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ABSTRACT: A detailed structural analysis of the antiferromagnetic (Gz-type) lanthanum doped bismuth ferrite - Bi0.5La0.5FeO3 
(Pn′ma′) – using variable temperature powder neutron diffraction is reported. The analysis highlights a structural link between 
changes in the relative dielectric permittivity and changes in the FeO6 octahedral tilt magnitudes, accompanied by a structural 
distortion of the octahedra with corresponding A-site displacement along the c-axis; this behaviour is unusual due to an increasing 
in-phase tilt mode with increasing temperature.  The anomalous orthorhombic distortion is driven by magnetostriction at the 
onset of antiferromagnetic ordering resulting in an Invar effect along the magnetic c-axis and anisotropic displacement of the A-
site Bi3+ and La3+ along the a-axis. 

INTRODUCTION 
BiFeO3 is a widely studied multiferroic due to its ferroelectric 
(high TC ~ 1083 – 1103 K) and (anti)ferromagnetic properties 
(TN ~ 643 K).1  However, applications and the study of bulk 
BiFeO3 are hindered by electrical conductivity due to non-
stoichiometry and thermal metastability.2  The electrical 
properties and thermal stability of the perovskite phase can 
be improved by the substitution of the volatile Bi3+ with rare 
earths e.g. La3+ (Bi1-xLaxFeO3).  
The substitution of Bi3+ with La3+ results in a diverse range of 
phases at lower doping levels (i.e., x < 0.5), which has been 
reported in a number of studies including those of Rusakov et 
al3 and Troyanchuk et al.4 The experimental observations 
have been supported by first principles studies showing that 
several of the Bi1-xLaxFeO3 phases are quasidegenerate in en-
ergy over a wide compositional range.5 This series of phase 
mixtures complicates the study of the materials at lower dop-
ing levels (x<0.5) and has driven the current study to review 
compositions at higher La3+ content. 
Rusakov et al. observed the following phase sequence (under 
ambient conditions) as a function of composition for samples 
prepared by solid-state methods: R3c (0 < x<  0.1) → ‘Pnam’(x 

= 0.18) → incommensurate ‘Imma’ (0.19 < x < 0.30) → Pnma 
(x > 0.5).3 More specifically, the ‘Pnam’ phase has a PbZrO3-
like antipolar superlattice, with a Ö2 ap x 2Ö2 ap x 4 ap unit 
cell, relative to the aristotype cubic perovskite (ap), the ‘Im-
ma’ phase approximates to a Ö2 ap x 2 ap x Ö2 ap unit cell, and 
the Pnma structure is the common GdFeO3-type structure, 
with a Ö2 ap x 2 ap x Ö2 ap unit cell.  
Two-phase regions exist over a wide range of compositions 
between the single-phase regions defined above, and the 
boundaries of the phase fields vary depending on the study 
and synthesis conditions used. For example, the anitpolar 
PbZrO3–like phase has been studied (x=0.185) as a phase 
composition that initially adopts the R3c space group and 
transforms isothermally to the antipolar structure.6 Electron 
and x-ray diffraction studies of x=0.25 showed that the sam-
ples comprised of coarse and fine grains of the nominal com-
positions x=0.1 and x=0.45 respectively.7  Increasing the syn-
thesis temperature, it was found that the composition of the 
grains changed to a situation where finer grains were rich in 
bismuth and iron and no longer contained La3+ ions and the 
coarse phase remained.7   
In addition to variations due to synthesis conditions, structur-
al characterisation of some of the phases can prove challeng-
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ing. For instance the ‘Pnam’ phase, which has been success-
fully applied to other lanthanide dopants, has been suggested 
to contain a more complex octahedral tilt system, leading to a 
quadrupled axis, perhaps analogous to that seen in NaNbO3.8-

10 This additional distortion, however, is not sufficiently 
strong and/or ordered to give clear superlattice reflections in 
conventional x-ray or neutron diffraction experiments, and 
the PbZrO3-like structure,11 space group Pbam, has been used 
as a model for neutron powder diffraction data.6  
To understand why this complex sequence of phases is ob-
served, changes in the crystal structure as a function of com-
position must be fully understood. These structural changes 
affect the properties of the material and occur, in large part, 
due to the electronic difference between Bi3+ and La3+ i.e., the 
presence of the Bi3+ lone pair. The effect of substituting Bi3+ 
by La3+ on the A-site has been considered in a number of dif-
ferent studies. Density functional theory (DFT) calculations, 
corroborated by experimental evidence, suggest that within 
the R3c phase the degree of the ferroelectric off-centering 
along the c-axis of the unit cell (hexagonal setting) is reduced 
with increasing lanthanum content.12 This influences the fer-
roelectric properties, significantly reducing the ferroelectric 
polarisation with doping concentration. However, it does 
allow samples to sustain higher electric fields by reducing 
leakage currents.12 
The local, short-range magnetic order of BiFeO3 is a G-type 
antiferromagnet with a weak canted moment.1 However, the 
overall long-range magnetic order is more complicated and is 
based on an incommensurate spin cycloid of the antiferro-
magnetic sub-lattice.1  The cycloid structure propagates along 
the [110] direction and has a repeat distance of about 62-64 
nm.13,14 This repeat distance can be influenced by changes on 
the A-site. Le Bras et al. show that in polycrystalline samples, 
lanthanum substitution within the R3c phase (x>0.15) results 
in a destabilising effect on the spiral magnetic structure and 
an increased predisposition to change to a collinear magnetic 
structure.15  
Another example of the effect of A-site substitution is the 
observation of the incommensurate ‘Imma’ phase (x=0.25) 
which has been suggested based on a synchrotron powder X-
ray diffraction study.3 The incommensurate modulation is 
suggested to be due to competing dipole-dipole interactions 
caused by antipolar displacements of Bi3+ and octahedral tilt-
ing.3 Anisotropic refinements of the Imma phase suggest a 
displacement along the b-axis.3 
The magnetic transition appears to be fairly temperature 
independent across the compositional range 0.18 ≤ x ≤ 0.3. 
Changes associated with a transformation in the magnetic 
behaviour have been detected using differential scanning 
calorimetry (DSC). Rusakov et al. reported a weak anomaly 
near 670-675 K (0.18 ≤ x ≤ 0.35) and suggested it was associ-
ated with the antiferromagnetic to paramagnetic phase tran-
sition3 that has been reported elsewhere by Roginskaya and 
Polomska.16,17 LaFeO3 is a canted G-type antiferromagnetic 
phase with a slightly off axis component3,18 and with a TN of 
743 K.19,20 

A number of authors report that above a critical concentra-
tion (x ≳ 0.5) the Pnma structure is adopted.3,4  This is the 
GdFeO3-type structure adopted by the parent LaFeO3 phase 
and indeed all rare earth orthoferrites.21 It is also the struc-
ture adopted by BiFeO3 in the high temperature paraelectric 
phase.22,23 The Pnma structure, however, is commonly refined 
in the alternate crystallographic setting Pbnm.18,19,24  
The electrical properties of the Bi1-xLaxFeO3 system remain to 
be studied in detail in relation to the structural behaviour. 
Typically, authors have found that the conduction process of 
the bulk is dominated by the presence of double ionised oxy-
gen vacancies.25,26 High conductivities, however, mean that 
obtaining evidence for structural transitions from electrical 
measurements is impossible.  
In this study, new findings are presented based on tempera-
ture dependent powder neutron diffraction (PND) and elec-
trical impedance spectroscopy data on carefully prepared 
electrically insulating samples. The current work focusses on 
the composition Ba1-xLaxFeO3, x=0.5 (BLFO50) and reveals an 
unusual structural response with temperature involving an 
increasing in-phase octahedral tilt with increasing tempera-
ture, linked to magnetostriction. In addition, it is possible to 
demonstrate a correlation between structural phenomena 
and the observed changes in the dielectric behaviour. These 
structural changes relate to correlated displacements of the 
A-site cations and octahedral distortion and tilting. 

EXPERIMENTAL METHODS 
The synthesis was performed via conventional solid-state 
methods. Stoichiometric amounts of Bi2O3 and Fe2O3 were 
mixed with La2O3 (dried at 1000 °C prior to weighing) in an 
agate mortar and pestle. The mixed powders were ball milled 
in ethanol using a Fritsch Pulverisette 7 planetary micro ball 
mill (600 rpm, 1 hr). The dry powders were calcined in a two-
step reaction under an enriched nitrogen atmosphere. In the 
initial step, pelletized samples were heated to 800 °C in an 
alumina boat lined with platinum foil, where they remained 
at temperature for 5 hrs. The reground pellets were milled 
under the same milling conditions prior to the second heat-
ing. The loose powder was pelletized in a uniaxial press using 
a 13mm stainless steel die to which a pressure of ca. 70 MPa 
was applied to the pellet and sintered at 1000 °C for a further 
5 hrs.   
These pellets were used for ac impedance measurements; 
silver paste electrodes were applied and cured at 120 °C.  
Temperature control at elevated temperatures was con-
trolled using a Carbolite furnace. Sub-ambient temperature 
control was based on a Sumitomo HC-2 cryogenics system. 
Isothermal measurements were taken in a conductivity jig 
fabricated with platinum wire contacts and a K-type thermo-
couple in close proximity to the pellet. High temperature iso-
thermal measurements were taken using a Hewlett Packard 
4192A LF impedance analyser. The temperature sweep data 
were collected using Agilent 4294A (sub ambient) and Wayne 
Kerr 6500B (high temperature) impedance analysers. All data 
were corrected for sample geometry.  
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PND experiments were performed on the HRPD diffractome-
ter at the ISIS neutron spallation source using two different 
sample environments. The experimental temperature range 
was from 50 K to 900 K: measurements from 50 K to 550 K 
were carried out in a cryofurnace and those from 450 K up to 
900 K were performed in a furnace, resulting in some tem-
perature overlap. Patterns were collected at 450 K, 500 K, 550 
K in the furnace and 550 K in the cryofurnace allowing for a 
comparison between the different sample environments. 
Rietveld refinements were carried out using the general 
structural analysis system (GSAS) and its associated graphical 
user interface program (EXPGUI).27,28  Only data from the 
’backscattering’ detector bank (2q ~ 168°) on the HRPD in-
strument was used for refinements ( 0.7 < d < 2.6 Å), alt-
hough 30° bank  data was examined for evidence of persis-
tence of magnetic ordering.  

RESULTS 
Preliminary structural analysis 
The PND data show that BLFO50 occurs predominantly as the 
Pnma, GdFeO3-type phase (94 wt% at room temperature). 
The final Rietveld refinement at 300 K is shown in Figure 1. 
The major phase has been refined with a G-type magnetic 
structure with the moment constrained along the c-axis, de-
scribed with the Shubnikov symmetry Pn′ma′. The possibility 
of a minor off axis magnetic component which is typically 
found in rare earth orthoferrites29, however, should not be 
excluded (attempts to refine any off-axis magnetic compo-
nent were unsuccessful; direct measurement of a net mo-
ment due to spin canting using conventional ac susceptibility 
measurements is hampered by the trace presence of ferro-
magnetic hematite). The minor secondary phase (< 5 wt%) is 
an I-centred phase, which transforms to Pnma as a function 
of temperature (see Supporting Information, Figure S1). This 
phase has been refined as tetragonal, I4/mcm (a = b ~ Ö2 ap, c 
~ 2 ap ) although it is probably the incommensurate ortho-
rhombic (‘Imma’) phase reported by Rusakov et al.3 Exact and 
definitive identification of the space group is difficult as the 
nuclear reflections from this secondary phase are predomi-
nantly observed only as broad shoulders at the base of the 
Pn’ma’ reflections; any magnetic structure peaks associated 
with this phase are unlikely to be detectable. This secondary 
phase is no longer present above circa 650 K, transforming to 
Pnma. The trace amount of Fe2O3 (ca. 1 wt%) remains con-
stant in all refinements.  The unit cell parameters and atom 
positions for the main Pn’ma’ phase at 300 K are shown in 
Table 1. The Rietveld refinement (Figure 1) at 300 K confirms 
the need for the magnetic model (see Supporting Infor-
mation, Figure S2). 

Site X Y Z Uiso (Å2) 

Bi/La 0.0233(3) 0.25 -0.0072(7) 0.0199(3) 

Fe 0 0 0.5 0.00209(16) 

O1 0.4872(5) 0.25 0.0741(6) 0.0118(3) 

O2 0.2835(3) 0.0409(3) -0.2834(3) 0.0118(3) 

Table 1. Atomic coordinates of the Pn′ma′ phase of Bi0.5La0.5FeO3 
refined from PND data at 300 K; a = 5.5749(8) Å, b = 7.8653(1) Å, 
c = 5.5551(1) Å. 

 

Figure 1.  Rietveld refinement profile of PND data at 300 K; χ2 = 
5.157, wRp = 0.06, Rp = 0.0544.  Tick marks represent Braggs 
reflections for Pn’ma’ (top) and I4/mcm (middle) Bi0.5La0.5FeO3 
phases and Fe2O3 (bottom). 

 

Figure 2. Net magnetisation (along c) as a function of 
temperature (K) as determined from Rietveld refinement of PND 
data. 

 

The net magnetic moment, as determined from refinement of 
the PND data, decays with temperature (Figure 2). The data 
was fitted using a power law, F(T) µ (TN-T)a, assuming a mean 
field approximation and gives a Neel temperature ,TN = 704 ± 
3 K and exponent a = 0.24 ± 0.04. This is supported by the 
persistence of magnetic reflections up to 700 K (Supporting 
Information, figure S3) and is consistent with previously re-
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ported values for this composition and the parent LaFeO3 
phase (TN ~ 743 K).16,17,19,20  
The unit cell parameters (Figure 3) clearly show an increasing 
orthorhombic distortion with increasing temperature up to 
ca. 700 K due to the invariant c-axis relative to the expansion 
of a and b. This orthorhombic strain can be represented by 
the distortion parameter, Do, defined as:  

𝐷# =
|&'(|
)(&+()

   (1) 

Above ca. 700 K, the c axis increases and Do decreases (Figure 
4.) This unusual behaviour of increasing orthorhombic strain 
with increasing temperature will be discussed further in light 
of the magnetic behaviour and the contributions of the vari-
ous structural distortion modes allowed at both the A-site 
and involving the BO6 octahedra which are presented below.  

 

Figure 3. Reduced (psuedo cubic) cell lattice parameters as a 
function of temperature (a = Ö2 ap, b = 2 ap, c= Ö2 ap. where ap 
represents lattice parameter of the cubic aristotype); dashed 
lines represent fit to a second order polynomial. 

 

Figure 4. Orthorhombic strain, Do, as a function of temperature. 

Electrical Properties 
The electrical properties of a ceramic are closely related to 
the microstructure and homogeneity. Typically the electrical 
microstructure of coarse polycrystalline ceramics is described 
by the brickwork model30,31 which essentially places each 
electroactive region (e.g. bulk, grain boundary, sample-
electrode interface) in a series combination. Each electroac-
tive region is described by its resistive (R) and capacitive (C) 
behaviour which represents the various charge transfer and 
polarisation processes, respectively. The resulting equivalent 
circuit consists of a number of parallel RC elements placed in 
series, where each RC element describes a particular electro-
active region. These regions have different magnitudes of 
associated R and C and ac impedance spectroscopy separates 
the different electrical responses in the frequency domain 
according to their differing time constants, τ (where τ = RC). 
Each RC element forms a semi-circular arc in the complex 
impedance (Z*) and electric modulus (M*) plane plot with the 
diameter of the arc proportional to the resistance and inverse 
capacitance, respectively. The individual RC elements also 
give rise to Debye-like peaks in the spectroscopic plots of the 
imaginary component (Z” or M” vs. frequency); the frequency 
at which the peak maximum, fmax, occurs is determined by the 
time constant, equation 2. 

𝜏 = 𝑅𝐶 = 0
)12345

 (2) 

While resistance values can vary dramatically and depend on 
a number of factors, there are typical magnitudes of capaci-
tance associated with each type of electroactive region (as 
determined by relative permittivity and geometry).32 From 
the magnitude of associated capacitance, it is therefore pos-
sible to assign the various electrical responses to particular 
electroactive regions (e.g. bulk, grain boundary etc.).  
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Figure 5. Imaginary electric modulus, M′′ and impedance, Z′′, 
spectroscopic plots at 575 K (a); M′′ spectra (b) and complex 
electric modulus, M* plane plots (c) as a function of 
temperature. (Symbols in part c are as in b).  

Typical magnitudes of capacitance for a grain boundary re-
sponse are of the order 10-10-10-8 Fcm-1 compared to typical 
bulk values of 10-12 - 10-11 Fcm-1.31 
Ac impedance spectroscopy of insulating BLFO50 samples 
reveals only a single electroactive region as shown by the 
presence of a single Debye peak in both the imaginary modu-
lus and impedance spectra (Figure 5a) and at the same (sin-
gle) relaxation time (i.e., the peak maxima occur at the same 
frequency).  Assuming Debye behaviour the modulus peak 
maximum, M”max, is related to the capacitance and dielectric 
permittivity by: 

𝑀7&8
99 = e:

);
= 0

)<=
 (3) 

From the magnitude of the M” peak this response has an 
associated C of ca. 21 pFcm-1 at 520 K and is therefore associ-
ated with the bulk response.31 With increasing temperature 
the M” peak increases in magnitude slightly indicating that 
the bulk capacitance is falling (Figure 5b); the peak is also 
displaced to higher frequency due to decreasing resistance, 
equation 2. 

The permittivity of the bulk response can be determined 
more accurately from the diameter of the semi-circular arc in 
the complex electric modulus, M*, (Figure 5c) which scales 
directly as 1/εr. Permittivity data extracted in this manner is 
shown in Figure 6 along with data obtained from fixed fre-
quency measurements (discussed below).  
Fixed frequency capacitance (CP) and loss (tan δ) measure-
ments were performed on insulating samples of BLFO50. 
Based on the brick layer model and assuming an equivalent of 
two parallel RC elements in series (representing bulk and 
grain boundary regions) the parallel capacitance as a function 
of frequency results in two frequency independent plateaus.32 
The parallel capacitance (CP) measured in the high frequency 
plateau contains contributions from both the bulk (Cb) and 
grain boundary (Cgb) capacitances according to: 

𝐶> = ?𝐶@A'0 + 𝐶A'0C
'0

 (4) 

The magnitudes of the capacitive responses expected in a 
coarse grained ceramic with thin, well-defined grain bounda-
ries are such that Cgb>>Cb and therefore the overall contribu-
tion of the grain boundary to the total capacitance is small. 
The total high frequency capacitance is therefore a close ap-
proximation of the bulk response. Provided high temperature 
data can be used to validate the assumption that Cgb>>Cb then 
fixed frequency measurements at lower temperatures can be 
used to probe the bulk response. The single semi-circular bulk 
arc in M*, Figure 5c, and the analysis described above indi-
cates that Cgb>>Cb is indeed the case for our samples and so 
bulk permittivities were calculated from CP at 10 kHz, 100 kHz 
and 1 MHz using the relationship: 

𝐶> = 𝜀E𝜀F
G
H

 (5) 

where A is the electrode area, d is the separation between 
the electrodes (sample thickness), ε0 is the permittivity of free 
space, and εr the bulk relative permittivity.  Bulk permittivity 
and loss data as a function of temperature are shown in Fig-
ure 6. 
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Figure 6. Relative dielectric permittivity (er) and loss (tan δ) as a 
function of temperature at 10 kHz, 100 kHz, and 1 MHz (left to 
right at high temperature). Bulk values obtained from electric 
modulus data are included circles black outline. 

The permittivity increases from ca. 60 at low temperature 
increasing to ca. 240 at 300 K, the loss data exhibit a peak 
around 100 K (Figure 6). The data show only a weak frequen-
cy dispersion over the majority of the temperature range; the 
dramatic upturn in the data at the highest temperatures (par-
ticularly evident in the dielectric loss) is due to the increasing 
contribution of the grain boundary/electrode response and is 
not intrinsic. Bulk permittivities determined from M* plots, 
Figure 5c confirm this and indeed show that in fact the bulk 
permittivity decreases slightly above 500 K.  This dielectric 
behaviour must be intrinsically linked to some structural 
change, which is not immediately obvious from the data pre-
sented in Figure 3. A more in-depth structural analysis is re-
quired. 
Bulk conductivities, sb (= Rb

-1) were estimated using two 
methods: bulk resistances (Rb) were obtained from M” maxi-
ma and also from complex impedance plane plots using the 
relationships in equation 2 and 3 (see also Supporting Infor-
mation, Figure S4) The conductivities determined by each 
method are in good agreement, with both showing the ex-
pected temperature dependence (Figure 7) described by the 
Arrhenius expression: 

𝜎A = 𝜎F𝑒𝑥𝑝'
M4
NO  (6) 

The bulk activation energy (Ea) is ~1.2 eV which is consisted 
with other experimental studies26,33 and is characteristic of 
electronic conduction dominated by the presence of oxygen 
vacancies.34  
 

 

Figure 7. Arrhenius plot of bulk conductivities determined form 
both Z′* and M* data; activation energy, Ea = 1.20 eV (R2 = 0.992) 

Correlation of structure and dielectric response 
In order to correlate the change in dielectric response (Figure 
6) with crystallographic changes the crystal structures as de-

rived from Rietveld refinements were analysed both in terms 
of a conventional ‘bond length/bond angle’ description and 
also using the online structural analysis tool ISODISTORT.27,35  
The latter allows comparison of a distorted structure with its 
parent aristotype (an ideal, cubic perovskite in this case) in 
terms of specific symmetry-allowed modes which are derived 
from irreducible representations of the parent symmetry. The 
advantage of this method is that it allows both the nature and 
degree of each particular distortion mode to be determined 
in a completely decorrelated manner – for example, ‘octahe-
dral tilt’ modes and ‘cation displacement’ modes can be seen 
independently. The seven variable atomic coordinates (Table 
1) can therefore equivalently be represented by seven dis-
tinct symmetry-adapted modes. 
 
The initial Rietveld analysis showed that the FeO6 octahedra 
become more regular in terms of Fe-O bond lengths up to ca. 
300 K (Figure 8); at the same time, however, the internal oc-
tahedral angles (O-Fe-O angles, Supporting Information, Fig-
ure S5) show deviation from an ideal octahedron.  
 

 

Figure 8. Fe-O bond lengths as a function of temperature as 
determined from Rietveld refinements of PND data. 

This distortion can be represented clearly using the 
ISODISTORT software, where it is described by the R5

+ modes 
relating to the A-site and oxygen positions. The R5

+ [A site] 
mode represents a displacement of the A-site cation along 
the c-axis, Figure 9. In terms of the degree of distortion these 
modes should be viewed as absolute magnitudes and there-
fore the R5

+ [A site] at 300 K represents the most distorted 
state relative to the ideal model. This corresponds to the 
broad maximum in the relative permittivity (Figure 6) 
 



 

 

7 

 

Figure 9. ISODISTORT displacement (R5+) modes as a function of 
temperature showing the A-Site displacement along c axis (R5+ [A 
site]) and displacements of the axial oxygens (O1) along c and the 
equatorial oxygen (O2) along b (R5+ [O]). 

 
This A-site displacement also correlates with the R5

+ [O] 
mode, which is a ‘scissoring’ distortion of the FeO6 octahedra 
(where the axial oxygens (O1) are allowed to move along c 
while the equatorial oxygens (O2) displace along b). This 
means that while the octahedra are becoming more regular 
in terms of bond lengths, they are increasingly distorted in 
terms of O-Fe-O angles. This distortion, together with the 
displacement on the A-site leads to an increase in the relative 
permittivity. This higher than expected permittivity (based on 
a Clausius-Mosotti summation of ionic polarizabilites) is at-
tributed by a number of authors to a “rattling” effect of the 
displaced cation and local variations in the Lorentz field36-38  
The Fe-O-Fe angles were also reviewed, which shows that the 
angles are becoming equivalent at temperatures correspond-
ing to the maximum in the relative permittivity (Figure 10). 
These changes in Fe-O-Fe angles are influenced by changes in 
the degree of octahedral tilting as well as the distortion in the 
octahedra, which are both important effects influencing the 
overall polarisation. However, it is more instructive to look at 
structural effects in terms of two distinct types of symmetry 
modes, with the tilt modes being discussed below. 

 

Figure 10. Changes in the Fe-O-Fe angles with temperature , 
which are linked to the changes in the two octahedra tilt modes 
and the octahedral distortion. 

 
Structural response to magnetic ordering  
As shown in Figure 3 the reduced lattice parameters show an 
increase in the orthorhombic distortion, Do, with increasing 
temperature with a broad maximum in the range ca. 650-700 
K (Figure 4). This change in distortive behaviour correlates 
with the paramagnetic - antiferromagnetic transition and the 
onset of a magnetostrictive effect.  
The paramagnetic to antiferromagnetic transition in Bi1-

xLaxFeO3 has been studied for compositions 0.18 ≤ x ≤ 0.35.3 
The authors detected a weak anomaly near 670-675 K using 
DSC and suggested it was associated with an AFM to para-
magnetic phase transition that has been reported elsewhere 
by Roginskaya and Polomska.3,16,17 The onset of AFM order in 
BLFO50 occurs slightly higher circa 700 K, as indicated by the 
fit of the magnetic data (Figure 2) and the presence of a pre-
dominantly magnetic reflection in the neutron diffraction 
data at 4.55 Å d-spacing (Supporting Information, Figure S3). 
This onset of magnetic order influences the orthorhombic 
distortion, as described in more detail below.   
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Figure 11. Anti-phase (R) rotation about [101] (top) 
and the In-phase (M) rotation about [010], (bottom) 
with respect to the Pnma cell. 

The initial approach studied changes in the Fe-O-Fe angles. 
These angles are influenced by the two possible tilting modes, 
the in-phase (M3

+) and anti-phase (R4
+) tilts shown in Figure 

11.  The Fe-O1-Fe angle is influenced by the anti-phase tilt 
whereas the Fe-O2-Fe angle is influenced by both tilts. An 
increasing Fe-O-Fe angle suggests a decreasing octahedral tilt, 
neglecting minor octahedral distortion effects. The increase in 
the Fe-O1-Fe angle up to ca. 300 K therefore suggests a de-
crease in the anti-phase tilt, while the decrease in the Fe-O2-
Fe angle suggests an increase in the in-phase tilt. The Fe-O-Fe 
angles (Figure 10) also suggest that there is a significant 
change at ca. 700 K where both the Fe-O-Fe angles start to 
increase with temperature. However, the Fe-O-Fe angles are 
also influenced by distortions of the octahedra i.e., both tilts 
decrease above this temperature. It is therefore necessary to 

study the separate influences of each of the tilts on the Fe-O-
Fe angles.  
 
With increasing temperature the anti-phase tilt (R4

+ [O] 
mode) decreases, as expected, while the in-phase tilt (M3

+ [O] 
mode) increases with temperature reaching a broad maxi-
mum round 650-750 K (Figure 12). The increase in the in-
phase tilt as a function of temperature is highly unusual and 
has only been observed as a very weak effect over a limited 
temperature range, for example in KCaF3.39  The effect in this 
case is considerably larger and occurs over a more extensive 
temperature range. 
 

 

Figure 12. ISODISTORT tilt modes as a function of temperature  
showing the in-phase rotation about [010] (M3+) and anti-phase 
tilt (R4+) about [101]. 

 
The high-temperature plateau in M3

+ appears at first-sight 
approximately in-line with the maximum in the orthorhombic 
distortion (Figure 4). However, the correlation is not exact 
and, although the in-phase tilt is obviously linked to the or-
thorhombic distortion it cannot be, in itself, the cause of the 
distortion (a strictly rigid in-phase tilt would leave the lattice 
metrically tetragonal, but destroys the crystallographic 4-fold 
axis). Instead, a non-zero Do parameter is typically associated 
with A-site cation displacements in GdFeO3-type 
perovskites.40 In the Bi1-xLaxFeO3 system, a number of studies 
have examined the A-site behaviour and have shown that the 
structural features are closely associated with A-site dis-
placements. 3,12  The displacement of the A-site cation along 
the a-axis is represented in ISODISTORT by the X5

+ [A site] 
mode (Figure 13). The X5

+ mode increases up to ca. 650 K 
where it reaches a maximum before falling with temperature. 
This correlates strongly with the orthorhombic distortion 
(Figure 13). This clearly shows that displacements on the A-
site cause the increasing orthorhombic distortion, with a sec-
ondary correlation being the increase in the M3

+ in-phase tilt. 
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The X5
+ symmetry mode also has a much smaller oxygen dis-

placement contribution (Supporting Information, Figure S6). 
 

 

Figure 13.  ISODISTORT X5+ [A site] displacement mode as a 
function of temperature describing A-cation displacements along 
the a-axis and the correlation with orthorhombic strain, Do. 

 

Figure 14. Anisotropic atomic thermal displacement parameters 
(Uij) as a function of temperature along a (U11), b (U22), and c 
(U33) axes. 

The structural models so far have considered the bismuth and 
lanthanum sites as equivalent. Although Bi3+ and La3+ have 
similar ionic radii when comparing equivalent coordination 
numbers41 the effect of the Bi3+ lone pair has not been con-
sidered (The 8-coordinate Bi3+ and La3+ ionic radii according to 
Shannon are  1.170 Å and 1.160 Å, respectively).41 The rela-
tive displacements of Bi3+ and La3+ away from the refined, 
‘averaged’ A-site position are likely to be slightly different.  
These local displacements in the A-site will be evident in the 
atomic displacement parameters. If the atom positions are 
refined anisotropically the direction of the most significant 
relative displacement can be inferred. Anisotropic refine-

ments of the A-site confirm that there is indeed a relative 
displacement of the two cations, and show that the U11 pa-
rameter is significantly larger than U22 and U33 (Figure 14). 
The U11 parameter corresponds to the displacement along the 
a-axis of the Pnma unit cell. This suggests that the bismuth 
and lanthanum sites are not equivalent and are displaced 
along the a-axis but by differing degrees. This displacement 
direction is consistent with the change in the orthorhombic 
distortion X5

+ mode which shows the overall displacement in 
the a-axis based on isotropic refinements (Figure 13). The X5

+ 
mode tracks with the orthorhombic distortion, representing 
the average displacement of the lanthanum and bismuth site, 
which it is now possible to demonstrate, is due in part to rela-
tive displacements of the two cations away from a single A-
site. 
The structural analysis so far has shown a displacement of the 
A-site cations along the a-axis, where the local positions of La 
and Bi are not perfectly equivalent. This A-site displacement 
drives the anomalous change in the orthorhombic distortion, 
with the secondary effect of the abnormal in-phase tilt behav-
iour. However, the underlying cause of the invariant c lattice 
parameter below ~ 650 K has not yet been addressed.  The c-
axis corresponds with the direction of the net magnetisation. 
This is linked to a magnetostrictive effect within the material. 
On cooling from the paramagnetic region the sample orders 
antiferromagnetically at TN ~ 704 K.  Eventually the net mag-
netisation increases to such a point where it has a detectable 
effect on the lattice parameters such that there is a deviation 
in the c-axis from the expected near-linear thermal contrac-
tion (as observed in the a- and b-axes) to temperature invari-
ant behaviour, the so-called “Invar effect”.42 A similar effect 
has been observed in other perovskites such as LaTiO3 which 
adopts the GdFeO3 structure (Pbnm) where with the onset of 
antiferromagnetic (Gx) order results in an increase in the or-
thorhombic splitting with a changing √2 axis set.43 Magneto-
strictive effects have also been observed with various ruthe-
nate based perovskites.42,44,45   
Typically, a Deybe-Grüneisen approximation can be applied to 
the unit cell volume to determine the contraction of the unit 
cell with decreasing temperature. This accounts for the inter-
nal energy of the system and models the volume change with 
temperature giving the hypothetical contraction of the unit 
cell in the paramagnetic state. The relative difference be-
tween the unit cell parameters or volume of the hypothetical 
paramagnetic state and that observed experimentally gives 
the contribution of the magnetostrictive effect. To do this fit 
an estimation of the Grüneisen parameter needs to be de-
termined from measurements of the heat capacity, bulk 
modulus and volume expansion.46 As a simple alternative, we 
have approximated the thermal expansivity of the unit cell 
parameters with a second order polynomial, 𝑦 = 𝐴)𝑇) +
𝐴0𝑇 + 𝐴F. The Pn’ma’ magnetic space group contains no 
magnetic component along x, and so the a lattice parameter 
was fitted over the entire temperature range (50 K to 900 K). 
The polynomial with A2 = 2.2174 ´ 10-8, A1 = 2.0900 ´ 10-5 and 
A0 = 3.9338 gave a good fit to the observed data, figure 3. The 
b- and c-axes were also fitted to this polynomial with the A2 
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and A1 coefficients fixed and A0 allowed to vary; the b-axis 
was fitted over the entire temperature range but the c-axis 
was only fitted in the near-linear, high temperature region 
and then extrapolated to lower temperatures, Figure 3. A0 = 
3.9240 and 3.9127 for b- and c-axes, respectively. 
The difference between the predicted contraction and the 
experimental values, Figure 3, represents the contribution 
from magnetostriction. The magnitude of magnetostrictive 
strain (ωx) of the lattice can be calculated as: 

𝜔8 =
8T5U'8V4WV

8V4WV
  (7) 

where xexp and xcalc are the experimentally determined and 
calculated lattice parameters, respectively. The temperature 
dependence of magnetostriction is shown in Figure 15, and 
clearly indicates an increasing c-axis strain with decreasing 
temperature, reaching ca. 0.3 % at 50 K, which is of a similar 
magnitude to other magnetostrictive oxides.42,44,45. There is 
no detectable strain in the other axes.  
In summary, BLFO50 adopts the orthorhombic GdFeO3 crystal 
structure described by Pnma symmetry. On cooling from high 
temperature it magnetically orders to a G-type antiferromag-
net (TN ca. 704 K) with the moment along the c-axis (Shubni-
kov symmetry Pn’ma’). The magnetic ordering results in: (a) a 
magnetostrictive (Invar) effect along the magnetic c axis; (b) 
antipolar A-site displacements along the a axis; and (c) con-
trasting changes in in-phase and anti-phase octahedral tilts. 
The net result is a strong orthorhombic distortion which de-
creases on further cooling. At ca. 300 K the A-site displace-
ments and a distortion of the octahedra caused by a scissor-
ing of the axial oxygens results in a change in the dielectric 
permittivity from ca. 250 to 180. 
 

 

Figure 15. Magnetostrictive contribution (ωx) as a function of 
temperature showing increasing strain in the c-axis below the 
Neel temperature. 

CONCLUSIONS 
A combination of electrical and structural analysis using tem-
perature dependent powder neutron diffraction has shown 

that lanthanum doped BiFeO3 of composition Bi0.5La0.5FeO3 is 
a wide band gap semiconductor with its structural and dielec-
tric behaviour driven by the magnetic properties. The detailed 
crystallographic changes (structural distortions) were ana-
lysed using both conventional Rietveld analysis and also the 
symmetry mode ISODISTORT tool. The analysis shows that 
the material adopts the GdFeO3 structure and that there is an 
unusual orthorhombic distortion with an increasing in-phase 
tilt as a function of increasing temperature. This distortion 
has a corresponding antipolar atomic displacement of the A-
site where the lanthanum and bismuth are displaced by dif-
ferent degrees along the a-axis. The orthorhombic distortion 
is caused by the onset of antiferromagnetic order (TN ~ 750 K) 
and a magnetostrictive Invar effect along the magnetic c-axis. 
The magnetically driven tilt combines with distortion of the 
octahedra and a corresponding A-site displacement along the 
c-axis resulting in a change in the dielectric permittivity at ca. 
300 K. The use of symmetry-mode analysis (via ISODISTORT), 
in addition to conventional crystallographic analysis, presents 
a new paradigm for investigation of structure-property rela-
tionships in lanthanide doped BiFeO3. 
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