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Abstract. We report results from a study of the crystal structure of strontium-doped

BiFeO3 using neutron powder diffraction and the Rietveld method. Measurements were

obtained over a wide range of temperatures from 300–800 K for compositions between

10–16% replacement of bismuth by strontium. The results show a clear variation of the

two main structural deformations – symmetry-breaking rotations of the FeO6 octahedra

and polar ionic displacements that give ferroelectricity – with chemical composition, but

relatively little variation with temperature. On the other hand, the antiferromagnetic

order shows a variation with temperature and a second order phase transition consistent

with the classical Heisenberg model. There is, however, very little variation in the

behaviour of the antiferromagnetism with chemical composition, and hence with the

degree of the structural symmetry-breaking distortions. We therefore conclude that

there is no significant coupling between antiferromagnetism and ferroelectricity in

Sr-doped BiFeO3 and, by extension, in pure BiFeO3.
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1. Introduction

Within the current interest in multiferroic materials, BiFeO3 has assumed a high level of

significance, owing to the fact that it shows both ferroelectricity and antiferromagnetism

at room temperature [1, 2]. Many of the key features of BiFeO3 have been reviewed

by Catalan and Scott [3] and Park et al [4]. BiFeO3 has a typical perovskite structure

with octahedral rotation and ferroelectric distortions from a parent high-symmetry cubic

structure [5], giving a crystal structure of rhombohedral symmetry [1, 2, 6, 7].

There is a lot of interest in improving the practical properties of BiFeO3 by chemical

doping, to enhance, for example, the chemical and electronic performance [8, 9]. One

approach that has been widely explored is to substitute the octahedrally-coordinated Fe3+

cations by trivalent transition metals such as Mn3+ [10]. There have also been studies of

doping on the 12-coordinated Bi3+ site by trivalent rare-earth elements [11]. It is also

possible to replace the Bi3+ cations with a divalent cation, including alkali earth cations

[12, 8]. Of interest in this paper is the observation of a composition-induced structural

phase transition in Sr2+-doped BiFeO3, apparently to a phase of cubic (sometimes

claimed as pseudo-cubic tetragonal) symmetry [13, 14, 15, 16, 17, 18].

Nominally-stoichiometric BiFeO3 decomposes at temperatures below that for its

transitions to higher-symmetry phases (described in Section 2), which means that these

have only been accessed experimentally through fast diffraction measurements [1, 6].

To understand the phase transitions in BiFeO3 and their mechanisms it is necessary

to have experimental access to the higher-symmetry phases, and this appears to be

feasible with Sr-doped BiFeO3, with the advantage that we have both temperature and

composition as variables. In this paper we present the results from a systematic study

of the atomic and magnetic structures of Sr-doped BiFeO3, SrxBi1−xFeO3−x/2.‡ Using

neutron powder diffraction, we study the variation of atomic and magnetic structures

with both composition and temperature. We focus on samples with values of x in the

range 0.1–0.16, and compare these data with our previous results for a sample with x = 0

[7]. In a second paper (in preparation) we will report further measurements obtained

in a separate study that will focus more on the variation with temperature at higher

concentrations.

In Section 2 of this paper we review some background information on the atomic and

magnetic structure of BiFeO3, with details of the structural instabilities relative to the

parent phase of cubic symmetry that give rise to the observed crystal structure. We also

review recent work on Sr-doped BiFeO3. In Section 3 we describe the sample synthesis and

the neutron diffraction measurements. Our analysis of the neutron diffraction results are

then presented in Section 4. Lattice parameters are analysed in terms of the shear strain

that accompanies the cubic–rhombohedral distortion, showing a gradual decrease in strain

‡ Readers should be aware that in this paper we have two distinct meanings for the variable x, both of

which follow convention. Here x denotes the relative concentration of Sr in the chemical formula, but later

x also denotes one of the fractional atomic coordinates by which crystal structures are conventionally

described.
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on increasing Sr content but with much less variation with temperature. The atomic

coordinates are analysed in terms of the normal modes associated with the transition

from the parent cubic phase to the ferroelectric rhombohedral phase. The variation of the

distortions again shows a significant variation with increasing Sr content, with reduction

in both the size of the ferroelectric and rotational distortions. The ferroelectric distortion

appears to have very little variation with temperature, but a small variation is observed

in the rotational distortion. On the other hand, the size of the antiferromagnetic moment

with temperature follows a normal dependence on temperature (classical Heisenberg

behaviour), with no significant changes associated with Sr content.

The results, as discussed in Section 5, confirm earlier suggestions, either implicit

through the presentation of data or made more explicitly, that the coupling between the

antiferromagnetism and the two structural distortions – particularly the ferroelectricity –

is virtually insignificant in Sr-doped BiFeO3. Comparison of our work with an analysis

of the temperature dependence of the crystal structure of pure BiFeO3 (Appendix A)

leads us to conclude that the same is true in the parent phase too.

2. Background

2.1. BiFeO3

The nuclear structure of BiFeO3 at ambient temperature – denoted as the α phase – is

that of a classical distorted perovskite structure [1, 2, 7, 20], with polar rhombohedral

space group R3c, as seen in other oxides such as sodium niobate at low temperature

[21]. The crystal structure of α-BiFeO3 is shown in Figure 1. The Fe3+ cations occupy

the sites with 6-fold coordination with oxygen, forming a slightly distorted octahedral

shape. The Bi3+ cations occupy the sites with 12-fold coordination with oxygen, with

displacements, relative to the positions of the oxygen atoms, along the 3-fold axis.

The crystal structure of α-BiFeO3 is derived from the parent cubic perovskite

structure (denoted as the γ phase) by two deformations. First is a rotation of the FeO6

octahedra about the cubic [111] axis, with opposite rotations in alternate (111) layers,

as indicated in Figure 1b. This lowers the space group symmetry to the centrosymmetric

R3c, and is accomplished by softening of a normal mode of symmetry R−5 , giving the

structure characterised by the prototypical perovskite LaAlO3. In Glazer notation [22] this

distortion has the symbol a−a−a−. The second distortion is the ferroelectric distortion,

accomplished by cation and anion displacements along the [111] direction to break the

centre of symmetry and thereby lower the symmetry to R3c. These distortions are shown

in Figure 1a. The transition to the ferroelectric state is accomplished by softening of

a normal mode of symmetry Γ−4 . This ferroelectric distortion also deforms the FeO6

octahedra, as seen in Figure 1c. It appears that as the Fe cation moves upwards relative

to the centre of the octahedron, the Fe–O bonds remain of more-or-less constant length

[7], which means that the oxygen atoms above the iron cation are pushed outwards,

and the atoms below are pulled inwards. This balance is easy to maintain because the
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(a) View down [100] (b) View down [001] (c) FeO6 octahedron

Figure 1: Crystal structure of the rhombohedral α phase of BiFeO3 (space group R3c,

using the conventional setting with trigonal unit cell axes), showing bismuth atoms

as purple spheres, iron atoms as gold spheres, and oxygen atoms as red spheres, and

Fe–O bonds as grey cylinders. a) View down [100]. The horizontal thin red lines connect

the three top and bottom atoms within the FeO6 octahedra. The figure highlights the

ferroelectric atomic displacements along [001] (vertical direction), with the O and Bi

atoms being displaced in opposite directions from their coplanar arrangement in the

non-ferroelectric state (not that in the polar state there is no unique origin for the z

axis), and the Fe cations displaced away from the centres of the octahedra. b) View

down [001] showing the rotations of FeO6 octahedra. In this view some distortion of the

octahedra can be seen, because without distortion the O atoms near the faces of the unit

cell would lie exactly on the faces. c) Perspective view of an FeO6 octahedron, showing

expanded (top) and contracted (bottom) pairs of O3 triangles. Images were generated

using CrystalMaker software [19].

connections between octahedra mean that an expanding O3 group is directly linked to a

contacting O3 group in the same plane, with no local stresses needing to be generated.

At 1093 K BiFeO3 undergoes a discontinuous phase transition to a structure of

orthorhombic symmetry, centro-symmetric space group Pbnm [1, 23]. This has a different

system of FeO6 octahedral rotations, designated a−a−b+ in Glazer notation [22]. Because

the space group of the α phase is not a subgroup of the space group of the β phase, the

structure of the rhombohedral α phase is better discussed in relationship to the parent

cubic phase of space group Pm3m. The exact identity of this proposed phase, designated

as γ, has proven elusive, in part due to thermal instability [6, 24, 25], with contrary

indications from diffraction experiments of cubic or orthorhombic symmetry.

The antiferromagnetism of BiFeO3 is classical G-type [26] on an approximately cubic

lattice, with neighbouring spins in each of the three dimensions having opposite orientation

[27]. The antiferromagnetic phase transition temperature is around 630 K [11, 27]. There
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is an additional long-period spiral magnetisation with weak overall magnetic moment

[27, 28, 29, 30], which is presumed [4] to arise from the Dzyaloshinskii–Moriya interaction

[31, 32]. This is very hard to observe in neutron powder diffraction measurements except

in the highest resolution diffractometers.

The properties of α-BiFeO3 crystals have been extensively studied by many different

methods, as discussed in two earlier review articles [3, 4], but with much work published

subsequently. This includes measurements of phonon [33, 34, 35, 36] and spin wave

[37] excitations. It was seen that the magnetic excitations behave as conventional spin

waves in a regular antiferromagnet over all parts of the Brillouin zone [37]. Some of

this work has been focussed on several different aspects of the structural and magnetic

phase transitions investigated by various experimental methods [23, 24, 25, 38]. There

have also been many simulation studies in support of the experimental work, both with

density functional theory (DFT) [39, 40, 41, 42] and force field [43] methods. One aspect

of interest has been the effect of the phase transitions on the electronic structure and

band gap [42], and another on understanding the complex magnetic structure [30]. Some

work has been carried out to understand the magneto-electric coupling [40, 44]. DFT

calculations have suggested that the Dzyaloshinskii–Moriya vector that controls the spiral

magnetism depends more on the octahedral rotation than on the dielectric polarisation

[40]. Other DFT calculations have also suggested that there is a significant variation

of the electronic band gap associated with both octahedral rotation and ferroelectric

ionic displacements [42]. Studies such as these encourage the suggestion that physical

properties may be tuned by chemical doping.

Much work has also been performed on thin films and heterostructures of BiFeO3

[45, 46, 47, 48], since this is likely to be the main area of applications of multiferroics. For

example, there is much recent work on controlling magnetism in epitaxial layers within

heterostuctures [49, 50, 51], the behaviour of ferroelectric domains [52], and in developing

magneto-electrical control of devices [53, 54]. The extent to which such control is enabled

by the intrinsic multiferroic coupling – about which we will have some comments below

based on the work of this paper – or due to the interactions with other components in

the heterostuctures is not clear.

2.2. Sr-doped BiFeO3

As remarked above, there has been considerable work on doped BiFeO3 [8, 9], investigating

both structure [55, 56] and magnetism [57], including doping on either cation site or

forming solid solutions such as mixing of BiFeO3–CaTiO3 [57] and BiFeO3–PbTiO3 [55].

A number of studies have reported the variation of the crystal structure with Sr content

at ambient temperature [13, 15, 16, 17, 18]. Generally it is reported that there is a

transition from the rhombohedral ferroelectric structure to a phase of either cubic (space

group Pm3m) or tetragonal (space group P4/mmm) symmetry. Typically publications

show the results of x-ray powder diffraction measurements at ambient temperature, and

in some cases the diffraction data were analysed using Rietveld refinement. There are
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some inconsistencies within the literature regarding behaviour at specific compositions,

but this is not surprising given difficulties in controlling the exact chemical composition

during synthesis, in avoiding formation of secondary phases during the synthesis, and

from chemical inhomogeneity [13, 14, 18]. Nevertheless, the transition to a phase with

a cubic or pseudo-cubic unit cell is consistent between different studies. The Rietveld

refinements in P4/mmm have atoms located on special positions equivalent to those

in the cubic Pm3m structure. We note that there is a lack of studies using neutron

powder diffraction with variable temperature; neutron diffraction has the important

advantage over x-ray diffraction in that the neutron scattering factors for the different

elements are much more similar than they are for x-rays, giving greater sensitivity to

the displacements of oxygen atoms.

The same G-type antiferromagnetism seen in BiFeO3 also appears to exist in Sr-

doped BiFeO3, apparently persisting into the cubic phase [13, 16].

Mössbauer spectroscopy measurements on Sr-doped BiFeO3 [14] show that the

iron cations remain as Fe3+ on doping. Therefore to retain charge balance, substitution

of trivalent Bi3+ cations by divalent Sr2+ cations is accompanied by the formation of

oxygen vacancies. Thus the chemical formula of Sr-doped BiFeO3 is best described as

SrxBi1−xFeO3−x/2.

In this paper we envisage that this background information points to the possibilities

of phase transitions on increasing temperature or Sr content from the known R3c

ferroelectric structure of BiFeO3 with antiferromagnetic ordering to structures that are

non-magnetic, non-polar and without rotations of the FeO6 octahedra (that is, with cubic

space group Pm3m). Although in this paper we only see the phase transition involving

antiferromagnetic order, we do see significant changes in crystal structure with Sr content

that point to the possibility of a phase transition to a cubic structure. Changes with

temperature are found to be much weaker.

3. Methods

3.1. Sample preparation

The ceramic samples of Sr-doped BiFeO3 ceramics for this work were synthesised by a

modified Pechini method [58], as used in previous studies [17, 59]. Mixtures of bismuth

nitrate pentahydrate, Bi(NO3)3·5H2O, iron nitrate nonahydrate, Fe(NO3)3·9H2O, and

strontium nitrate tetrahydrate, Sr(NO3)2·4H2O, of appropriate stoichiometric ratios

were dissolved into citric acid solutions with 5% excess bismuth nitrate to compensate

for possible bismuth loss during the subsequent sintering process. The solutions were

adjusted to a pH value of 7–8 by addition of ammonia. The mixtures were then dried at

150 ◦C to form gels, which were then ignited to form low-density solids which were easily

powdered. These powders were then calcined at 500 ◦C for 5 hours. The products were

ground by hand in an agate bowl for about 2 hours and then pressed into disc wafers.

The wafers were sintered at a temperature of 900 ◦C for 2 hours, and then quenched to
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room temperature to minimise the evaporation of bismuth. The wafers were subsequently

ground by hand to form fine powders for the neutron diffraction measurements.

In this paper we have used the nominal compositions. It was not possible to refine

the composition from Rietveld analysis with sufficient accuracy (requiring accuracy to

better than ±0.01 to be useful) to test the nominal compositions. We consider that the

nominal compositions are reasonable for the analysis presented in our paper because we

never plot data as a direct function of composition.

Extensive characterisation measurements for an identical suite of samples prepared

by the lead author (ZM) have been previously reported [17]. These included dielectric

impedance spectroscopy, measurements of dielectric polarisation hysteresis loops, and

measurements of magnetisation. This prior work showed that Sr-doped BiFeO3 prepared

using the same method is ferroelectric, and with a divergence of the dielectric susceptibility

at a composition of around x ≈ 0.2 where the crystal structure appears to become of

cubic metric.

3.2. Neutron powder diffraction and Rietveld analysis

Neutron powder diffraction measurements were performed on the General Purpose

Powder Diffractometer at the China Spallation Neutron Source [60, 61]. The powdered

samples of Sr-doped BiFeO3 were loaded into thin-walled vanadium cans of diameter 9

mm, which were mounted within a cryo-furnace for temperature control. Temperature

readings were calibrated against the results of a set of external measurements, but there

is some uncertainty in this calibration at the higher temperatures of ±20 K. This does

not significantly affect analysis of trends of data across a wide range of temperatures

as reported in the next section. However, we will caution against over-interpretation of

the observed magnetic order transition temperatures (see further comments in Section

4.3). Data for refinement were collected for the low-angle (30◦ scattering angle) and

medium-angle (90◦) detectors, with recording times of 30 minutes. As is always the case

in experiments performed using central facilities, experimental time was limited, and

so we were able to collect full suites of data for some compositions only, with sparser

sets of data for other compositions. All measurements were performed using the same

experimental configuration.

The crystal atomic and magnetic structures were refined by the Rietveld method,

using the program GSAS-II [62]. For all compositions investigated here the data appear

to be consistent with space group R3c, as indicated in previous diffraction studies of

Sr-doped BiFeO3 for the range of compositions studied here [13, 15, 17, 18]. We were

unable to find evidence for space group P4/mmm or Pbnm as previously suggested for

compositions x > 0.15 [13, 15, 18]. The initial lattice parameters and atomic fractional

coordinates for space group R3c were taken from our previous work on pure BiFeO3

[7]. The magnetic structure used was the simple G-type antiferromagnetic structure [26]

identified by previous workers, where nearest neighbour spins on the iron cations are of

opposite sign [11, 13, 16]. The crystal structure was refined using individual isotropic
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atomic displacement parameters. Line shapes were fitted using models for uniaxial size

and isotropic microstrain. No attempt was made to measure sample attenuation, and

refinement of an absorption coefficient did not give meaningful results.

The full set of refined values of the lattice parameters, atomic fractional coordinates,

and average atomic magnetic moment are given in the Supporting Information [63].

An example of the fitting is shown in Figure 2. The fitted diffraction patterns for each

composition at the lowest and highest temperatures are given in Figures S1–S20 in the

Supporting Information [63].

We remark that the diffraction patterns show four very weak additional peaks. One

may be the (110) reflection from the vanadium can (2.15 Å), which is not uncommonly

seen in such experiments, and another may be the (111) reflection from aluminium (2.34

Å). A third appears to be the (113) Bragg peak from Fe2O3 (2.22 Å) as a secondary

phase from the synthesis. The fourth additional peak at 3.22 Å is less easy to assign

to a secondary phase with similar confidence. It may be associated with Bi2Fe4O9 as a

common secondary phase, but the strong (110) Bragg peak from this material at 5.78 Å

is extremely weak if present (outside the range of data used in the Rietveld analysis)

leading us to believe this may not be the origin of that peak. Because these peaks are so

weak, and where identified represent the very strongest reflections from that phase, we

did not account for them as additional phases in the refinements. We would have needed

a more extensive set of Bragg peaks from any secondary phases to have been able to

include them in the Rietveld refinement.

We also wish to remark that we do not believe that the presence of small sample

impurity peaks implies an effect on the physics studied here. The unknown phase

is not from a magnetic iron oxide, and thus will not generate local magnetic fields.

Moreover, because any secondary phases will be oxides, the effect of their formation on

the stoichiometry of the main sample will be weak, because any secondary phases will

be formed by both cations and anions and will not deplete the concentration of any one

element in the sample phase preferentially.

4. Analysis

4.1. Lattice parameters

We begin our analysis of the structure of Sr-doped BiFeO3 by considering the behaviour

of the lattice parameters. These often give sensitive measurements of lattice strains

that accompany structure distortions associated with phase transitions [12, 64, 65],

and therefore provide a useful first look at the overall behaviour of the system as a

function of both temperature and chemical composition. In the case of the cubic to

rhombohedral transition, the strain is associated with stretching the unit cell along the

cubic [111] direction, expanding the hexagonal c axis relative to the a axis. Refined values

of lattice parameters for all compositions and temperatures are given in the Supporting

Information [63].
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Figure 2: Example of the Rietveld refinement of SrxBi1−xFeO3−x/2, x = 0.1 at a

temperature of 600 K. Data are shown for the two banks of detectors used in the

measurement, with their nominal scattering angle. Experimental data, with fitted

background subtracted, are shown as points, and the black line represents the fitted

diffraction pattern. The red curve represents the difference between observation and

calculation. Black tick marks show the positions of the Bragg peaks for nuclear scattering,

and the red tick marks show the positions of the Bragg peaks for magnetic scattering.

Note the existence of a strong peak of pure magnetic scattering at a time of around

6.9 ms. A few small impurity peaks are seen in this sample; one is a weak Bragg peak

from the vanadium can, and others are likely to be from Fe2O3 and Bi2Fe4O9 secondary

phases. Weighted R factors for the two data sets are 6.0% and 7.8% respectively, and

profile R factors are 4.6% and 5.7%.

The lattice parameters in the hexagonal setting (a, c) of the space group R3c of

Sr-doped BiFeO3 are related to those of the cubic phase (subscript c) by the relations

a '
√

2ac and c '
√

12ac. The variations of the refined values of a/
√

2 and c/
√

12 with

temperature for all compositions are shown in Figure 3a. Values of the unit cell volume

for different composition are shown in 3b, where volume is scaled to that of the parent

cubic unit cell as a2c/4
√

3. The two lattice parameters show very similar positive thermal

expansion, with a linear expansivity α = a−1∂a/∂T ' 10× 10−6 K−1.

The key result from Figure 3a is that the values of a vary only slightly with

composition, whereas the values of c decrease significantly in value with an increase in

strontium content. There are two competing size effects. Strontium has a larger ionic

radius (1.40 Å for Sr2+) than bismuth (1.31 Å for Bi3+, data from the standard Shannon

analysis of ionic radii [66]), and therefore increasing Sr content might be expected to
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Figure 3: a) Refined values of the lattice parameters of SrxBi1−xFeO3−x/2 as functions

of measurement temperatures for various compositions x, where closed circles (solid

lines) represent values of a/
√

2 and open circles (dashed lines) represent values of c/
√

12.

The scaling of lattice parameters is to reduce their values corresponding to those of the

parent cubic phase. b) Temperature dependence of the scaled volume of SrxBi1−xFeO3−x/2

calculated as a2c/4
√

3, for various compositions x. c) Temperature dependence of the

shear strain of rhombohedral SrxBi1−xFeO3−x/2 for various values of x, calculated from

the lattice parameters as described in the text. The legend in plot (a) displays the values

of composition x for each graph.

increase rather than decrease the volume. On the other hand, replacement of Bi3+ by Sr2+

leads to a concomitant creation of O2− vacancies (1 vacancy for 2 cation replacements),

which should reduce the volume overall. However, if size effects were the most important

point, we would expect that the effect would be similar for both a and c, which is not

seen in Figure 3a. Instead, we also need to consider the effects of the two structural

phase transitions, which may be the dominant effect. We will return to this in Section

4.2.4 below.

As noted above, the transition from cubic to rhombohedral symmetry involves a
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Table 1: Representation of the crystallographic Wyckoff positions of atoms in each phase

of Sr-doped BiFeO3, together with our data for x = 0.13 at a temperature of 300 K. The

position in the Pm3m are given with respect to the same rhombohedral unit cell. In the

R3c phase the z origin is not defined by symmetry, and we have chosen to place the

origin on the Bi atom.

Atom R3c Experimental R3c Pm3m

Bi 0, 0, 0 0, 0, 0 0, 0, 0 0, 0, 0

Fe 0, 0, z 0, 0, 0.225 0, 0, 1/4 0, 0, 1/4

O x, y, z 0.456, 0.017,−0.039 x, 0, 0 1/2, 0, 0

shear strain as the lattice expands along the [111] direction. This can be characterised

by identifying three nearly-orthogonal vectors in the lattice of the rhombohedral phase

that correspond to the three orthogonal basis vectors of the underlying cubic lattice. The

angles between these vectors in the rhombohedral structure will give the shear strain as

the difference from 90◦.

One set of nearly orthogonal vectors of equal length is

a′ = (0, a/
√

3, c/6)

b′ = (−a/2, −a/
√

12, c/6)

c′ = (a/2, −a/
√

12, c/6)

Substitution of the values of a and c given above in terms of ac confirms that in the

cubic phase these vectors are orthogonal and of length ac. The vector dot products of

these three vectors give the angles between the vectors, which are all equal to 90◦ − ε,
where ε is the shear strain. The shear strains ε are shown in Figure 3c. Simple algebra

shows, unsurprisingly, that the size of the shear strain ε is proportional to the difference

c/
√

6− a.

Two points emerge from the calculation of the shear strain. The first is that there

is very little variation with temperature, and the second is that there is a significant

dependence on composition, which is the largest effect we can see here. It is clear that

with increasing Sr composition the structure is becoming closer to a phase transition to

a new structure of cubic metric, but the same transition is barely indicated on heating.

Interestingly, the shear strain for the x = 0 case [7], which we plot in Appendix A, Figure

A1a, shows a small increase on heating, which is unexpected but consistent with the

overall temperature dependence of other symmetry-breaking distortions.

4.2. Atomic structure

4.2.1. Details of the crystal structure parameters. The Wyckoff positions of the basic

Sr-doped BiFeO3 structure in space group R3c, as shown in Figure 1, are given in Table 1,

together with one representative example from our data. We also compare these with the

sets of Wyckoff positions for the parentR3c and Pm3m phases. The relative displacements
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(d) Oxygen x displacement

Figure 4: a,b) Variation of the two ferroelectric z axis displacements of SrxBi1−xFeO3−x/2,

iron 1/4 − z (a) and oxygen 1 − z (b), with temperature and chemical composition

x. z is the fractional coordinate as obtained from Rietveld refinement c) Variation of

the displacement of the oxygen atom, fractional coordinate y, that reflect the extent of

expansion and contraction of the upper and lower (001) faces of the FeO6 octahedra. d)

Variation of the displacements of the oxygen atom, 1/2− x, where here x is the refined

value of the fractional coordinate, which reflect the extent of FeO6 octahedral rotation

about [001]. The legend in plot (a) displays the values of composition x for each graph.

of the atoms along the z axis define the degree of ferroelectric distortion (R3c→ R3c

transition). The displacement of the oxygen x fractional coordinate relative to the value

1/2 in the parent cubic phase quantifies the extent of octahedral rotation (Pm3m→ R3c

transition). Finally, the displacement of the oxygen y fractional coordinate relative to

value 0 in the parent cubic phase quantifies the extent to which the FeO6 octahedra are

distorted due to the ferroelectric atomic displacements, as discussed in the Introduction

and as shown in Figure 1c. Refined values of the fractional atomic coordinates for iron

(z) and oxygen (x, y, z), according to the space group R3c as given in Table 1, are given

in the Supporting information [63] for all compositions and temperatures.
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It is useful to note that the matrix to transform the lattice parameters from the

cubic to rhombohedral setting in BiFeO3 is

M =

 1 0 −1

−1 1 0

2 2 2


The matrix (M−1)T then provides the transformation of fractional atomic coordinates

from the cubic to rhombohedral settings.

4.2.2. Ferroelectric distortions. From the atomic structure and space group symmetry,

as displayed in Figure 1a, it is clear that there are layers of each atom separated by c/6

along the z axis, which are associated with the ferroelectric polarisation.§ To analyse

the ferroelectric distortions, we plot in Figure 4a the displacement of the Bi atom from

the layer of oxygen atoms with which it would be coplanar in the parent R3c structure.‖
This is actually calculated from the refined atomic coordinates of the oxygen atom as

1− z. Figures 1a and 1c show that there is also a displacement of the iron atom from

the centre of the FeO6 octahedra. The temperature dependence of the Fe z displacement

relative to the centre of the two oxygen layers is shown in Figure 4b. Clearly, as seen in

Figure 1a, the displacements of the Bi atoms relative to the planes of O atoms are larger

than those of the Fe, by a factor of just over 2.5. Secondly, the ferroelectric displacements

decrease with increased strontium content. On changing the Sr composition from x = 0.1

to x = 0.16 there is a reduction in the Bi cation displacement by a factor of 1.2. A

similar reduction is seen for the Fe cation displacement, but the smaller overall size of

the displacement means that the relative size of the errors is larger. Thirdly, there is

only a weak dependence on temperature, although a small decrease in the Bi cation

displacement can be seen for compositions x = 0.13 to 0.15. Any phase transition to the

paraelectric phase must still be at much higher temperatures than were accessible in this

study.

As noted before, and as seen in Figure 1 and in the comparison of Wyckoff positions

given in Table 1, the z displacements of the Fe cations from the centre of the FeO6

octahedra give contraction and expansion of the two faces parallel to the (001) planes

rather than stretching and contracting the Fe–O bonds. This is seen directly as the

value of the y fractional coordinate of the oxygen anion given in Table 1. Figure 4c

shows the variation of the oxygen anion y displacements associated with the distortions

of the octahedra. Whilst the values of the displacements as measured in fractional

§ For clarity, although ferreoelectric polarisation hystersis loops have been observed in similar samples of

Sr-doped BiFeO3 in work by the first author (ZM) [17], in this paper we consider ferroelectric distortions

to be defined by the group-theoretical analysis of Aizu [67], based on the relationship between the

symmetries of the paper and ferroelectric phase. Certainly the atomic displacements seen in both pure

and Sr-doped BiFeO3 are of the form that generate an in-principle reversible polarisation.
‖ Although we set the Bi atom as the arbitrary origin in space group R3c, when we consider the

ferroelectric atomic displacements along the z axis relative to the positions of the Bi atoms, we do not

imply that the Bi atom has fixed position.
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coordinates are similar in value to those of the Fe cation displacements, scaling by

the lattice parameters indicates that whilst the Fe displacements are of a size up to

0.24 Å, the oxygen displacements are all lower than 0.11 Å. At first sight the data

appear a little contradictory compared to Figures 4a and 4b in that the variation of the

O anion displacements with Sr composition is not consistent with that of the cation

displacements, but the relatively large size of the errors compared with the small size of

the displacements may mean that systematic errors in the refinements have masked the

expected behaviour. In any case, what is clear is that there is no significant variation

in the oxygen displacements with temperature, consistent with the Bi and Fe ionic

displacements.

4.2.3. Octahedral rotational distortions. The FeO6 octahedral rotations associated with

the change of space group symmetry from Pm3m to R3c is seen directly as the oxygen

displacement in fractional coordinates 1/2 − x, where the fractional coordinate x is

given in Table 1. The results for this parameter from the Rietveld refinement are given

in Figure 4d. The largest displacement is of size 0.27 Å (∆x = 0.049) , in the case of

strontium content x = 0.1, which corresponds to a rotation angle of 9.6◦. As for the

ferroelectric distortion, the rotation distortion is largest for smaller strontium content,

but unlike the case of the ferroelectric distortion the octahedral rotations show more

variation with temperature. This suggests that it might have been possible to see the

transition to the phase having zero rotation on further heating. We will explore this

possibility for other compositions in a later paper (in preparation).

4.2.4. Structural distortions and the lattice parameters. We can now explain the origin

of the behaviour of the lattice parameters as seen in Figure 3a. The key point is that the

value of lattice parameter a appears to have little variation with the strontium content,

and conversely there is a large variation of c with composition, with larger values of c

for lower strontium compositions. There are three main effects that change the lattice,

namely creation of oxygen vacancies which will lower volume uniformly, the rotational

distortion that mostly lowers the value of a, and the ferroelectric distortion that increases

the value of c, at least to first order. This is illustrated in the graphic shown in Figure

5. Increasing Sr content in the first instance leads to a lowering of the values of both a

and c relative to the values in the undoped sample with cubic metric, as represented

by the horizontal broken line in the cartoon. The first distortion is associated with the

rotations of the FeO6 octahedra, which give the phase transition from Pm3m to R3c

space groups. To first order, this will mostly affect the a lattice parameter, with a much

smaller effect on the c lattice parameter. The change in a will be larger for smaller Sr

content because, as seen in Figure 4d, the rotational transition is larger. Thus for a, one

effect grows and the other shrinks on changing composition. It is therefore quite likely

that the two competing effects are matched in a way that gives little overall variation

of a with composition. On the other hand, for c, in addition to the effect of oxygen

vacancies leading to volume reduction, the effect of the ferroelectric distortion will be
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Figure 5: Representation of the changes in lattice parameters a (red) and c (black) in

SrxBi1−xFeO3−x/2 due to increased strontium content x. The graphic on the left shows

the behaviour for low values of x, and the graphic on the right shows the behaviour

for high values of x. The first effect is that of increased oxygen vacancies, which lowers

the values of a and c relative to the values of the parent cubic phase for x = 0, which

are shown as the horizontal blue dashed line. The values of the lattice parameters are

reduced with increased x, the more so for larger values of x. The second effect is the

rotations of the FeO6 within the transition Pm3m → R3c, which mostly reduces the

size of a. Since the amplitude of rotation is larger for smaller x, this brings the values of

a for low-x and high-x closer together since there is a balance of relative sizes of the two

effects on a. The third effect is the ferroelectric transition, R3c→ R3c, which primarily

increases the value of c. This effect is larger for smaller x.

to increase the value of c. For low Sr content, the ferroelectric distortion is largest and

the effect of oxygen vacancies is smallest, but at larger Sr content the effect of oxygen

vacancies is largest and the effect of the ferroelectric distortion is smallest. This gives

rise to a significant variation of the values of c.

4.2.5. Comparison with pure BiFeO3. To complete this section, we remark that the

trends seen here are fully consistent with our data previously obtained on pure BiFeO3

[7]. The analysis is given in Appendix A. We see similar trends in the variation with

structure distortions in pure BiFeO3 as seen in the doped samples. Moreover, the sizes

of the distortions are all larger than seen for our samples with x = 0.1, consistent with

the variations with composition observed in this study, and also with a recent x-ray

diffraction measurement [38].
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Figure 6: a) Temperature dependence of the iron sub-lattice magnetic moment associated

with the antiferromagnetic order in SrxBi1−xFeO3−x/2. b) Sublattice magnetic moment

scaled to the power 1/β where β = 0.36. The lines show an indicative linear function

to demonstrate the scaling relation M ∝ (Tc − T )β. The legend in plot (a) displays the

values of composition x for both graphs.

4.3. Antiferromagnetic order

As noted above, the antiferromagnetic order is of G-type. The refined values of the atomic

moment on the iron cation are shown in Figure 6a. It can be seen that the magnetic

moments are similar for all compositions at a temperature of 300 K, indeed with no

obvious variation with chemical composition. The average antiferromagnetic moments

decrease with temperature in each composition with a second-order phase transition at

temperatures between 600–650 K. The actual transition temperatures have a low level

of consistency with composition (discussed below), which reflects the limitations in the

accuracy of the absolute thermometry in the experiments.

Given that the spin state of the Fe3+ cation is 5/2, the spin ordering can be

reasonably well approximated by the three-dimensional Heisenberg model. In this case,

the sub-lattice moment will vary as M ∝ (T c− T )β, with β ' 0.36 [68]. Thus in Figure

6b we plot M1/β against temperature, and we show fitted straight lines for the different

compositions. The data follow this relation over a remarkably wide range of temperatures

within statistical accuracy.

The important point to note is that the antiferromagnetic phase transition appears

to be largely independent of chemical composition, which we now discuss. It is useful

to compare our results with those of a recent neutron powder diffraction study of the

BiFeO3–CaTiO3 solid solution for 0–25% Ca/Ti content, and of one sample within the

BiFeO3–BaTiO3 solid solution for 15% Ba/Ti content, at room temperature [57]. There

are two key differences between our study and this recent study aside from the fact that

we included temperature variation. First is that in the BiFeO3–titanate solid solutions
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there is progressive substitution of the Fe sites, whereas in Sr-doped BiFeO3 the number

of Fe ions remains constant. The second is that in the BiFeO3–titanate solid solutions

there are no oxygen vacancies whereas the doping of BiFeO3 leads to the formation of

charge-balancing oxygen vacancies since there appears to be no conversion of Fe3+ to

Fe2+ [14].

In the BiFeO3–titanate solid solutions there is a reduction of magnetisation on

increasing the titanate content. From the data [57] it appears that this matches very

closely the replacement of Fe cations by the non-magnetic titanium cations. On the other

hand, the magnetisation in our data is only very weakly dependent on the strontium

content. If we consider the four samples at room temperature for strontium composition

x = 0.13–0.16 we find magnetisation per atom (in units of Bohr magnetons) of 3.95(3),

4.054(3), 4.06(3) and 4.11(3) respectively (errors in brackets, data are in the Supporting

Information [63]). Thus within error Sr-doped BiFeO3 shows a very slight increase in

magnetisation on increasing x, which would indicate a commensurable slight increase

in the magnetic ordering temperature with increasing x. Noting the caveat given above

regarding the limitations of thermometry, the data are consistent with this prediction

for the cases where the measurements followed the same heating history (x = 0.13–0.15).

The effect however is small compared with the structural changes, both polarisation

displacements and octahedral rotations.¶
The variation of the ionic displacements causing polarisation by similar amounts

across the range of compositions in the BiFeO3–titanate solution solutions as in Sr-doped

BiFeO3. However, in the BiFeO3–titanate solution solutions the displacements associated

with octahedral rotations change very little, which is not surprising given that CaTiO3

has similar tilts to BiFeO3, but in Sr-doped BiFeO3 there is a reduction in the size of the

octahedral tilt that is larger (relatively) than the reduction in the polarisation. Taking

account of all these differences, and noting the point about the magnetisation in the

BiFeO3–titanate solution solutions changing only with the iron content, we can draw the

conclusion than in spite of the structural changes BiFeO3 systems, the antiferromagnetic

phase transition is largely independent of chemical composition, and thus independent

of the extent of ferroelectricity and of the extent of the octahedral rotation distortion.

5. Conclusions

Much of the analysis of this paper concerns a detailed characterisation, using neutron

powder diffraction and Rietveld refinement, of the effects of the doping of the multiferroic

material BiFeO3 by strontium. We have studied three main distortions of the structure,

namely those associated with the rotational instability that drives the distortion from

Pm3m to R3m space groups, the ferroelectric deformation that lowers the symmetry

¶ It is important to note that doping BiFeO3 with Sr generates vacancies on the oxygen sites. However,

the proportion of oxygen lost is 1/6 of the Sr composition, so for Sr content x = 0.1 the oxygen content

per site has only fallen to 0.983. This will have a very small disruption of the percolation of the magnetic

Fe–O–Fe super-exchange pathways.
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further to space group R3c, and the antiferromagnetic phase transition.

The structural instabilities appear to have only a very weak dependence on

temperature, although the rotational deformation shows a slight decrease with increasing

temperature for higher strontium content. On the other, there is an appreciable variation

of both deformations with chemical composition, together with the associate lattice shear

strain. This variation with composition is consistent with a possible phase transition

to a phase of cubic symmetry (space group Pm3m) for slightly higher Sr content. The

antiferromagnetism for all compositions shows a normal temperature dependence up

to the phase transition, with a variation consistent with the scaling relationship for

the three-dimensional Heisenberg model. There is not a significant variation for the

antiferromagnetic phase transition with composition, nor of the absolute values of the

magnetic moments at ambient temperature.

From the detailed characterisation presented in this paper emerges a significant

conclusion, that there appears to be virtually no sign of any correlation between the

antiferromagnetic order and the structural deformations in Sr-doped BiFeO3, most

pertinent of which, for the discussion of multiferroic properties, is the ferroelectricity.

Thus it appears that the two different ferroic components of BiFeO3 have no significant

correlations with each other, nor with the rotational distortions.
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Appendix A. Comparison with data for pure bismuth ferrite

It is interesting to compare the results presented here with those for pure BiFeO3 in our

recent study [7]. We present in this Appendix results from that study – referred here as

Du – that correspond to those reported above. Lattice parameters are published in Du

and are not reproduced here.

In comparison with the lattice parameter data presented in Figure 3a, the values

of a/
√

2 published in Du covers the range 3.945–3.967 Å for temperatures 300–800 K,

and for c/
√

12 the corresponding range of values are 4.004–4.032 Å. These data match

the trends of both thermal expansion and the fact that the value of a/
√

2 is part of the

same cluster of values for all strontium composition, and the value of c/
√

12 lies above

the value for x = 0.1 consistent with the variation with composition seen in Figure 3a.

The shear strain from the data of Du, shown in Figure A1a, follows the trend of

Figure 3c, although showing a very slight increase on heating. The values of the strain

angle lie above the data for Sr-doped BiFeO3, exactly in line with the trends in the
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Figure A1: a) Temperature dependence of the lattice shear angle of pure BiFeO3 from

the data of Du [7], for comparison with Figure 3c. b) Temperature dependence of the

displacements of atomic fractional coordinates in pure BiFeO3, with z displacements

relative to the Bi atom being chosen as the origin. These data should be compared with

the new data for Sr-doped BiFeO3 presented in Figure 4.

data shown in Figure 3c that show that strain angle decreases for increasing strontium

content, and is therefore maximum in the pure BiFeO3.

In Figure A1b we plot the four atomic displacements, in terms of fractional

coordinates, namely Fe 1/4 − z and O 1/2 − x, y, 1 − z. These data and the data

presented in Figure 4 are consistent. The weak temperature dependence seen for all

data sets in Figure A1b is exactly as seen for the range of data for the strontium doped

materials in Figure 4. Furthermore, the values of atomic displacements for the ferroelectric

and octahedral rotation distortions are all consistent with the data in Figure 4. In each

case the values for pure BiFeO3 are slightly greater than for x = 1 in SrxBi1−xFeO3−x/2.
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[30] D. Rahmedov, Dawei Wang, Jorge Íñiguez, and L. Bellaiche. Magnetic cycloid of BiFeO3 from

atomistic simulations. Physical Review Letters, 109:037207, 2012.

[31] I. Dzyaloshinsky. A thermodynamic theory of “weak” ferromagnetism of antiferromagnetics.

Journal of Physics and Chemistry of Solids, 4:241–255, 1958.
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