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X-ray diffraction, differential scanning calorimetry, and magnetization measurements of the

Bi0.825Nd0.175Fe1�yMnyO3 (y� 0.3) compounds were carried out to follow the effect of Mn doping

on the crystal structure and magnetic properties of the intermediate antiferroelectric and weak

ferromagnetic phase of the Bi1�xNdxFeO3 perovskites. Suppression of the antipolar displacements

typical of the parent B-site undoped compound followed by stabilization of the GdFeO3-type

structure as well as decrease of the antipolar-to-nonpolar transition temperature were found in this

series with increasing Mn content. Compositional variation of the spontaneous magnetization in

the Bi0.825Nd0.175Fe1�yMnyO3 (y� 0.3) system was shown to have a temperature-dependent

character. At room temperature, a close to linear decrease of the spontaneous magnetization takes

place with increase of the Mn content. At low temperatures, enhancement of the magnetization is

observed with increasing the dopant concentration. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752277]

I. INTRODUCTION

Multiferroics, in which magnetic order and ferroelectric

polarization can be combined in a single phase, have been an

object of growing interest.1 Indeed, multiferroic materials

with significant magnetoelectric coupling might open prom-

ising opportunities for designing novel microelectronic and

spintronics devices. However, most magnetic ferroelectrics

possess magnetic ordering at low temperature and are often

antiferromagnets, in which the magnetoelectric effect is

intrinsically small. BiFeO3 perovskite,2 in which the stereo-

chemical activity of the Bi3þ(6s2) lone electron pairs induces

appearance of the ferroelectric polarization, while the super-

exchange interactions Fe3þ-O-Fe3þ give rise to the G-type

antiferromagnetic order, seems to be the most suitable object

for multiferroic research in view of its high magnetic and fer-

roelectric transition temperatures (TN� 640 K, TC� 1100 K).

On the other hand, spiral spin modulation, superimposed on

the antiferromagnetic spin ordering,3 cancels out any magnet-

ization on a macroscopic scale and inhibits the observation of

linear magnetoelectric effect.4 Possibility to modify the mul-

tiferroic behavior of bismuth ferrite via A-site chemical sub-

stitution5 motivated numerous investigations of crystal

structure and physical properties of the BiFeO3-based solid

solutions. Recent investigations of the Bi1�xNdxFeO3 system

have shown that the substitution-induced transition from the

polar rhombohedral antiferromagnetic phase characteristic of

BiFeO3 (S.G. R3c) to the nonpolar orthorhombic weak ferro-

magnetic phase typical of NdFeO3 (S.G. Pnma) occurs via

the formation of the intermediate orthorhombic weak ferro-

magnetic phase (stable at 0.15� x� 0.2) combining the

NaNbO3-like6 octahedral tilting and PbZrO3-like7 antipolar

displacements of the A-site cations (S.G. Pnam).8,9 Unlike

lanthanide-doped series, BiFe1�yMnyO3 solid solutions can-

not be prepared at ambient pressure in the entire composition

range and exist in a single-phase state only at y� 0.3.10 Mn

substitution does not change structural symmetry of BiFeO3,

but significantly decreases the temperatures of the ferroelec-

tric and magnetic phase transitions (near 6 �C per 1% Mn).10

The manganese containing perovskites easily accommodate

superstoichiometric oxygen, charge balance being achieved

by the partial oxidation of Mn3þ to Mn4þ.10 It has been

recently found that simultaneous Ln (Ln¼La, Pr, or Sm)

and Mn substitution effectively modifies the initial polar

rhombohedral (R3c) and intermediate antipolar orthorhombic

(Pnam) structures to stabilize the phases either demonstrating

incommensurate modulation or possessing nonpolar Imma or

Pnma structures.11–14 In this paper, we continue the investi-

gation of Bi1�xLnxFe1�yMnyO3 series and report on the

effect of the Mn doping on the crystal structure and magnetic

properties of the antiferroelectric and weak ferromagnetic

Bi0.825Nd0.175FeO3.
9

II. EXPERIMENTAL

Ceramic samples Bi0.825Nd0.175Fe1�yMnyO3 (0.1� y
� 0.3) were prepared by a conventional solid-state reaction

method using the high-purity oxides Bi2O3, Nd2O3 (annealed

at 1000 �C), Fe2O3, and Mn2O3 taken in stoichiometric

a)Author to whom correspondence should be addressed. E-mail: uladzi-

mir@fis.uc.pt. Telephone: þ351 239 410 637. Fax: þ351 239 829 158.
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cation ratio and thoroughly mixed using a planetary mill

(Retsch). The synthesis was carried out in air in a tempera-

ture range 900–950 �C for 15 h (annealing temperature was

decreased with increasing Mn content). Room-temperature

x-ray diffraction (XRD) patterns were collected using

DRON-3M and Rigaku D/MAX-B diffractometers with Cu

Ka radiation. High-temperature XRD measurements were

carried out with a Philips X’Pert MPD diffractometer (Cu Ka

radiation). The data were analysed by the Rietveld method

using the FULLPROF program.15 Differential scanning calorim-

etry was performed with a Pyris1 DSC (Perkin-Elmer) from

25 �C to 350 �C with a heating/cooling rate of 20 �C/min.

Magnetization measurements at room and cryogenic

(T¼ 5 K) temperatures were carried out with a vibrating

sample magnetometer (Cryogenic Instruments) in the mag-

netic fields up to 10 T.

III. RESULTS AND DISCUSSION

In the intermediate antiferroelectric phase typical of

the Bi1�xLnxFeO3 perovskites, the modulated (a�a�cþ)/

(a�a�c�) octahedral tilting (in Glazer’s notation16) superim-

posed on the PbZrO3-like antipolar cationic displacements

gives rise to the �2ac� 2�2ac� 4ac superstructure (ac� 4 Å

is the parameter of the cubic perovskite subcell).8,9 Symme-

try elements characteristic of the structure are consistent

with the space group Pnam (the nonstandard setting is used

to distinguish this phase from that isostructural with LnFeO3

orthoferrites (S.G. Pnma)). In the unit cell (containing 16

formula units), A-site ions occupy two 4c and one 8d posi-

tions, iron—two 8d positions, oxygen—two 4c and five 8d
positions.17 Depending on investigation purposes, this com-

plex structural model can be substituted by the simplified

one neglecting the weak modulated in-phase/antiphase octa-

hedral tilting and combining the antipolar displacements of

the A-site cations with the simple a�a�c0 tilting scheme.8,9

Taking into account the similarity of the x-ray diffraction

spectra obtained for the Bi1�xNdxFeO3 (0.15� x� 0.2) solid

solutions8 and Bi0.825Nd0.175Fe1�yMnyO3 (0.1� y� 0.2)

samples (present work), the simplified model previously suc-

cessfully applied to the Bi0.825Nd0.175FeO3 ceramics9 was

used for the crystal structure refinement of the Mn-doped

compounds. A good agreement between the observed and cal-

culated XRD patterns obtained for the y¼ 0.1 samples is

shown in Fig. 1. The refined structural data are summarized in

Table I. Gradual decreasing of the intensity of the diffraction

peaks originating from the antipolar displacements of the

A-site cations takes place with increasing Mn concentration

(right inset in Fig. 1). Character of the related structural

changes (Mn doping-induced suppression of the displace-

ments along the [110/�1�10]C directions of the parent cubic per-

ovskite cell coincident with a axis of the orthorhombic unit

cell) can be easily followed by comparing fractional coordi-

nates of the Bi3þ/Nd3þ ions for the compounds with different

B-sublattice composition (Table I). For y¼ 0.3 samples,

additional diffraction peaks incompatible with the parent anti-

ferroelectric structure were found. Rietveld refinement of the

FIG. 1. Observed, calculated, and difference XRD patterns for Bi0.825

Nd0.175Fe0.9Mn0.1O3 compound at room temperature. Left inset shows sche-

matic view of crystal structure of the y¼ 0.1 compound along [001] direc-

tion. Right inset demonstrates compositional variation of intensity of the

diffraction peak (110) for Bi0.825Nd0.175Fe1�yMnyO3 (0.1� y� 0.3) samples.

TABLE I. Structural parameters of the Bi0.825Nd0.175Fe1�yMnyO3 compounds at room temperature.

Composition

space group Cell (Å) Atom Site x y z R-factors (%)

y¼ 0.1

Pbam

a¼ 5.57885(4)

b¼ 11.20179(7)

c¼ 7.80348(4)

Bi/Nd1 4g 0.7170(9) 0.1240(3) 0 Rp¼ 7.64

Rwp¼ 10.6

RB¼ 6.72
Bi/Nd2 4h 0.7222(9) 0.1321(2) 0.5

Fe/Mn 8i 0.2472(8) 0.1241(9) 0.250(3)

O1 4g 0.278(7) 0.183(3) 0

O2 4h 0.290(6) 0.114(3) 0.5

O3 8i 0.017(3) 0.2534(18) 0.300(3)

O4 4f 0 0.5 0.221(6)

O5 4e 0 0 0.244(9)

y¼ 0.2

Pbam
a¼ 5.57308(3)

b¼ 11.17989(6)

c¼ 7.80009(3)

Bi/Nd1 4g 0.7277(10) 0.1241(3) 0 Rp¼ 8.17

Rwp¼ 10.8

RB¼ 7.42
Bi/Nd2 4h 0.7355(10) 0.1340(3) 0.5

Fe/Mn 8i 0.2493(14) 0.1232(9) 0.250(3)

O1 4g 0.266(10) 0.178(3) 0

O2 4h 0.310(9) 0.121(4) 0.5

O3 8i 0.006(6) 0.249(3) 0.312(3)

O4 4f 0 0.5 0.240(15)

O5 4e 0 0 0.250(16)
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compound confirmed that, apart from the antipolar phase, the

y¼ 0.3 samples contain the nonpolar orthorhombic phase

(a�bþa� tilting; space group Pnma) typical of Nd(Fe,Mn)O3

perovskites (so-called GdFeO3-type structure18). The struc-

tural transformation is accompanied by a step-like contraction

of the primitive cell volume (by �0.5%) characteristic of first-

order transition (Fig. 2). Beyond the transition, primitive cell

volume gradually decreases with increasing Mn concentration

in accordance with changing the average ionic radius of

the B-sublattice ions (rhMn3þ=Mn4þi < rFe3þ
19). The same Mn

substitution-driven structural phase transition was previously

found in the Bi0.86Sm0.14Fe1-yMnyO3 series.13 Comparison

of the structural phase evolution in the antiferroelectric Bi1-x

LnxFeO3 (Ln¼La, Pr, Nd, Sm) compounds upon the Mn dop-

ing (Refs. 11–13 and present work) suggests that decreasing

ionic radius of the substituting lanthanide hampers stabiliza-

tion of the incommensurately modulated antipolar phase in

the Bi1-xLnx(Fe,Mn)O3 series (this phase is typical for Ln¼La

and Pr) and shifts composition boundaries of the Mn doping

induced Pnam! Pnma phase transition towards smaller x.

The reference compound, Bi0.825Nd0.175FeO3, is known

to undergo the temperature driven Pnam ! Pnma phase

transition at �240 �C.9 The same structural transformation

is found to be realized in the Mn-doped series (Fig. 3,

Table II). Differential scanning calorimetry carried out for

the Mn-substituted samples (full scanning was performed in

a range from 25 �C to 350 �C) shows that temperature of the

structural transformation decreases with a close to constant

rate of 5 �C per 1% Mn with increasing manganese content

(Fig. 4). Pronounced hysteresis between the heating and

cooling runs (up to 30 �C) indicates the first-order phase tran-

sition. The enthalpy associated with the transition (1 to

1.2 kJ/mol for the single-phase compounds with y¼ 0.1,

0.15, 0.2) is close to the values reported for isostructural

Bi1�xNdxFe0.97Ti0.03O3 samples with the similar A-sublattice

composition.20 The much lower enthalpy value registered for

the y¼ 0.3 compound (�0.3 kJ/mol) is consistent with the

fact that the transformation must concern only one of the

phases composing this structurally inhomogeneous sample.

The heat anomalies characteristic of magnetic phase transi-

tion in the BiFeO3-based compounds is known to be at least

an order of magnitude smaller than those typical of the

(anti)ferroelectric-paraelectric transition,20 so we did not

manage to detect them during the DSC measurements.

Structural phase diagram of the Bi0.875Nd0.175Fe1�y

MnyO3 (y� 0.3) system constructed using the XRD and

DSC data is shown in Fig. 5. The concentration dependence

of the Pnam!Pnma transition temperature in the Bi0.875

Nd0.175Fe1�yMnyO3 series is very similar to that characteris-

tic of the R3c!Pnma phase transition in the BiFe1�y

MnyO3 system,10 thus implying that changing the average

ionic radius of the B-site elements or/and the substitution-

induced disorder in the B-sublattice similarly affect the local

dipole ordering (primarily associated with the stereochemi-

cal activity of the Bi3þ lone electron pair) in the polar and

antipolar phases. It is worth noting that linear composition

dependence of the (anti)ferroelectric transition temperature

correlating with the average tolerance factor and average

A-site polarizability was also observed in the Bi1�xLnxFeO3

FIG. 2. Compositional dependence of the primitive cell volume for

Bi0.825Nd0.175Fe1�yMnyO3 (0� y� 0.3) series. Data for the y¼ 0 compound

were taken from Ref. 9. Straight line is a linear fit reflecting a Vegard’s law

behavior.

FIG. 3. Observed, calculated, and difference XRD patterns for Bi0.825

Nd0.175Fe0.85Mn0.15O3 compound at T¼ 300 �C. The bars mark the reflec-

tions positions for the main perovskite phase (top) and platinum holder (bot-

tom). Inset illustrates the crystal structure of the perovskite compound.

TABLE II. Structural parameters of the Bi0.825Nd0.175Fe0.85Mn0.15O3 compound at T¼ 300 �C.

Space group Cell (Å) Atom Site x y z R-factors (%)

Pnma a¼ 5.61698(3)

b¼ 7.86401(4)

c¼ 5.49615(2)

Bi/Nd 4c 0.04374(19) 0.25 0.9944(4) Rp¼ 8.03

Rwp¼ 10.5

RB¼ 5.29
Fe/Mn 4b 0 0 0.5

O1 4c 0.480(3) 0.25 0.091(3)

O2 8d 0.187(2) 0.534(2) 0.192(2)
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series.21 Our XRD and DSC data indicate that despite the op-

posite influence of the A-site Ln3þ and B-site Mn3þ/Mn4þ

doping of BiFeO3 on the Goldschmidt tolerance factor

t ¼ rAþrO
ffiffi

2
p
ðrBþrOÞ

, determining the degree of distortion in perov-

skites (rA, rB, and rO are the ionic radii of A, B, and O ions;

rLn3þ < rBi3þ , rhMn3þ=Mn4þi < rFe3þ ), the composition and tem-

perature controlled evolution of the antiferroelectric phase in

the Bi1�xNdxFeO3 and Bi0.875Nd0.175Fe1�yMnyO3 systems

tend to follow the same scenario (suppression of the antipo-

lar displacements, decrease of the antipolar-to-nonpolar tran-

sition temperature and stabilization of the Pnma structure),

thus suggesting a complex interplay between the electric

dipole ordering associated with the stereochemical activity

of 6s2 lone pairs of the Bi3þ ions and rotations/distorsions of

the hFe,MniO6 octahedra.

Magnetic properties of the Bi0.825Nd0.175Fe1�yMnyO3

compounds are mainly determined by exchange interactions

between the B-site ions that are controlled by the overlap

between the Fe/Mn d-orbitals and the O p-orbitals. The result-

ing superexchange interactions depend on the orbital configu-

ration following the Goodenough–Kanamori rules.22,23 These

rules predict that the dominant superexchange interaction

characteristic of the samples under study, Fe3þ: t32ge2
g–O–

Fe3þ: t3
2ge2

g, must be antiferromagnetic. Accordingly, for the

y¼ 0 compound, the ordered spins should create the isotropic

G-type antiferromagnetic structure, in which each Fe3þ ion

must be surrounded by six nearest neighbors with antiparallel

magnetic moments. However, the Dzyaloshinsky–Moriya

interaction24,25 gives rise to a canting of the antiferromagnetic

alignment of spins in the orthorhombic phases of the Bi1�xLnx-

FeO3 systems26 to yield the small spontaneous magnetization

of �0.25–0.3 emu/g (at room temperature) for the B-site

undoped Bi0.825Nd0.175FeO3 perovskite.9 Introducing the Mn

ions into the host lattice should lead to the appearance of the

competitive Mn3þ: t3
2ge1

g–O–Mn3þ: t32ge1
g and Mn3þ: t3

2ge1
g–O–

Mn4þ: t32ge0
g ferromagnetic interactions that must strongly

affect the magnetic behavior of the Bi0.825Nd0.175Fe1�y

MnyO3 compounds. Fig. 6 illustrates the effect of the Mn dop-

ing. At room temperature, a close to linear decrease of the re-

manent/spontaneous magnetization (from �0.22 emu/g for

y¼ 0.1 to �0.08 emu/g for y¼ 0.3) takes place with increasing

Mn concentration (Fig. 6(a)). The behavior is consistent with a

linear decrease of the Neel point observed in the BiFe1-

yMnyO3 series that, in turn, correlates with changing the aver-

age number of eg electrons on the B site.10 The opposite

situation is expectedly realized at low temperatures, where the

spontaneous magnetization increases with increasing manga-

nese content (Fig. 6(b)). The spontaneous magnetization val-

ues (from �1 emu/g for y¼ 0.1 to �3 emu/g for y¼ 0.3), as

FIG. 4. Differential scanning calorimetry curves obtained for Bi0.825Nd0.175

Fe1�yMnyO3 (0.1� y� 0.3) samples.

FIG. 5. Structural phase diagram of the Bi0.875Nd0.175Fe1�yMnyO3

(0� y� 0.3) system. Transition temperature for the y¼ 0 compound was

taken from Ref. 9.

FIG. 6. Field dependences of the magnetization obtained for Bi0.825Nd0.175

Fe1�yMnyO3 (0.1� y� 0.3) compounds at T¼ 300 K (a) and T¼ 5 K (b).

064105-4 Khomchenko et al. J. Appl. Phys. 112, 064105 (2012)

Downloaded 17 Sep 2012 to 193.136.215.107. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



extracted from the linear extrapolation of the high field mag-

netization to H¼ 0, are comparable with that characteristic of

the LaFe1�yMnyO3 compounds with the close B-sublattice

composition.27

IV. CONCLUSIONS

Effect of the Mn doping on the crystal structure and mag-

netic properties of the antiferroelectric phase (S.G. Pnam) of

the Bi1�xNdxFeO3 perovskites was studied with x-ray diffrac-

tion, differential scanning calorimetry, and vibrational magne-

tometry techniques. The Mn substitution was found to

gradually suppress the antipolar displacements of the Bi3þ

ions characteristic of the low-doped Bi0.825Nd0.175Fe1�y

MnyO3 compounds to induce the first-order Pnam!Pnma
phase transition at y� 0.3. The same structural transformation

is realized for the antiferroelectric phase at high temperature.

The temperature of the Pnam!Pnma transition decreases

with a close to constant rate of 5 �C per 1% Mn with increase

of manganese content. Being consistent with lowering the

Neel point in the BiFe1�yMnyO3 perovskites with increasing

Mn concentration,10 the B-site substitution gives rise to

decrease of the room-temperature spontaneous magnetization

in the Bi0.825Nd0.175Fe1�yMnyO3 series. Reflecting appearance

of the competitive superexchange interactions induced by the

Mn doping, the compositional dependence of the spontaneous

magnetization oppositely changes at low temperature.
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