure 1. (a) Synchrotron X-ray powder diffraction pattern fopBiMnOe. Mn—03 1.85(9) Ni2-04 1.97(6)x 2

(b) Crystal structure of BNiMnOsg. Bright and dark octahedra correspond
NiOg and MnQ;, respectively. (c) Linkage of NiQand MnQ octahedra.
The solid lines correspond to the occupigdoebitals.

= 5.4230(2) A,c = 9.5431(4) A, ang8 = 107.823(2). Since
Cul72tand these are indeed ferromagnetsNB¥InOg is thus the unit cell was close to that of BiMna Rietveld structure
expected to be a ferromagnetic ferroelectric, but no compound "efinement with the program RIETAN-2080was performed
with this composition forms under ambient conditions. by assuming a BiMn@type structure as an initial model. There
We have succeeded in stabilizing this compound by meansareé three transition metal sites, M1, M2, and M3, with
synchrotron X-ray powder diffraction, is a heavily distorted Of the refinement, Ni* and Mrf* were randomly distributed
double perovskite with Ni- and Mrf* ions ordered in a rock- ~ OVver these three sites. It was found that the ®bond lengths
of Bi®* ions and the covalent BiO bonds give ferroelectric SO the small Mfi* ion was assigned to the M2 site, and large

properties withTce of 485 K, while —Ni2f—O—Mn*4t—O— Ni2* ions were assigned to M1 and M3 at the final stage. Bond
Ni2*—magnetic paths lead to a ferromagnetism Wighy of 140 valence sunté calculated from the refined structural parameters
K. were 2.14, 2.17, and 3.62 for Nil, Ni2, and Mn ions, confirming

the validity of this model. The determined crystal structure is
2. Experimental Section shown in Figure 1b. Large Ki octahedra and small Mh

o o ) octahedra are ordered in a rock-salt configuration, as expected.

.BUIk Sample Of.&N'MnOG was prepan_ed from a stoichiometric ¢ rofined structural parameters are summarized in Table 1.
mixture of BLO;, NiO, and MnQ. The starting material was charged . . .
. . . Figure 1c shows the linkage of NiCand MnQ octahedra.
into a gold capsule, treated at 6 GPa and 8D@or 30 min in a cubic- Ni—0 and MO bond | h listed in Table 2. The MiO
anvil-type high-pressure apparatus. Then it was slowly cooled to the ! an - on e”g‘ sarelisted in _a e : eNi
room temperature for-450 h before releasing the pressure. Synchrotron @nd MnQ octahedra of BNiMnOg are rather isotropic reflect-
X-ray powder diffraction patterns were taken with a large Debye  INg the absence of a Jahifeller (J-T) distortion. This is in
Scherrer camefainstalled at BLO2B2 of SPring-8 with = 0.42098 contrast with BiMnQ, where the 0+Mn1—-01, O3-Mn2—
A. The dielectric constant was measured with a LCR meter (Agilent O6, and O2-Mn3—02 bonds are longer than other-®n—0
4284A). The measurement was conducted on heating in an oxygen flowbonds by more than 10%, reflecting the electronic configuration
to preserve the low conductivity. Magnetic susceptibility was measured gof Mn3* ions, beyt (S= 2), and the ordering of the occupied
with a SQUID magnetmeter (Quantum Design MPMS XL) in a ¢/ orbitals’® The absence of the=T distortion in NiQ; and
magnetic field of 100 Oe on cooling. MnOs octahedra also supports the2N{tagbe,?) and Mrf* (txg?)
3 Results and Discussion oxidation states in BNan.OB.

. . . The C2 symmetry of this compound allows a spontaneous
Figure la shows the synchrotron X-ray powder diffraction polarization along thé axis, and a calculation assuming a point-
pat;ern taken _at room tempgratur_e. The diffraction peaks could charge model with the above structural parameters gave a

be indexed with a monoclinic unit cell af = 9.4646(4) A,b polarization of 20uC/c?. The ferroelectric transition was

observed by a dielectric constant measurement and also by a
(20) Dass, R. I.; Yan, J.-Q.; Goodenough, JPBys. Re. B 2003 68, 064415~ .
1-12. structural study. Figure 2 shows the temperature dependence

(21) Anderson, M. T.; Greenwood, K. B.; Taylor, G. A.; Poeppelmeier, K. R. i i i .
Prog. Solti State Chenl003 32, 107233, of the relative dielectric constant. A peak was found at 485 K,

(22) Nishibori, E.; Takata, M.; Kato, K.; Sakata, M.; Kubota, Y.; Aoyagi, S.;
Kuroiwa, Y.; Yamakata, M.; Ikeda, NNucl. Inst. Methods Phys. Re& (23) lzumi, F.; Ikeda, TMater. Sci. Forum200Q 321—324, 198-203.
2001, 467—-568 1045-1048. (24) Brown, I. D.; Altermatt, DActa Crystallogr Sect. B1985 41, 244—247.
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Figure 2. Temperature dependence of relative dielectric constant measured
on heating at 10 kHz. The insets show portions of the powder XRD patterns
taken at 300 and 500 K.
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Figure 3. (a) Temperature dependences of magnetic susceptibility and
inverse susceptibility of BNiMnOg measured in the external field of 100
Oe on cooling. (b) Magnetization of BliMNnOg measured at various
temperatures. The inset shows the magnetic field dependence of the dielectri
constant measured at 140 K and at 10 kHz.

suggesting the ferroelectric transition. Correspondingly, the
crystal structure changed aboVee. Insets of Figure 2 show
portions of powder X-ray diffraction patterns. The pattern at
500 K was indexed with a monoclinic cell af= 5.4041(2) A,

b = 5.5669(1) A,c = 7.7338(2) A, ang3 = 90.184(23. This

V2 a x v/2a x 2 amonoclinic supercell of a cubic perovskite
is the same as that of kMiMNnOg,8 where N#+ and Mrf+ are
ordered in a rock-salt type configuration in a centrosymmetric
(space groupP2/n) structure. Rietveld refinement confirmed
that the HT phase of BNiMnOg had the same centrosymmetric
structure as LaNiMnOe. This phase transition from a centric
GdFeQ type to acentric structure with2 symmetry is the same
as that of the well-known ferroelectric BiMn® Therefore, it

is reasonable to regard BliMnOg as a ferroelectric compound
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Figure 4. Temperature dependences of magnetic susceptibility and inverse
susceptibility of BsCoMnG; (a) and B{CuMnGQ; (b) measured in an external
field of 100 Oe on cooling.

As shown in Figure 1c, the Mn{bctahedron is surrounded
by 6 NiOs octahedra and vice versa, so the magnetic exchange
path is—Ni2"—O—Mn*"—0—Ni2"—. Since a Ni" ion has the
e configuration while Mfi* has no gelectron, a ferromagnetic
interaction is expected between the adjacent spins. Figure 3a
shows the temperature dependence of the magnetic susceptibility
measured on cooling in an external field of 100 Oe. The data
exhibit a sharp increase at 140 K, indicating the ferromagnetic
transition. As seen in the inverge-T plot in the same figure,
the Weiss constant was 140 K, also confirming the ferromag-
netic interactions between Ni and Mn spins. The magnetization
measured &5 K was 4.1ug at 5 T, as shown in Figure 3b.
This value is close to g expected from Nit (S= 1) and
Mn4* (S = 3/2), but still smaller. This is probably due to a
small antisite disorder of R and Mrf* ions. The resulting
Ni—O—Ni and Mn—O—Mn magnetic paths give antiferromag-
netic interactions and thus reduce the saturated magnetization.
Gt should be noted that quenching from 1073 K after the HP
synthesis before releasing the pressure resulted in the random
mixing of Mn and Ni, and a substantial decrease of the ordered
magnetic moment was observed.

The ratio of Tem/Tceis 0.29 for the present system. This value
is about twice that of BiMn@ where the capacitance changed
by 0.7% in an external magnetic field ® T at 100 K? so a
more remarkable magnetoelectric effect is expected. Contrary
to our expectation, the magnetic field induced capacitance
change 89 T shown in the inset of Figure 3b was 0.4%Tgt,
= 140 K, even smaller than that of BiMrOThis small change
might be attributed to the partial disorder oNiand Mrf*, as
suggested by the magnetization measurement. In the case of
BiMnOs, substitution of Cr for Mn rapidly suppressed the
magnetocapacitance effect.

It should be emphasized that our material design of Bi- or
Pb-based perovskites can be applied to other combinations of

J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005 8891
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transition metal ions with and withouy electrons. Indeed, we  ric, heavily distorted perovskite structure was stabilized by HP
have succeeded in synthesizing®»MnOs; and Bo,CuMnGO:. synthesis. Ordering of K and Mrf* ions with and without ¢
These were found to be ferromagnets witiigy's of 95 and electrons in a rock-salt configuration leads to the ferromag-
340 K, respectively, as seen in Figure 4. The saturation momentnetic interactions between the adjacent spins. This simple
for Bi,CoMnGs at 5 K was 3.5ug/Co + Mn, considerably material design can be applied for othep#™M'4*Os and
smaller than &ug expected for C& + Mn**. This indicates PpM3+*M'5T Qg systems.
that the degree of the ordering is lower than that gNBVInOg.
The saturation moment for BLuMnGOs was even smaller, less
than 1ug. This value is comparable to that reported forLa
CuMnGs.1” The small saturation moments can be attributed to
the difficulty in ordering anisotropic (JakiTeller) CuQ
octahedra and isotropic Mi@ctahedra.

In conclusion, we designed a new ferromagnetic, ferroelectric
material, BpNiMnOg, and succeeded in its preparation and
characterization. This metastable phase with noncentrosymmet-JA0512576
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