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turn, must have a role in determining the magnetic properties and multiferroic character of PFN.
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Abstract
Resonant Ultrasound Spectroscopy has been used to characterize elastic and anelastic anomalies 
in a polycrystalline sample of multiferroic Pb(Fe0.5Nb0.5)O3 (PFN). Elastic softening begins at 
~550 K, which is close to the Burns temperature marking the development of dynamical polar 
nanoregions. A small increase in acoustic loss at ~425 K coincides with the value of T* reported 
for polar nanoregions starting to acquire a static or quasi-static component. Softening of the shear 
modulus by ~30–35% through ~395–320 K, together with a peak in acoustic loss, is due to classical 
strain/order parameter coupling through the cubic  →  tetragonal  →  monoclinic transition sequence 
of ferroelectric/ferroelastic transitions. A plateau of high acoustic loss below ~320 K is due to the 
mobility under stress of a ferroelastic microstructure but, instead of the typical effects of freezing 
of twin wall motion at some low temperature, there is a steady decrease in loss and increase in 
elastic stiffness below ~85 K. This is attributed to freezing of a succession of strain-coupled defects 
with a range of relaxation times and is consistent with a report in the literature that PFN develops 
a tweed microstructure over a wide temperature interval. No overt anomaly was observed near the 
expected Néel point, ~145 K, consistent with weak/absent spin/lattice coupling but heat capacity 
measurements showed that the antiferromagnetic transition is actually smeared out or suppressed. 
Instead, the sample is weakly ferromagnetic up to ~560 K, though it has not been possible to 
exclude definitively the possibility that this could be due to some magnetic impurity. Overall, 
evidence from the RUS data is of a permeating influence of static and dynamic strain relaxation 
effects which are attributed to local strain heterogeneity on a mesoscopic length scale. These, in 
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1.  Introduction

Phases with the perovskite structure in the solid solu-
tions Pb(Zr0.53Ti0.47)O3 (PZT)–Pb(Fe0.5Nb0.5)O3 (PFN) and 
Pb(Zr0.53Ti0.47)O3–Pb(Fe0.5Ta0.5)O3 (PFT) have recently been 
shown to display simultaneous ferromagnetic and ferroelectric 
properties at room temperature [1–4]. Control of ferroelectric 
domain patterns by application of a magnetic field has also 
been demonstrated [5]. These materials are the lowest-loss 
room-temperature multiferroics currently known [1]. They 
combine aspects of the properties of the pure, end member 
phases to produce ferromagnetism, antiferromagnetism, fer-
roelectricity and ferroelasticity. In general, the main focus of 
attention when dealing with multiferroic materials is on the 
magnetic and dielectric properties. Somewhat less attention 
tends to be paid to the role of strain even though it is widely 
recognized to provide an important indirect mechanism for 
magnetoelectric coupling and is likely be an important factor 
in pinning and switching behaviour. As part of a wider study 
of the elastic and anelastic properties of selected phases from 
the PFN–PZT and PFN–PZT solid solutions, aspects of the 
ferroelastic behaviour of a ceramic sample of end-member 
PFN which displays ferromagnetism at room temperature 
have been investigated by resonant ultrasound spectroscopy 
(RUS). Here we present results which draw attention to the 
permeating presence of static and dynamic strain coupling 
effects.

The structure and properties of PFN have been studied in 
great detail since the original report of ferroelectric and anti-
ferromagnetic transitions by Bokov et al [6]. To summarize 
many of the references discussed below, the current general 
view for ceramic and single crystal samples which are single 
phase, stoichiometric and homogeneous, is that they are fer-
roelectric below ≈T 385c  K (reported values in the range 
~370–400 K) and G-type antiferromagnetic below ≈T 150N  K 
(reported values in the range ~143–160 K). Weak ferromag-
netism due to the development of a spin-glass then coexists 
with the antiferromagnetic ordering below ~10–30 K. In more 
detail, the transition at Tc is from a parent cubic structure 
with space group Pm3m (or Fm3m for a structure with B-site 
cation order) to a tetragonal structure with space group P4mm. 
Lattice parameter variations [7, 8], changes in the remanent 
electric polarization [9] and birefringence data [10] appear to 
show the transition as being thermodynamically continuous. 
However, a hysteresis of ~4 K [11] and 17 K [12] has also been 
reported for the transition point between heating and cooling, 
suggesting first order character. A heat capacity anomaly with 
its peak at 374   ±   1 K [13] has the form qualitatively similar 
to that expected for Landau tricritical and, hence, is at least 
consistent with the ferroelectric/ferroelastic transition being 
close to the boundary between second order and first order. A 
second transition with first order character occurs ~20–40 K 

below Tc, to another ferroelectric structure which was first 
treated as being rhombohedral (R3m) but is now thought to be 
monoclinic (Cm) [7, 8, 10, 14–22]. Some samples may really 
be rhombohedral, however (e.g. [23]). Softening of a zone 
centre transverse optic mode with increasing temperature 
between 3 and ~350 K has been observed by inelastic neutron 
scattering, consistent with a soft mode mechanism driving the 
ferroelectric transitions [24].

The antiferromagnetic ordering transition has been fol-
lowed via the continuous reduction in intensity of the 
(1/2,1/2,1/2) reflection in neutron diffraction patterns [25–27],  
but the Néel point is identified in most studies by a small 
anomaly in the magnetic susceptibility. Magnetoelectric cou-
pling was recognized by Astrov et al [28] and is indicated by 
variations in electric polarization as a function of magnetic 
field at 15 K [25] and below 10 K [29], small changes in die-
lectric properties under the influence of an external magnetic 
field at room temperature [30] and as a function of tempera-
ture [31], changes in dielectric properties in the vicinity of the 
Néel point [32–37] and as changes in magnetic susceptibility 
near Tc [9, 38, 39]. Finally, spin glass like behaviour has been 
proposed to occur below ~120 K [40], ~80 K [24] or ~50 K 
[26, 41], while reported values of the glass transition tempera-
ture, Tg, are in the range 10–30 K [26, 40–44].

If PFN and its derivatives obtained by chemical substitu-
tion showed only the three transitions referred to above, they 
would probably not attract quite so much attention in the con-
text of ‘useful’ magnetoelectric properties. However, even 
PFN itself shows great variability between samples and, in 
particular, it can be weakly ferromagnetic at room temper-
ature in both bulk samples [39, 45, 46] and thin films [36,  
47–50]. The upper temperature limit reported for ferromag-
netic properties includes 530–580 K [46], 370 K [39], 150 K 
[51], TN [33, 52–54] and 137 K [35]. The ferroelectric tran-
sition shows some aspects of relaxor behaviour in having a 
broad peak in the real part of the dielectric permittivity, ε′, 
through Tc, (e.g. [34, 37, 50, 55–64]. Although this peak in 
ε′ occurs at a temperature which is typically independent 
of measuring frequency, some samples show a frequency 
dependence [65–67] and a Vogel–Fulcher freezing tempera-
ture of 280 K has reported in one case [67]. The diffuseness of 
the transition is generally ascribed to the effects of local vari-
ations in composition associated with Fe/Nb order/disorder.

No diffraction evidence has yet been found for long range 
order of Fe3+ and Nb5+ on crystallographic B-sites (e.g. [15, 
17, 21, 23, 32, 61, 68]), but Mössbauer [69, 70] and NMR [71] 
spectroscopy provide evidence of chemically/crystallographi-
cally distinct B-sites, implying that there is some degree of 
short range Fe/Nb ordering or clustering. The presence of 
Raman bands which would be forbidden in spectra from a 
crystal with space group Pm3m has also been used to demon-
strate that the local symmetry of both thin film and bulk PFN 
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must be lowered [72, 73]. Although the radii of Fe3+ and Nb5+ 
are quite similar, their charge difference might be sufficient 
to drive the ordering and Correa et al [73] have argued that 
the local symmetry is actually Fm3m with a 2   ×   2  ×  2 lattice 
(alternating Fe/Nb/Fe/Nb…. in 3D). Variations in the degree 
of this order and/or the size of ordered clusters, depending 
on the sample preparation and thermal history, would be 
expected to give rise to variations in the relaxor character of 
the ferroelectric transitions. The B-site order/disorder could 
also contribute to variations in the magnetic ordering either 
directly, or indirectly through magnetoelectric coupling to 
ferroelectric displacements, with implications for the char-
acter of the antiferromagnetic transition. In contrast with the 
intensity of the (1/2,1/2,1/2) reflection in neutron diffraction 
patterns indicative of long range ordering going smoothly to 
zero at TN [25, 26], diffraction data from the single crystal 
sample of Stock et al [24] do not show a discrete phase tran-
sition. There is a steep decrease in intensity with increasing 
temperature through 150 K but some intensity remains at least 
up to ~400 K. Likewise, heat capacity data of Yang et al [54] 
do not show any anomaly near 150 K that would indicate the 
existence of a discrete antiferromagnetic ordering transition.

Evidence for a temperature, Td, below which dynamic 
polar nanoregions (PNRs) develop in bulk samples (com-
monly referred to as the Burns temperature) is provided both 
by acoustic emission data (564–603 K [12]) and a subtle 
change in thermal expansion (~690 K [74]). A similar change 
in thermal expansion has also been used to indicate ≈T 640d  K 
in a thin film deposited on SrTiO3 [49]. *T , the temperature 
below which PNRs start to acquire some static component, 
has been most recently placed at ~430 K for a bulk sample 
[12] and ~510 K for a thin film [49]. The second transition, 
~20–40 K below Tc, generally seems to have no influence on 
the temperature dependence of the dielectric permittivity [32, 
34, 37, 45, 50, 55, 57, 58, 63, 64, 67, 75], but is sometimes 
seen as an shoulder on the main peak [65, 76]. Mabud [16] 
only found evidence for a single transition in powder x-ray 
diffraction patterns collected between room temperature and 
423 K.

If there are variations in electric polarization in PFN, either 
locally in the form of PNRs or as long range correlations 
below Tc, and there is also magnetoelectric coupling, it fol-
lows that there must be local and longer range variations in 
magnetic order. This has to be a significant factor in the differ-
ences in magnetic properties between samples which are only 
ferromagnetic below Tg and those which also have a weak fer-
romagnetic moment over wide temperature intervals. Diffuse 
scattering around the magnetic reflections in single crystal 
neutron diffraction patterns at >T TN [25, 26] show that local 
ordering occurs above the Néel point and evidence from elec-
tron paramagnetic resonance spectra is for the development 
of local clusters of antiferromagnetic order in a temperature 
interval of perhaps up to ~40 K above TN [35, 41, 53, 71]. The 
absence of an overt anomaly in the heat capacity [54] is per-
haps further evidence that the total entropy change associated 
with the development of long range order below TN can be 
spread over a relatively wide temperature interval, at least in 
some samples.

A model which is commonly referred to in the literature is 
based on that of Rotaru et al [43] and Kleemann et al [44], in 
which there is a coexistence of percolating antiferromagnetic 
clusters which have long range order below TN, and superan-
tiferromagnetic clusters which have uncompensated magnetic 
moments. The spin glass behaviour below ~20 K is then due to 
freezing of correlations between the uncompensated moments 
to give a weak ferromagnetic moment. Alternatively, the anti-
ferromagnetic ordering is more homogeneous but the indi-
vidual spins have a degree of canting with tilt angles that are 
random from site to site [21, 26]. In this case the spin glass 
transition would be due to freezing of correlations of the tilt 
angles [26]. Spin canting has also been proposed to explain 
the ferromagnetism detected in some samples at higher tem-
peratures [45]. Under monoclinic symmetry all that would be 
needed to induce preferred alignments of the canting moments 
would be a field arising from some other aspect of the crystal 
structure, but this mechanism would presumably only apply if 
there was already long range or local antiferromagnetic order. 
The origin of weak ferromagnetic ordering above TN has not 
been fully explained but could be due to coupling between 
‘local polarization and magnetization in superparamagnetic 
polar nanoclusters’ [39], or to superantiferromagnetic clusters 
which develop weak excess moments [49]. The most recent 
calculations also focus on the role of clustering derived from 
short range B-site chemical ordering [77, 78].

From this brief review of the remarkably variable proper-
ties of PFN, it is apparent that an important common thread 
is inhomogeneity at a local length scale. It is likely that there 
is chemical inhomogeneity due to local order and disorder of 
Nb and Fe on crystallographic B sites, inhomogeneity of fer-
roelectric polarization from PNRs and ferroelectric domain 
walls, plus inhomogeneity due to magnetic fluctuations, 
superparamagnetic clusters, superantiferromagnetic clusters 
and spin canting. It follows that if samples prepared by dif-
ferent routes have different degrees of short range order or 
PNR configurations they will have differences in their mag-
netic properties. The magnetoelectric coupling mechanism 
is believed to occur at least in part by strain mediation (e.g.  
[34, 37, 39, 49, 63]), and if there is any coupling of strain 
with the atomic ordering, magnetic ordering or ferroelectric 
displacements it is inevitable that local variations of these will 
be accompanied by local variations in strain. Direct evidence 
of strain heterogeneity on a scale of ~10–30 nm is provided by 
tweed microstructures existing from ~385 K down to at least 
~110 K, observed by transmission electron microscopy in a 
single crystal grown by a modified Bridgman method [79].

Any strain relaxation accompanying the ferroelectric and 
magnetic transitions is likely to be seen in variations of elastic 
and anelastic properties. Three different sets of data reported 
in the literature already show significant softening of bulk 
elastic constants (~10 MHz [37, 58, 80], ~800 Hz [81], or 
unspecified frequencies [56, 82]) and peaks of acoustic loss 
[58, 81, 82] with falling temperature from above the ferro-
electric transition. There are smaller anomalies in elastic and 
anelastic properties through TN [37, 63, 80, 81], but additional 
effects have been also reported at ~110 K and ~250 K [37, 58, 
80]. The acoustic loss measured at 10 MHz appears to consist 
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of a series of overlapping peaks and remains high between 
Tc and TN [37, 58]. In the present study elastic and anelastic 
properties have been followed through Tg, TN, Tc, *T  and Td 
by RUS in the frequency range ~0.1–1 MHz, with the specific 
aim of determining the character and dynamics of strain relax-
ation behaviour in an important end-member perovskite phase 
which contains local chemical and structural heterogeneity.

2.  Sample description and experimental methods

The ceramic sample of PbFe0.5Nb0.5O3 was prepared by a 
conventional solid state reaction route following a method-
ology closely similar to that described by Sanchez et al [1]. 
Starting materials were analytical purity oxides, PbO, Fe2O3 
and Nb2O5, which were ball milled together in methanol 25 
times for 40 min at 600 rpm. After evaporation of the methanol 
at 50 °C, the dried mixture was reground and passed through 
a 250 μm sieve. The resulting powder was placed in a closed 
crucible, heated to 400 °C at 10 °C min−1 and held there for 3 h. 
It was then heated to 850 °C at the same rate and held at this 
temperature for a further 10 h, followed by cooling to room 
temperature at 10 °C min−1. After further grinding and passing 
through a 180 μm sieve, the formation of perovskite was con-
firmed by x-ray diffraction. Finally, a pellet was prepared with 
poly vinyl alcohol as a binder. This was heated to 600 C at 
10 °C min−1 and held for 3 h to evaporate the binder. The final 
stage was heating to 1050 °C at the same rate, annealing at 
this temperature for 4 h and cooling back to room temperature, 
again at 10 °C min−1. In order to prevent PbO loss during the 
high temperature sintering, and thereby maintain the desired 
stoichiometry, an equilibrium PbO vapour was established 
with PbZrO3 as setter in the covered alumina crucible. The 
form of the final sample was a flat, hard disc with diameter 
~9 mm and thickness ~0.65 mm. This was cut into smaller 
pieces for the different measurements described below.

A powder x-ray diffraction pattern was obtained at room 
temperature with a PANalytical Empyrean x-ray diffrac-
tometer (CuKα, λ = 1.5406 Å) from one ground up portion 
of the pellet. Data were collected over the angular range 

θ⩽ ⩽ °10 2 90  with steps of θΔ = °2 0.0 4 . The x-ray pattern 
could be modelled using a cubic perovskite structure, and 
Rietveld refinement [83] using the FULLPROF suite of pro-
grams [84] gave a lattice parameter of = ( )a 4.0134 1  Å. An 
additional weak peak at θ ≈ °2 29. 2  with intensity ~0.6% of 
the strongest perovskite peak is attributed to the pyrochlore 
phase which is a common impurity arising during the syn-
thesis of PFN. Similarly weak peaks at ~27.5°, 28.4°, 30.6°, 
32.4° and 33.1° indicate the presence of some other unidenti-
fied impurity phase(s) at low levels. Broadening and splitting 
of the perovskite 2 0 0 and 2 2 2 peaks closely similar to that 
shown in figure 3 of Majumder et al [45] was permissive of 
monoclinic lattice geometry but without the resolution needed 
for a definitive determination.

Another piece of the PFN pellet was polished for analysis 
in a Cameca SX-100 electron microprobe. X-ray maps for Fe, 
Nb and Pb showed variations in cation proportions, the extent 
of which is indicated by the results of 26 point analyses shown 

in figure 1. The average of these can be expressed in terms of 
3 oxygen atoms or 2 cations as Fe0.49Nb0.49Pb1.04O3 and Fe0.48

Nb0.49Pb1.03O2.97, respectively. Bright spots in the FeKα maps 
suggested the presence, in small proportion, of some iron-rich 
phase with dimensions below the spatial resolution of ~1 μm.

Dielectric data were collected using a QuadTech 7600 
Precision LCR Meter at 1 kHz, 10 kHz, 100 kHz and 1 MHz, 
with an applied ac voltage of 1 V. Sample temperature was 
controlled in a Janis Cryocooler, with data collection during 
cooling from 450 to 10 K at 0.2 K min−1. An average of 5 read-
ings was obtained for each data point.

Magnetic properties of the RUS sample (mass 0.0500 g) 
and of a second sample (mass 0.013 43 g) were character-
ized in two different Quantum Design MPMS XL SQUID 
magnetometers, one in Cambridge (squid 1) and the other in 
Dresden (squid 2). Data were collected in low and high fields 
at low temperatures from both samples. High temperature data 
were collected in squid 2 with the second sample held in an 
open quartz tube.

A first order reversal curve (FORC) diagram was obtained 
at room temperature from the RUS sample using a Princeton 
Measurements Co. vibrating sample magnetometer manufac-
tured by Lake Shore Cryotronics Inc., which is housed in the 
Nanopalaeomagnetism Lab at the University of Cambridge. 
This approach to characterization of magnetic samples is 
widely used in the context of rock magnetism, as introduced 
by Roberts et al [85] and Pike et al [86–88], and the complete 
FORC diagram is built up from many partial hysteresis curves, 
following Mayergoyz [89]. For the present study, a total of 
325 FORCs were measured using a saturating field of 2.2 T, a 
field step of 6.75 mT, a time constant of 500 ms, and maximum 
coercivity (Bc) of 1.95 T. The FORCs were processed with the 
program FORCinel [90], using the VARIFORC method for 
variable smoothing [91]. Hysteresis loops were measured 
using a saturating field of 2.2 T, field steps of 5 mT, and a time 
constant of 200 ms. The saturation remanent magnetization, 
Mrs, was demagnetized by applying progressively increasing 
logarithmically spaced fields in the opposite direction to the 

Figure 1.  Cation proportions from individual electron microprobe 
analyses (wavelength dispersion, with respect to Fe2SiO4, Nb metal 
and PbS as standards). The triangle marks the ideal stoichiometry 
for PFN and the star is the average of 26 point analyses.
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Mrs. The resulting backfield demagnetization curve (100 points 
in the interval 0.5 mT–2.2 T) was differentiated to obtain the 
coercivity spectrum, which was fitted with lognormal distribu-
tions representing the coercivity components.

Heat capacity was measured in a Quantum Design model 
6000 PPMS with 6500 option controller. The sample had 
mass 0.025 39 g and was held in Apiezon H grease. Data were 
collected during heating from 3 to 396 K in 8 intervals of 
temperature, with step sizes of 1, 3 or 5 K, and a repeat data 
collection was made between 100 and 200 K. Each data point 
was an average of three measurements.

Resonant ultrasound spectroscopy (RUS) data were col-
lected at room and low temperatures using equipment 
described elsewhere [92]. A rectangular parallelepiped with 
dimensions 4.650   ×   2.160   ×   0.666 mm3 and mass 0.0500 g 
cut from the original disc was held lightly across its largest 
pair of faces between the piezoelectric transducers, and data 
were collected in 5 K steps from ~292 K to ~7 K and back up 
to ~292 K again, with 20 min allowed for thermal equilibration 
at each temperature. Individual spectra contained 65 000 data 
points in the frequency range 50–1200 kHz. The high temper-
ature RUS instrument and associated experimental protocols 
have also been described elsewhere [93–95]. Temperature is 
measured with a thermocouple placed within a few mm of the 
sample but a small correction is then also applied, based on a 
calibration against the transition temperature of quartz. Two 
data sets were collected. The first was a heating and cooling 
sequence between ~296 and ~609 K with nominal steps of 5 K 
and 65 000 data points in the frequency range 100–1500 kHz. 
The second was a heating and cooling sequence through 
the temperature interval ~316–399 K, with nominal steps 
of 2 K and 65 000 data points in the frequency range 100–
1200 kHz. In both cases a 20 min settle time was allowed for 
thermal equilibration at each set point. The primary spectra 
were all analysed offline using the software package IGOR 
(Wavemetrics). Selected peaks were fit with an asymmetric 
Lorentzian function to give their frequency, f , and width at 
half maximum height, Δf f. 2 scales with the elastic modulus 
that determines the particular resonance mode and for most 
modes this is dominated by the shear modulus. The inverse 
mechanical quality factor, −Q 1, is a measure of acoustic loss 
and is given by Δf f/ .

3.  Results

Data for the real part of the dielectric constant, ε′, and the 
dielectric loss, tanδ, are given in figure  2. There is a very 
obvious shoulder in both ε′ and tanδ at ~360 K, independent 
of frequency, which coincides with the expected temperature 
of the tetragonal–monoclinic transition. A broad peak occurs 
in ε′ has its maximum at ~389 K when measured at 1 MHz, 
which is within the range expected for the cubic–tetragonal 
transition. However, significantly greater values of ε′ are 
observed at lower frequencies and the maxima shift to higher 
temperatures when measured at 10 kHz and 100 kHz, i.e. 
~426 K and ~429 K respectively. There is a break in slope at 
~423 K in the data measured at 1 kHz. Tanδ values are highest 

when measured at 1 MHz and have a broad maximum centred 
at ~432 K. Values measured at lower frequencies are substan-
tially lower over the entire temperature range and increase 
steeply above the step at ~360 K. The 100 kHz data have a 
broad peak centred at ~430 K. This pattern is not typical of a 
relaxor which would be expected to show frequency depen-
dent maxima, with the peaks in ε′ and tanδ occurring at pro-
gressively higher temperatures with increasing frequency.

The variation of heat capacity, Cp, between 3 and 399 K is 
shown in figure 3. Notably, there is no anomaly detectable in 

Figure 2.  Variations with temperature of the dielectric constant, 
ε′, and dielectric loss, tanδ, for PFN, as measured at four different 
frequencies during heating from 10 to 450 K at 0.2 K min−1.

Figure 3.  The heat capacity as a function of temperature does not 
appear to show any anomaly in the vicinity of the expected Néel 
point, ~140–150 K. There is a broad excess above ~340 K which 
reaches a maximum at ~375 K.
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the vicinity of the expected Néel point. A broad excess heat 
capacity is clearly present above ~340 K but the data do not 
extend to high enough temperatures to see where this would 
end. The maximum occurs at ~375 K and there does not seem 
to be evidence for distinct peaks either at ~360 or ~389 K.

Figure 4(a) shows magnetic moments measured with an 
applied field of 0.01 T in squid 2 during heating from 2 to 

300 K. The data set labelled ZFC was collected following 
cooling in zero field and the data set labelled FC following 
cooling in the 0.01 T field. The resulting variations in moment 
with temperature are closely similar to what has been reported 
in other studies for a variety of fields (e.g. [21, 26, 31, 40, 
41, 50, 59, 96, 97]). Specifically, there is an anomaly in the 
vicinity of 145 K which has elsewhere been attributed to 

Figure 4.  Magnetic data for PFN. (a) Squid 2. Magnetic moment measured during heating in an applied field of 0.01 T, following cooling 
in zero field (ZFC) and then following cooling in the 0.01 T field (FC). (b) Squid 1. Hysteresis loops collected from the RUS sample; 
individual data sets at each temperature were collected in a cooling sequence. (c) Squid 1. Data labelled ZFC were collected during heating 
with an applied field of 0.01 T following cooling in the nominally zero field of the instrument. Two sets of data, labelled FC, were collected 
in cooling sequences from 700 to 300 K and from 700 to 2 K in an applied field of 0.01 T. (The very small step at ~100 K is an artefact, 
arising from the way the data were collected). (d) Closer view of the FC data shown in (c), showing the very slight anomaly in the vicinity 
of 145 K. (e) Squid 2. ZFC data collected in a field of 0.1 T during heating, following cooling in the nominally zero field of the instrument. 
FC data collected during cooling in a field of 0.1 T. (f) Squid 2. Hysteresis loops measured at 300 and 500 K.
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antiferromagnetic ordering, though this is somewhat smaller 
for the present sample. The cusp with a maximum at ~12 K in 
the ZFC data has been attributed to the influence of the spin 
glass transition. Magnetic hysteresis curves collected from 
the RUS sample at 300, 190, 130, 30 and 5 K in a cooling 
sequence, with applied fields between +5 and  −5 T in squid 1, 
are shown in figure 4(b). They show a small opening and con-
firm a ferromagnetic ordering component in the sample at all 
five temperatures. Some curvature at high fields in the 5 and 
30 K loops is indicative of a tendency to approach saturation 
but no evidence for saturation was observed at 130, 190 and 
300 K. The lower temperature data also show slightly wider 
loop openings than at higher temperatures.

Figure 4(c) is a compilation of data from the high tem-
perature instrument (squid 2, second sample). In this case, 
the magnetic moment was measured during heating from 300 
to 700 K in a field of 0.01 T, following cooling from 700 K 
in the nominally zero field of the instrument (labelled ZFC). 
The two sets of data labelled FC were collected in an applied 
field of 0.01 T during cooling in stages from 700 to 300 K and 
from 700 to 2 K. These show that the moment goes to zero at 

~560 K, which is referred to here as TcFM. The opposite sign of 
the measured moment between the ZFC and FC sets implies 
poling in the nominally zero field of the instrument, which 
must have actually been non-zero and slightly negative, as 
the sample was cooled through the ferromagnetic transition. 
There is a small change in slope at 460 K in the FC datasets; 
the trend of increasing moment with falling temperature sub-
sequently levels off and then reverses at ~240 K. Figure 4(d) 
shows the FC data between 100 and 220 K at higher magnifi-
cation, and reveals that there is only a subtle change in slope 
at the expected Néel point of ~145 K. Finally, the relatively 
steep increase in moment below ~100 K becomes even steeper 
below ~5 K. Temperatures of known structural changes have 
been added to figure 4(c) for comparison. TcFM is close to the 
range of temperatures estimated for Td (~560–600 K) from 
Dul’kin et al [12], and there are slight changes in slope of 
the ZFC data in the vicinity of 430 and 389 K, corresponding 
with values of *T  and Tc, respectively, deduced from other 
measurements.

Data collected during heating from 300 to 700 K in a 
field of 0.1 T, following cooling in the nominally zero field 

Figure 5.  (a) Room temperature FORC diagram with areas of positive (red) and negative (blue) regions: the strong positive feature at low 
values of Bu and Bc implies the presence of a ferromagnetic component with low coercivity and the weaker feature extending out to high 
values of Bc implies the presence of a second component with high coercivity. Both components are statistically significant. (b) The raw 
hysteresis loop (red intermittent line) has been corrected for paramagnetic contributions by subtracting the high field susceptibility to give 
the blue curve. (c) Blue curve from (b) at larger scale showing a wasp-waisted ferromagnetic hysteresis loop. (d) Coercivity component 
fitting of the backfield demagnetization curve. The area under each curve is proportional to the magnetization held by each component. 
Component 1: median coercivity = 0.19 T, estimated contribution to remanence ~25%; component 2: median coercivity 1.76 T, estimated 
contribution to remanence ~75%.
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of the instrument (labelled ZFC) are shown in figure  4(e). 
Data collected with an applied field of 0.1 T during cooling 
(labelled FC) are also shown. The moments have the same 
sign and magnitude, indicating that a 0.1 T field is sufficient 
to induce poling at 300 K. The slope goes to zero at ~590 K, 
indicating a field shift for TcFM of ~30 K. Hysteresis curves 
measured between +2 and  −2 T at 300 and 500 K are shown 
in figure  4(f). These were collected with the magnetometer 
in persistent mode by first heating to 600 K and then cooling 
to the set temperature in nominally zero field. The loops 
remained open, consistent with the view that the sample is 
weakly ferromagnetic.

Figure 5 shows the results of the room temperature FORC 
analysis, which are interpreted in terms of the presence of two 
magnetic components. The FORC diagram itself (figure 5(a)), 
with Bc as coercivity field and Bu as bias field (relating to local 
interaction fields), has two main features, both passing a sta-
tistical significance test [98]. The low coercivity component 
implied by the strong maximum at low values of Bu and Bc, 
vertical spreading, together with the pairing of the stronger 
positive (red–black) and weaker negative (blue) areas and 
the displacement below the horizontal axis, is indicative of 
discrete particles consisting of single magnetic domains with 
inter-particle magnetostatic interactions that are creating a net 

positive mean interaction field. The weaker feature centred 
on =B 0u  which extends to high values of Bc is indicative of 
a magnetic component with high coercivity. In figure  5(b), 
the raw hysteresis loop (red intermittent line) was corrected 
(blue line) for paramagnetic contributions by subtracting the 
high field susceptibility. The resulting ferromagnetic hyster-
esis loop (figure 5(c)) exhibits wasp-waisting (constriction), 
characteristic of a bimodal mixture of high and low coer-
civity components. Coercivity component fitting of the back-
field demagnetization curve results in the curves shown in 
figure 5(d). The area under each curve is proportional to the 
magnetization held by each component.

Results from the RUS measurements are given in figure 6 
in the form of f 2 and −Q 1 values obtained by fitting selected 
resonance peaks. It was not possible to follow a single peak 
through the entire temperature range between 7 and 609 K, but 
it has been possible to combine results from different peaks to 
show the overall pattern of elastic softening and acoustic loss 
(figure 6(a)). The frequency at room temperature of the peak 
from the low temperature spectra was 115 kHz. Experience has 
shown that there are small differences in the absolute values 
of resonance frequencies and peak widths between the low T 
and high T RUS instruments, due to the influence of the alu-
mina buffer rods required to access high temperatures, but the 

Figure 6.  RUS data for PFN. (a) f 2 and −Q 1 from fitting of selected resonance peak and combining the data from one peak in the low 
temperature data set and three different peaks from the high temperature data sets. Frequencies of the high temperature data sets have 
been rescaled so that they have the same values as the low temperature data set at room temperature. (b) Detail of results below room 
temperature for the resonance peak with =f 115 kHz at 292 K.
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resonances are still determined predominantly by shear modes. 
Data from the high temperature instrument are composite 
from three peaks, to which scaling factors have been applied 
so as to match them up with the low temperature data. These 
had f ~ 242 kHz, ~254 kHz and ~136 kHz at room tempera-
ture. The most striking overall feature is the marked reduction 
of f 2, by ~30–35%, with falling temperature between ~430 
and ~330 K. This corresponds with elastic softening predomi-
nantly of the shear modulus and is clearly related to the fer-
roelectric transition. The onset of precursor softening occurs 
in the vicinity of ~550 K, close to T ~ 560d –600 K reported 
by Dul’kin et al [12]. The minimum in f 2 values occurs at 
~330 K and there is then a return to the normal trend of elastic 
stiffening with falling temperature. This would be expected 
to level off to a slope of zero as T  →  0 K but instead the trend 
below ~85 K is of increasing stiffness.

At ~0.001–0.002, −Q 1 values are relatively low between 
~609 and ~430 K and are not dissimilar from other synthetic 
polycrystalline samples of cubic perovskite (e.g. SrZrO3 
[99], BaCeO3 [94], Pr0.48Ca0.52MnO3 [100], PbMg1/3Nb2/3O3 
(PMN) [95], PbSc0.5Ta0.5O3 (PST) [101], 0.26Pb(In1/2Nb1/2)O3 
–0.44Pb(Mn1/3Nb2/3)O3–0.30PbTiO3 [102], BaTiO3 [103]). 
There is a distinct but small increase in the acoustic loss below 
~425 K, coincident with the value of *T  given by Dul’kin  
et al [12], and then a much steeper increase below ~395 K 
which is close to the expected value of Tc for the cubic–tetrag-
onal transition. Between ~350 and ~370 K the resonance peaks 
became so broad that it was not possible to determine line 
widths. This interval of high −Q 1 coincides with the transition 
temperature of ~360 K evident in the dielectric data and taken 
to correspond to the tetragonal–monoclinic transition. Below 
the peak in −Q 1 between ~395 and ~320 K there is a plateau of 
relatively high values which only start to reduce below ~85 K 
in correlation with the increasing values of f 2. Finally, it is 
notable that if there are anomalies in f 2 and −Q 1 near TN, they 
are at the level of or smaller than noise in the data.

Details of the variations of f 2 and −Q 1 below room temper-
ature are shown in figure 6(b). Differences between heating 
and cooling are small but are greater than the expected instru-
mental resolution. There are weak peaks in −Q 1 at ~185 K 
during cooling and at ~135 and 170 K during heating. Obvious 
noise in the data below ~80 K is due to the fact that the reso-
nance peaks became progressively weaker at the lowest tem-
peratures. Even at this level of detail, there appear to be no 
features which occur specifically at ~145 K.

4.  Discussion

4.1. Transformation sequence

Wide variations in physical properties have already been 
recorded for PFN samples prepared in different ways (e.g. 
[75]), so it should not be surprising that those of the sample 
used in the present study also have differences. In particular, 
the dielectric data do not quite match with the more typically 
observed properties indicative of a ferroelectric transition 
with ≈T 385c  K. Rather than having a frequency-independent 
maximum, the dielectric constant has a maximum at about 

the expected temperature when measured at 1 MHz but then 
a frequency dependent maximum in the vicinity of 430 K 
when measured at lower frequencies (figure 2). Instead of the 
relatively sharp lambda anomaly in Cp at ~375 K reported by 
Bhat et al [13], a broad anomaly has been observed implying 
that there is some smeared out contribution to the ferroelectric 
transitions. The conventionally measured magnetic proper-
ties (figure 4(a)) appear to be rather similar to those reported 
in other studies but the peak in heat capacity which would 
be expected to accompany a conventional antiferromagnetic 
ordering transition is notably absent. Moreover, the present 
sample is weakly ferromagnetic up to 560 K, while evidence 
for the antiferromagnetic transition at ~145 K is only a subtle 
change in slope of magnetic moment as a function of tem-
perature rather than a maximum. The magnetic data show 
similar anomalies at low temperatures to those which have 
been ascribed to the spin glass transition, but any associated 
anomalies in either heat capacity or dielectric properties are at 
or below the limit of resolution of the data given in figures 3 
and 4.

Because of the diffraction evidence for the presence of 
impurities at the level of ~1%, the possibility remains that 
the weak ferromagnetism is not due to PFN itself. Speckles 
in the x-ray maps from electron microprobe analysis sug-
gest that at least one of the impurity phases could be iron 
rich, and the most obvious candidate is unreacted or partially 
reacted Fe2O3 which persisted through the synthesis process. 
At room temperature α-Fe2O3, hematite, has a weakly fer-
romagnetic (canted antiferromagnetic) structure. The lower 
coercivity component recognized from the FORC analysis 
contains ~25% of the total remanence of the sample and, 
using a value of 0.5 A m2 kg−1 for the saturation magnetiza-
tion, this could be accounted for by 0.5% by mass of hema-
tite. However, the Néel point of hematite is ~955 K and it 
typically has a second magnetic transition, the Morin transi-
tion, at ~250–260 K which is not evident in any of the data in 
figure 4. The Morin transition becomes suppressed to lower 
temperatures with reducing grain size [104], so that the low 
coercivity component still could be due to a fine dispersion of 
hematite on grain boundaries. Another possibility is ε-Fe2O3, 
which exists only in nanocrystalline form, is ferrimagnetic 
with a Curie temperature of ~510 K, and has a high room tem-
perature coercivity of ~2 T [105–109]. This material might 
account for the high coercivity component of the PFN sample 
except that it has an additional magnetic transition at ~100 K, 
marked by a steep drop in magnetization [107–109] that is 
not seen in the data in figure  4. Other possibilities include 
Pb2Fe2O5, for example, which is weakly ferromagnetic up 
to 520 K. However, the moment in a 0.1 T field reported for 
400 K by Gil et al [110] is only similar in magnitude to that 
found for the entire sample of PFN. If the weak ferromag-
netism is due to an impurity, the same impurity would pre-
sumably be responsible for the similar overall ferromagnetic 
behaviour below ~530 K reported by Fraygola et al [46] for 
both PFN and PFW (Pb(Fe2/3W1/3)O3).

There is independent evidence that the antiferromagnetic 
transition is suppressed in some samples of PFN. Instead of 
the classical pattern of reducing intensity to zero at T ~ 160N  K 
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of the magnetic superlattice reflection in neutron single crystal 
diffraction observed by Howes et al [25] and Chillal et al 
[26], Stock et al [24] found only short range ordering with the 
length scale of magnetic correlations increasing from ~10 Å at 
the highest temperatures to ~17 Å at the lowest temperatures. 
Their magnetic data collected in a 0.01 T field do not seem 
to show any anomaly in the vicinity of 150 K. The sample of 
Yang et al [54] did not have a heat capacity anomaly in the 
vicinity of ~150 K, in spite of there being a slight anomaly in 
magnetic moment (measured at 0.1 mT) associated with anti-
ferromagnetic ordering. Their dielectric data are rather similar 
to those reported here in having a clear frequency-independent 
anomaly at ~360 K and a peak at ~375 K when measured at 
1 MHz; at 104 and 105Hz the dielectric constant increased at 
higher temperatures. On the basis of Mössbauer data Yang  
et al [33, 52] concluded that antiferromagnetic ordering below 
~143 K was accompanied by the development of a ferromag-
netic component. Dielectric data collected in the vicinity of 
150 K, however, are quite different from the smooth variation 
seen in the present study, in that their data have sharp steps in 
both ε′ and tanδ [33].

The most likely causes of variations in intrinsic dielectric 
and magnetic properties of PFN are variations in the degree 
of local ordering of Nb and Fe ions on crystallographically 
distinct B-sites. Larger domains of atomic order would be 
expected to result in larger PNRs and conventional antifer-
romagnetic ordering with T ~ 143N  K, while smaller clus-
ters would give rise to smaller PNRs and suppression of the 
antiferromagnetic order. On this basis, the present sample is 
likely to be towards the more disordered end of the scale. The 
dielectric data are permissive of the expected ferroelectric 
transitions in the vicinity of 385 K and then to a different fer-
roelectric structure at ~360 K, but with a relatively high con-
tribution from relaxor behaviour. The heat capacity anomaly 
has a form which is more like that for PMN or PFT [111] than 
for a conventional ferroelectric transition. With regard to the 
magnetic transitions, the high coercivity ferromagnetic com-
ponent must arise from spin clustering of some kind related to 
the relatively disordered local distribution of Fe and Nb if it 
is intrinsic to the PFN. Suppression of the antiferromagnetic 
transition near 150 K could be a consequence of the effect 
of reducing grain size [71], but there is no evidence in the 
diffraction data from the present sample that the grain sizes 
are unusually small. It is therefore presumed to be a conse-
quence, also, of a relatively high degree of cation disorder in 
the sample. Variations of the magnetic moments at the lowest 
temperatures imply that the spin glass behaviour of the pre-
sent sample is similar to that reported in the literature.

4.2.  Strain/order parameter coupling

The elastic properties of PFN are dominated by 30–35% 
softening of the shear modulus which is clearly associated 
with the ferroelectric/structural transitions in the vicinity of 
350–395 K. The pattern of softening is typical of the effects 
of coupling of the driving order parameter with shear strain, 
as is well understood for phase transitions in many other 

single crystal and polycrystalline materials (e.g. [112–114]). 
An applied stress induces a lattice strain which, in turn results 
in a relaxation of the order parameter, due to the strain/order 
parameter coupling, so that the measured elastic constant is 
softer than would be the case if there was no phase transition. 
In this context the first requirement is to determine the form 
and magnitude of the macroscopic strain. As set out in the 
appendix, this has been done for PFN using published data 
for lattice parameters or thermal expansion (figure A1(a)) [7, 
16, 18, 56, 74]. There is one non-zero shear strain for each 
of the tetragonal and rhombohedral structures and three for 
the monoclinic structure, the magnitudes of which vary up to 
~4‰ (figure A1(c)). Each of these is expected to scale with 
the square of some component(s) of the driving order param-
eter. Based on strains determined from the data of Ehses and 
Schmid [7], the cubic–tetragonal transition must be close 
to tricritical in character, i.e. ∝ ( − )q T T4

c  (figure A1(d)). 
The shear strain of the rhombohedral structure and two of 
the shear strains of the monoclinic structure show similar 
dependences though the values of Tc which their extrapola-
tion to zero would imply are not the same. If there was only 
one instability and the different structures are simply due to 
changes in the lowest energy orientation of the ferroelectric 
polarization, a single Tc in the vicinity of 385 K should be 
observed. More tellingly, the shear strains should then also 
scale with each other and extrapolate to a common origin. 
That this is not the case (figure A1(b), strains calculated from 
the data of Singh et al [18]) implies that the monoclinic struc-
ture owes its stability to a combination of two separate order 
parameters. The first is likely to be a soft optic mode with 
symmetry properties of irreducible representation Γ−

4, respon-
sible for the ferroelectric transition, but the origin of a second 
order parameter is not known. One possibility, considered by 
Scott [115] for PFN–PZT, is that the second order parameter 
is magnetic, with symmetry such that strain coupling induces 
the monoclinic distortion.

The second important result of the strain analysis is that 
there is no detectable shear strain in the vicinity of TN. Thus, 
even if there was a relatively normal antiferromagnetic transi-
tion in the present sample, it would not be expected to give 
rise to an anomaly in the temperature dependence of the shear 
modulus (unless there were contributions from biquadratic 
coupling between the magnetic order parameter and strain). 
On the other hand, there is a small volume strain of up to  
−1‰ at ~150 K (figure A2(b)), which is opposite in sign to 
and substantially smaller than the volume strain which accom-
panies the ferroelectric/structural transition. A small anomaly 
would be expected to occur in the bulk modulus as a conse-
quence of this coupling, but would not be expected to be seen 
in the temperature dependence of resonance modes which are 
dominated by shearing in an RUS experiment. The only hints 
of possible magnetoelastic coupling in the RUS data are the 
small peaks in −Q 1 between ~120 and ~200 K but they are dif-
ferent between heating and cooling.

In detail, the RUS data are consistent with an onset of pre-
cursor softening occurring in the same temperature range, ~560–
600 K, as that in which acoustic emission occurs and has been 
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used to infer the first appearance of dynamical PNRs [12]. The 
same onset of softening at Td was found in PMN [95] and PST 
[101]. It is probably typical of relaxor-like behaviour, though it 
also precedes more conventional ferroelectric transitions, as in 
BaTiO3 [103]. The small increase in acoustic loss below ~425 K 
correlates with *T , the temperature at which acoustic emission 
was taken by Dul’kin et al [12] to imply that the PNRs acquire 
some static or quasi-static aspect. Some part of the microstruc-
ture, either walls between the PNRs or twin walls within them 
must have ferroelastic character such that it moves under the 
influence of an external stress on the time scale of the measure-
ment. The form of this microstructure has not been established 
but could be a tweed pattern, as has been proposed ahead of the 
ferroelastic/ferroelectric transition in PST [101] and ahead of the 
ferroelastic/ferrimagnetic transition in ErCo2 [116].

The variation of f 2 through the transition interval does not 
give any indication that there are two ferroelectric/structural 
transitions in the sample used in the present study but the 
steep increase in −Q 1 starts at ~395 K and the interval in which 
the resonance peaks become particularly broad is centred on 
~360 K. These temperatures correlate with the acoustic emis-
sion results reported by Dul’kin et al [12] for transitions at 
~348–363 K and ~365–382 K. At least part of the contribution 
to the acoustic loss could come from movement of interfaces 
between monoclinic and tetragonal domains in a temperature 
interval of two coexisting phases, but the dominant loss mech-
anism is likely to be due to the mobility of ferroelastic twin 
walls or tweed under the influence of external stress.

The plateau of relatively high acoustic loss between ~300 
and ~50 K is due to the dynamic properties of whatever 
microstructure that arises as a consequence of the ferroelastic 
aspects of the ferroelectric phase transitions. In the vicinity of 
a second order transition, the number density, N, and thick-
ness, w, of ferroelastic twin walls are expected to vary as 

∝ ∝ ( )−w N T T–c 1 as T  →  Tc [117–120]. Viscous drag on the 
twin walls due to interaction with the underlying lattice and 
point defects is greater for thin walls than thick walls [121, 
122], and thick, widely spaced walls immediately below Tc 
give rise to smaller loss than at lower temperatures where they 
become thinner and more numerous. The actual mechanism for 
lateral motion of the walls at RUS frequencies is most likely 
due to lateral motion of ledges within the walls [123–125] and, 
below some temperature interval, this motion becomes frozen 
by pinning to defects. The typical pattern of acoustic loss with 
falling temperature below a ferroelastic transition is therefore 
first a steep increase starting at ~Tc, followed by a plateau of 
high values related to the viscous drag. This is then followed 
by a frequency dependent Debye loss peak due to the freezing 
process, below which the acoustic loss returns to more or 
less the same low level as occurs in the para phase above Tc. 
One example of this pattern is shown by the cubic–rhombo-
hedral octahedral tilting transition in LaAlO3 [126, 127] and 
another is for the cubic–tetragonal–\rhombohedral ferroelec-
tric transitions in 0.26Pb(In1/2Nb1/2)O3–0.44Pb(Mn1/3Nb2/3)
O3–0.30PbTiO3 [102]. The pattern observed here for PFN 
differs from this model, in that there is neither a Debye loss 
peak nor a return to low values of −Q 1 that would signify 
freezing of the twin wall motion due to pinning by one type 

of point defect. Rather, there is a suggestion in the data shown 
in figure 6(b) that the plateau region contains of a series of 
overlapping Debye peaks, signifying freezing of motion of a 
succession of different defects with different relaxation times. 
This is more similar to the loss behaviour of PMN [95], in 
which the acoustic properties are dominated by the static and 
dynamical behaviour of PNRs, and is also consistent with the 
tweed microstructure reported to be stable from Tc down to at 
least ~110 K in PFN [79]. Instead of there being discrete and 
highly mobile twin walls, as in LaAlO3, heterogeneous strains 
due to the underlying chemical and structural heterogeneity 
become self-organized in a pattern of intersecting strain mod-
ulations. In the terminology of Viehland and Salje [128] this 
is an ‘adaptive’ structure in which the properties of the crystal 
become dominated by a combination of both the domains and 
the domain walls rather than simply by some relatively small 
number of discrete domain walls. Acoustic losses must arise 
from local adjustments of different parts of the microstructure 
under stress and the freezing process will occur by pinning 
mechanisms that have a wider range of thermal barriers and 
relaxation times. Instead of the classic Debye loss peak and 
elastic stiffening associated with a single freezing mechanism, 
there will effectively be a wide spread of smaller, overlapping 
loss peaks and a corresponding gradual increase in stiffness 
with falling temperature.

The RUS data presented are similar to other data for the 
elastic properties of ceramic PFN in showing large changes 
in compliance or moduli in the vicinity of 350–400 K [37, 56, 
58, 63, 80, 81], ~430–470 K [81] or ~300–430 K [82]. The 
slightly different temperature intervals are presumed to be 
simply due to variations in the ferroelectric transition tempera-
tures between samples. Pulse-echo ultrasonic measurements 
at 10 MHz also revealed additional small anomalies in elastic 
constants at ~110, ~170 and ~250 K amounting to abrupt stiff-
ening or softening by up to 0.5% [37, 58, 63, 80] in a sample 
with TN  ≈  170 K. The overall pattern of acoustic loss accompa-
nying these appears to be a series of Debye peaks at the same 
temperatures [37, 58]. Acoustic loss associated with measure-
ments of Young’s modulus at ~800 Hz shows a small peak at TN 
[81]. The overall picture is thus of variations between different 
samples but all showing strong strain coupling with ferro-
electric order parameters, weak coupling with antiferromag-
netic ordering and the existence of strain relaxation processes 
across the entire stability field of the monoclinic structure. 
Observation of differences between cooling and heating (figure 
6, and see [63]) indicate a dependence on thermal history that 
is most likely due to changes of microstructure. For example, 
Meng et al [79] reported a hysteresis for the presence of wedge 
shaped domains containing different configurations of tweed 
microstructure on cooling below ~120 K. If the proportions of 
such domains change to produce even a small change in elastic 
anisotropy of the sample as a whole, this will be seen as a hys-
teresis in the resonance frequencies.

4.3.  Contrasting dielectric and acoustic loss behaviour

In a conventional ferroelectric material which is also fer-
roelastic, strong coupling between the ferroelectric order 
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parameter and symmetry breaking shear strain should ensure 
that the response to externally applied electric or stress fields 
will be qualitatively similar. For a relaxor such as PMN, 
the dielectric and strain relaxation properties differ in some 
details but their variation through the freezing interval is still 
qualitatively the same [95]. By way of contrast, dielectric 
data for PFN in the literature show a wide range of patterns 
of variation and the dielectric data for the sample used in the 
present study (figure 2) are substantially different from the 
elasticity data (figure 6). This appears to be a reflection of two 
factors, the variability of samples according to how they were 
synthesized and the existence of additional dielectric loss 
mechanisms relating to electrical conductivity. Some of the 
wide variability between samples is illustrated, for example, 
in [129–131]. A ‘typical’ pattern is of a broad maximum in ε′ 
centred on the ferroelectric transition point, with a frequency 
dependent tail to high temperatures, and tanδ showing a fre-
quency dependent increase with increasing temperature above 
Tc [37, 50, 57, 59, 132]. Above the transition point the dielec-
tric constant and the dielectric loss reduce with increasing fre-
quency. This part of the dielectric behaviour is attributed to 
the contribution of conductivity (e.g. [50, 57]).

The sample used in the present study is ‘typical’ in having 
a frequency dependent increase in dielectric loss above Tc but 
this does not appear in the acoustic loss. The 1 MHz dielectric 
data should exclude the influence of conductivity and ε′ shows 
the two ferroelectric/structural transitions as a step at ~360 K 
and a peak at ~389 K. Peaks appear in both ε′ and tanδ in the 
vicinity of 430 K at some frequencies, however. These coin-
cide with *T  and the increase in −Q 1, suggesting that partial 
freezing of PNRs is being detected in both data sets. On this 
basis, the high dielectric loss at 1 MHz is presumed to relate 
to purely ferroelectric aspects of PFN (as apposed to contri-
butions from conductivity). The high dielectric and acoustic 
losses below Tc can both be understood in terms of mobility of 
defects within a complex microstructure.

4.4.  Local strain heterogeneity and magnetic ordering

Evidence from NMR spectroscopy points to the view that ‘at 
nanoscale PFN is a chemically and magnetically inhomo-
geneously disordered system’ [71]. On a mesoscopic length 
scale of ~10–50 nm, PFN can also have a domain pattern 
with variable dielectric constant at room temperature [133] 
and tweed microstructures across a wide temperature interval 
[79]. Some idea of the likely complexities of possible micro-
structures, more generally, can been seen in Pb(Fe0.5Ta0.5)0.4 
(Zr0.53Ti0.47)0.6O3 [5, 115]. Any cation ordering which devel-
oped during the synthesis process must give rise to clusters 
with differences in charge distribution between their cen-
tres and boundaries. PNRs retained through the ferroelectric 
transitions will have variations in local polarization at their 
boundaries and across domain walls within them, and these 
may be coupled with ferroelastic strains. There will also be 
twin walls with gradients of both ferroelastic strain and fer-
roelectric polarization or just polarization alone, due to the 
macroscopic changes in symmetry from cubic to tetragonal, 

rhombohedral or monoclinic. Below TN there will be antiphase 
boundaries, not coupled with shear strains, between domains 
with antiferromagnetic order. If long range antiferromagnetic 
ordering does not develop, there will be clusters with local 
magnetic order and if ferromagnetism develops at high tem-
peratures there will be magnetic domain walls which could 
also have some ferroelastic character, depending on the sym-
metry of the ferromagnetic structure. Each of these compo-
nents of the total microstructure involves inhomogeneities in 
the relevant order parameters and they must be coupled with 
inhomogeneities in other order parameters if, as is believed to 
be the case, there is magnetoelectric coupling in the system.

Some resolution of the local heterogeneity from the per-
spective of ferroelastic microstructures seems to occur by self 
organization in the form of tweed. The plateau of relatively 
high acoustic loss below ~320 K can then be understood as 
being the integration of contributions from adjustments of 
the locally strained regions instead of from the motion of 
discrete ferroelastic twin walls. As already suggested above, 
the gradual decrease in −Q 1 and corresponding increase in f 2 
below ~85 K in turn signifies freezing of this relaxation behav-
iour due to pinning by defects with some spread of relaxa-
tion times. The same loss pattern seen in Pb(Fe0.5Ta0.5)0.4 
(Zr0.53Ti0.47)0.6O3 was attributed more directly to the influ-
ence of antiferromagnetic ordering or some other transition 
[3], but a rather similar trend has now been seen also in RUS 
data from Pb0.4Zr0.6TiO3 (Schiemer, unpublished results). 
Since PZT does not have magnetic transitions, it is likely that 
this particular pattern of elastic stiffening and anelastic loss 
at low temperatures is essentially ferroelastic in origin. The 
magnetic ordering transitions of PFN occur within a material 
which thus has chemical heterogeneity at the atomic scale 
plus self-organized strain heterogeneity coupled with ferro-
electric ordering on a mesoscopic scale.

If there is any strain coupling with the magnetic order 
parameters, it is inevitable that the local strains would act 
as fields, imposing some additional constraints on how the 
magnetic structures develop. Volume strains accompanying 
the antiferromagnetic and ferroelectric transitions are nega-
tive and positive, respectively, and because of this opposite 
sign, coupling via a common strain mechanism should be 
unfavourable. In other words, the antiferromagnetic and fer-
roelectric order parameters should act to suppress each other. 
At least in the present sample, there seems to be a correla-
tion between increased relaxor characteristics and changes in 
magnetic properties. Most notably, the onset temperature of  
530–580 K for ferromagnetism reported by Fraygola et al [46] 
and ≈T 560cFM  K determined here coincides with the tempera-
ture, Td, at which dynamical PNRs first appear. If it is intrinsic 
and the correlation between Td and TcFM is not mere coincidence, 
the origin of ferromagnetism in PFN could be dependent on the  
size, structure and dynamics of the PNRs together with the 
accompanying strain variations. Evidence from inelastic neu-
tron scattering also points to magnetoelectric coupling in the 
dynamical regime [24]. Consideration of superantiferromag-
netic or superparamagnetic clusters related to the PNRs would 
be one approach for explaining the ferromagnetic signal but 
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there is also a ferrimagnetic structure close by in the energy 
landscape of PFN [77, 78]. On the basis that there is some 
degree of magnetoelectric coupling via common strains, the 
onset of spin glass like behaviour below ~100 K would be 
related to freezing of strain relaxations arising from defects 
due specifically to the ferroelastic and ferroelectric history of 
the sample.

5.  Conclusions

The RUS results highlight ferroelastic aspects of the structural 
phase transitions and transformation microstructures of PFN. 
In particular:

	 (i)	There is classical coupling of the structural/ferroelectric 
order parameter with strain that gives rise to substantial 
softening of the shear modulus through the temperature 
interval ~350–420 K.

	(ii)	The two characteristic temperatures, Td and *T , associ-
ated with the development of PNRs are marked by the 
onset of elastic softening and a slight increase in acoustic 
loss, respectively, confirming that the local polarizations 
involved are also coupled with strain.

	(iii)	Shear strains are at most only very weakly coupled to 
antiferromagnetic ordering. No overt evidence of strain 
coupling has been observed in association with the fer-
romagnetic ordering at high temperatures but it remains 
possible that the ferromagnetic signal comes from an 
impurity phase.

	(iv)	A relatively high plateau of acoustic loss below ~300 K 
can be understood in terms of relaxations of strained 
regions within a tweed microstructure. It is postulated that 
the mobility of these regions reduces below ~80–100 K 
due to pinning by defects with a spread of relaxation 
times.

	(v)	The combined elastic and anelastic data are permissive of 
the view that PFN has substantial strain heterogeneity at a 
mesoscopic length scale, which must inevitably influence 
the formation of the low temperature spin glass if there is 
any dependence of the spin configurations on strain. This 
heterogeneity is superimposed on the slight chemical 
heterogeneity of the present sample.

	(vi)	Varying the degree of local chemical ordering is likely 
to provide a methodology for tuning the strength and 
dynamics of magnetoelectric coupling but also gives rise 
to complex ferroelastic properties which must be taken 
account of.
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Appendix: Strain analysis

No single data set for the lattice parameters appears to be avail-
able for PFN through a sufficiently wide temperature interval 
that would allow the full determination of spontaneous strains 
due to coupling with the magnetic and ferroelectric order 
parameters. There are sufficient data in the literature to estimate 
their form and magnitude, however. The reference structure is 
cubic, Pm3m, and there are three subgroup structures belonging 
to irreducible representation Γ−

4 to consider: P4mm, R3m, Cm. 
These have order parameter components (0,0,q3), (q1,q2,q3) 
with q1 = q2 = q3 and (q1,q2,q3) with q1 = q2  ≠  q3, respectively. 
(If the 2   ×   2  ×  2 cation ordered structure with space group Fm3
m is the parent structure, the equivalent subgroups are I4mm, 
R3m, Cm [134] and the same strain/order parameter relation-
ships apply). As shown in figure 2 of Howard and Stokes [134], 
the sequence Pm3m  →  P4mm  →  Cm can occur via two second 
order transitions, whereas P4mm  →  R3m is necessarily first 
order. An additional question is whether there are two insta-
bilities, and hence two critical temperatures, or only one. If the 
low temperature structure is rhombohedral there would most 
likely only be one instability but if it is monoclinic, there could 
be two separate instabilities determined, for example, by two 
different soft optic modes.

A full Landau expansion for the Γ−
4 order parameter is well 

known and is reproduced here from Carpenter et al [135].
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a, b, c, etc, are normal Landau coefficients, Θs is the satura-
tion temperature for the Γ−

4 order parameter, Tc is the crit-
ical temperature, ei are components of the second rank 
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strain tensor, with = ( + + )e e e ea 1 2 3 , = ( − )e e eo 1 2  and 
= ( )( − − )e e e e1/ 3 2t 3 1 2 , λ’s are strain/order parameter cou-

pling coefficients and Cik
o are elastic constants of the parent cubic 

phase. A single instability would give rise to a phase transition 
at =T Tc if it is second order in character, and the order param-
eter would be expected to evolve with temperature according to
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If the monoclinic structure depends on contributions from 
two separate instabilities with different critical temperatures, the 
separate order parameters will be coupled and their evolution 
below the second transition will be more complicated. The com-
bined effects will be seen in the evolution of the strains which, in 
principle, should reveal the overall pattern of behaviour.

Setting the equilibrium condition ∂ ∂ =G e/ 0 gives strain/
order parameter relationships as
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Figure A1.  Shear strain variations, defined with respect to a cubic reference structure, calculated from literature data. (a) Lattice parameters 
of Singh et al [18]. The vertical broken line marks the expected Néel point which has been placed at 145 K. (b) Variations of symmetry 
adapted shear strains calculated from the data in (a). According to equations (A.21)–(A.23), these would be expected to be linearly 
dependent with a common origin if they derived from coupling with order parameters evolving from a single instability of the form 
represented by equation (A.1). The straight line through data for ′eo is a guide to the eye. (c) Temperature dependence of shear strains, which 
would be expected to vary linearly for temperatures approaching the transition point if the transitions were second order in character. (d) 
Squared values of the tetragonal shear strain have a linear temperature dependence, i.e. ∝ ( − )q T T4

c , with =T 386c  K. The other data also 
have linear dependences, with temperatures for their extrapolation to zero of 384 K ( ′eo), 356 K ( ′e5), 409 K (rhombohedral shear strain), 
380 K (e4). Note that the function on the right-hand side of equation (A.2) was fit to the data for ′e5

2, giving Θ = 120s   ±  14 K. (Singh et al 
(2007) = [18], Mabud (1984) = [16], Ehses and Schmid (1983) = [7])
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Here, two alternative reference systems are used for the 
strains: e1 to e6 are for crystallographic axes of the cubic 
phase parallel to reference axes X, Y and Z, while ′e1 to ′e6 have  
[110] // X, [110] // Y and [001] // Z.

Values for the strains are obtained from lattice parameters 
by making use of the equations of Schlenker et al [136], and 
following Redfern and Salje [137], Carpenter et al [138]. For 
the tetragonal structure the non-zero strains are given by
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where ao is the lattice parameter of the cubic reference phase 
extrapolated into the stability field of the tetragonal structure. 
In this case
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For the rhombohedral structure the strains are

= = ≈ −
e e e

a a

a
1 2 3

o

o
� (A.12)

α α= = = ≈e e e
a

a
cos cos4 5 6

o
� (A.13)

and the relationship with the order parameter is
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For the monoclinic structure the strains are most conve-
niently defined with respect to the alternative reference axes, 
giving,
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where am, bm, cm and βm are lattice parameters of the Cm 
structure, and β β* = −180m m. The strain/order parameter 
relationships are
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Lattice parameter variations and strains calculated from 
them for the cubic, rhombohedral and monoclinic structures 
are given in figures A1 and A2. Data for the monoclinic struc-
ture (figure A1(a)) are from Singh et al [18]. Since these do 
not extend into the stability field of the cubic structure, it is not 
possible to determine values of ao by extrapolation or to deter-
mine the volume strain, ea. However, use of the approximation 

= ( )a V /2o m
1/3, where Vm is the unit cell volume, allows the 

shear strains to be determined without significant loss of pre-
cision. These are plotted against each other in figure A1(b) and 
as a function of temperature in figure A1(c). If there is only one 

Figure A2.  Variations of (a) the cubic and pseudocubic lattice 
parameters for PFN and (b) the volume strains, ea, derived from 
them. Thermal expansion data of Yokosuka [56] were scaled so as 
to fit with the Cm structure at room temperature. Dashed lines in (a) 
are representations of the reference parameter ao obtained by fitting 
of equation (A.24), with Θs,ao set at 150 K, to data of Dkhil et al 
[74] in the interval 560–841 K and to data of Yokosuka [56] in the 
interval 290–360 K. 380 K is the value of Tc reported for the sample 
of Yokosuka [56], while 430 K and 560–600 K are values of *T  and 
Td given by Dul’kin et al [12]. For completeness, the value of TN is 
shown as 145 K.
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instability responsible for changes in the order parameters, ′et, 
′eo and ′e5 would be expected to be linearly dependent on each 

other with a common origin. From the variations shown in 
figure A1(b) this is clearly not the case.

Mabud [16] treated the low symmetry structure of PFN as 
being rhombohedral and obtained values for the lattice angle, 
α, from single crystal x-ray diffraction patterns. No evidence 
was found for a second transition and T ~ 393c  K derived 
from measurements of the dielectric constant was presumed 
to be for the symmetry change cubic–rhombohedral. Values 
of e4 (~cosα) calculated from these data are shown in figure 
A1(c). The variation of e4 with temperature is non-linear but 
e4
2 varies linearly with temperature and extrapolates to zero 

at 380 K (figure A1(d)). If there is only one transition, the 
implication would be that it is close to tricritical in character, 
i.e. ∝ ( − )q T T4

c , but the discrepancy from Tc given by the 
dielectric data suggests that a small field of stability for the 
tetragonal structure has been missed. Tetragonal and rhombo-
hedral shear strains have also been determined from the sepa-
ration of the splitting of selected powder diffraction lines, as 
given by Ehses and Schmid [7] who reported the structural 
sequence cubic  →  tetragonal  →  rhombohedral with falling 
temperature. These are also non-linear functions of temper-
ature (figure A1(c)). Squared values of the tetragonal shear 
strain have a linear temperature dependence and go to zero at 

=T 386c  K, consistent with tricritical character for the cubic–
tetragonal transition. If there is only one instability driving the 
two transitions, as in BaTiO3, it would be expected that the 
square of the rhombohedral shear strain should also be linear 
and extrapolate to zero at the same value of Tc. The variation is 
linear, but the extrapolation to zero occurs at 409 K. Squared 
values of ′eo and ′e5 for the monoclinic structure are similarly 
close to linear, with extrapolations to zero at ~384 and ~356 K, 
respectively. (Note that the data for ′e5 have been fit with the 
function on the right of equation A2 to include the influence 
of order parameter saturation).

This analysis of shear strains shows, firstly, that, in keeping 
with the known ferroelectric behaviour of PbTiO3 [139], the 
cubic–tetragonal transition is close to tricritical in character. 
Secondly, a separate transition from monoclinic or rhombo-
hedral to cubic would also be close to tricritical except that 
it seems to involve the development of a second instability, 
rather than being described in full by equation (A.1). Finally, 
none of the shear strains shows any anomaly in the vicinity of 
TN (figure A1(c)), implying that the antiferromagnetic order 
parameter is not coupled to any lattice shear.

Variations of the volume strain for PFN have been esti-
mated by making use of lattice parameters reported in Dkhil 
et al [74] and of (unpoled) thermal expansion data reported 
by Yokosuka [56]. These are shown in figure A2. Values of 
the cubic lattice parameter have been derived from the pri-
mary data of Yokosuka [56] by scaling them with respect to 
the room value of ( )V /2m

1/3 from Singh et al [18]. Following 
Carpenter et al [135], values of the reference parameter of the 
parent cubic phase, ao, have been obtained by fitting the func-
tion [140–144]

⎛
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coth ,o 1 2 s,ao
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with Θs,ao set at 150 K. The resulting values of the volume 
strain, = = ( )e e a a a3 3 – /a 1 o o, are shown in figure A2(b). 
These are subject to large uncertainties, in comparison with 
the shear strain variations, because of the uncertainty in 
placing ao, but they at least show the form of the volume strain 
variation.

From figure A2, it is clear that the volume strain is positive 
and varies continuously through the transition interval of the 
ferroelectric transition(s). Dielectric data from the sample of 
Yokosuka [56] gave an independent estimate of Tc as 380 K, 
but an obvious break in slope in the strain data occurs ~40 K 
above this which is close to the value of *T ~ 430 K proposed 
by Dul’kin et al [12]. Although slightly arbitrary, the con-
joining of data from Singh et al [18] with those of Yokosuka 
[56] shows a small negative volume strain in the vicinity of 
the expected value of TN. This amounts only to ~1‰ but the 
opposite sign implies that coupling between the ferroelectric 
and antiferromagnetic order parameters would be unfavour-
able on the basis of a common strain mechanism alone. Values 
of ea derived from the data of Dkhil et al [74] are substan-
tially greater but also show a break in slope near 430 K. Lattice 
parameter determination for a thin film on SrTiO3 substrate 
[49] reveals the same pattern of positive volume strain associ-
ated with the ferroelectric transition and negative volume strain 
associated with the antiferromagnetic ordering transition.
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