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Preparation of a ceramic sample which preserved the nanoscale grain sizes of ~10-30 nm has allowed elastic and
anelastic properties of e-FepO3 to be investigated as functions of temperature and magnetic field strength by
Resonant Ultrasound Spectroscopy in the frequency range ~0.1-1 MHz. Formal analysis of spontaneous strains,

lljﬂznicei)ilztaﬂ;: transition e, from previously obtained high resolution lattice parameter data confirmed that magnetic ordering below
s-Ffzo3 P ~500 K is accompanied by strains of up to ~+0.002 due to coupling with the order parameter, m, according to

Aem?. However, this coupling does not result in elastic softening that would be expected if the order parameter
relaxed in response to an induced strain on the timescale of the acoustic resonances. Stiffening or softening
during heating through ~450-480 K of the initial as prepared material, which acquired a distinct magnetisation
parallel to the stress applied during Spark Plasma Sintering, is attributed to changes in magnetic domain con-
figurations involving preferred local alignments of individual moments of monodomain crystals. The crystallo-
graphic space group, Pna2;, and magnetic space group at room temperature, Pna’2;’, allow e-Fe303 to be both
piezoelectric and piezomagnetic. It is postulated that changes in the effective coefficients of these properties for
bulk samples are responsible for the observed variations in acoustic resonance frequencies according to the
magnetic domain structure present. No elastic or anelastic anomalies were observed at the commensurate-
incommensurate transition near 110 K. Instead, acoustic resonance frequencies changed in response to an
applied magnetic field, consistent with viscous motion of magnetic domain walls and the effect of poling on piezo
coefficients. Ceramic samples of e-Fep,O3 could have potentially functional piezoelectric and/or piezomagnetic
properties that are tunable by choice of magnetic and thermal history.

1. Introduction

e-FeyO3 occurs in nature as the mineral luogufengite [1] and is the
stable polymorph of FeyOs; over a wide range of temperatures and
pressures when the grain size is in the range ~10-150 nm [2,3]. Some of
the rich diversity of properties it displays is due to the presence of four
distinct magnetic sublattices in a frustrated crystal structure of polar
symmetry, Pna2; [4-9]. In thin film form e-Fe,Os is both ferrimagnetic
and ferroelectric, with a small magnetoelectric coupling, making it a
potentially significant multiferroic material at room temperature [10].
Powder and ceramic samples are also ferrimagnetic but, although they
show a degree of magnetoelectric coupling, no evidence has been found
for ferroelectric switching [6,11]. Successful preparation of a ceramic
sample by spark plasma sintering, without any significant increases in
grain size, has allowed the bulk dielectric properties to be measured
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[11]. However, until now no attempts to measure elastic properties or to
investigate strain relaxation behaviour accompanying the magnetic
ordering have been reported. The primary objective of the study re-
ported here was to fill this gap, firstly by presenting a conventional
analysis of strain coupling with the magnetic order parameters and,
secondly, by reporting variations of elastic and anelastic properties as
functions of temperature and magnetic field obtained by Resonant Ul-
trasound Spectroscopy (RUS).

Powder diffraction measurements have confirmed that the crystal-
lographic structure of nanocrystalline e-Fe;O3 can be refined in space
group Pna2; between at least 10 and 923 K [5,12]. It was commonly
accepted that a paramagnetic to ferrimagnetic transition occurred with
falling temperature at ~500 K [7,8,12]. However, Garcia-Munoz et al
[12] proposed that an ordered, weakly ferrimagnetic structure persists
up to a higher transition temperature (~850 K). Upon cooling from the
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stability field of the paramagnetic phase, a ferrimagnetic structure,
named FM1, develops first between Ty; (—~850 K) and Tyz (~480 K).
With further cooling this is replaced by a second ferrimagnetic structure,
FM2, which is stable between Tyz and 150 K. The two ferrimagnetic
structures share the same magnetic space group Pna’2;’ [12]. FM2 ex-
hibits a high coercivity at room temperature but this reduces steeply
with falling temperature below ~150 K [13-17], in association with the
development of incommensurate magnetic ordering [6,18,19]. In
measuring fields of 100 and 1000 Oe, the onset of declining magnet-
isation with falling temperature occurs at ~150 K, the onset of the
steepest reduction occurs at ~110 K and levelling off to values
approaching zero occurs below ~80 K [18]. Commensurate and
incommensurate magnetic ordering reflections coexist in neutron pow-
der diffraction patterns between ~110 and ~80 K. The out-of-phase
component of ac magnetic susceptibility measured at 1 kHz has a peak
at91 and 101 K [5]. There is a small excess heat capacity below ~130 K,
which Gich et al [18] interpreted in terms of a second order magnetic
and structural transition.

Spontaneous strains arising from coupling with the order parameter
at a phase transition are typically on the order of a few per mil to a few
per cent (e.g. Ref. [20]). These, in turn, give rise to elastic anomalies
which may be substantially greater, i.e. on the order of 10’s of per cent,
and typically have patterns that are indicative both of the form and
strength of the coupling [21-23]. Direct evidence for measurable
spontaneous strain due to coupling with the magnetic order parameters
in e-Fep03 is provided by changes in thermal expansion at ~500 K [12]
and more subtle variations in lattice parameters between ~80 and 150 K
[19]. It might be expected, therefore, that there will also be variations in
elastic properties and, if any aspect of the resulting transformation mi-
crostructures is coupled with strain and mobile, also in acoustic loss.
However, results from RUS presented here do not show classical patterns
of anomalies, with implications for the dynamics of the strain/order
parameter coupling. Instead, changes in elastic properties appear to
depend on variations of piezoelectric and/or piezomagnetic effects
which themselves depend on magnetic domain structures arising from
interaction of magnetic dipoles of monodomain grains and thermal
history.

2. Sample description and methods
2.1. Sample preparation

Single crystalline e-Fe;O3 nanoparticles embedded in a silica matrix
were prepared using the sol-gel based method. Hydrated iron (III) ni-
trate Fe(NO3)3-9H,0 (Aldrich) was used as the Fe precursor and tet-
raethyl orthosilicate (TEOS, Si(OCyHs)s4) (Aldrich) was the metal
alcoxide precursor for the formation of the SiO5 matrix. The silica matrix
plays an important role in limiting the growth of e-FesO3 particles,
preventing their transformation to a-Fe3O3 [24]. The iron oxide content
with respect to silica was fixed to 24 wt%, while the molar ratios of
TEOS, ethanol and water were 1:6:6. First, 8.61 g of iron (III) nitrate
nonahydrate were dissolved in a solution of Milli-Q water (6.23 mL) and
ethanol (31.42 mL) under stirring. After dissolution of the iron nitrate
the pH of the solution was ~0.35. 20 mL of TEOS were then added
dropwise into the solution while stirring continuously. Stirring was
maintained for ~15 min after the addition of TEOS in order to obtain a
stable, clear and homogeneous solution. The final sol was distributed
into four Petri dishes with 9 cm diameter, which were covered, placed
inside a plastic box and kept in a chemical hood for around two weeks
until gelation occurred. The gels were crushed in a ceramic mortar and
further air-dried at 60 °C for 24 h.

The dried xerogel was ground thoroughly and the resulting powder
placed in an alumina boat for heating up to 1100 °C in air, using a
heating rate of 80 °C.hr . The sample was held for two hours at 1100 °C
before being cooled to room temperature at 350 °C.hr ', In order to
remove the silica by chemical etching, 3 g were further ground into a
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fine powder and added to a concentrated NaOH aqueous solution (12 M)
in a round-bottomed flask, immersed in an oil bath at 80 °C. The mixture
was stirred vigorously for 48 hr while water vapor was refluxed using a
water-refrigerated condenser. Products were collected by centrifuging at
6000 rpm and the supernatant was discarded. The solid was redispersed
in distilled water and the centrifuging/washing cycle was repeated
twice. The final precipitates were air-dried at 60 °C for 24 hr.

In order to produce a ceramic sample for RUS measurements, about
330 mg of nanoparticles were sintered into a disc of diameter 10 mm by
Spark Plasma Sintering for 4 min at 350 °C under a pressure 100 MPa,
making use of the Plateforme Nationale de Frittage Flash facility at
Univesité Toulouse III-CNRS. The resulting disc was ~2.2 mm thick and
had a porosity of 38 %.

The top and bottom surfaces of the sintered disc were ground down
to a final thickness of ~1.5 mm. It was then cut into rectangular par-
allelepipeds with a fine annular saw, lubricated with paraffin. The piece
used for low temperature RUS measurements (Sample #1) had di-
mensions 1.556x1.739x2.235 mm® and mass 18.4 mg. Several pieces,
not necessarily with perfect parallelepiped shapes, were used for
different combinations of RUS measurements at high temperatures:
1.533x1.714x2.241 mm3, 17.9 mg (Sample #2); 1.516x1.759x2.238
mm?, 18.4 mg (sample #3); 1.486x1.713x2.220 mm>, 15.2 mg (Sample
#4); 1.558x1.715x2.239 mrn3, 18.2 mg (Sample #5). A further paral-
lelepiped (sample #6, 2.726x1.716x1.566 mm?, 21.3 mg) was used to
check magnetisation in directions parallel to its principal axes before
and after heating to 539 K.

A separate piece remaining from a different sintered disc which had
been prepared for other measurements was also used for high temper-
ature RUS measurements. This is referred to below as “Second Slice”. It
had parallel sides and thickness 0.576 mm, with an irregular shape of
~2.5 x 2.5 mm? in the other two dimensions. The mass was 8.6 mg.

2.2. Sample characterisation: TEM, X-ray diffraction, differential
scanning calorimetry

The powdered sample prepared for sintering was examined by
transmission electron microscopy in a Jeol 1210 microscope at 120 kV.
As shown in Fig. 1a, it contained approximately spherical nanoparticles
with sizes slightly above 20 nm. A log-normal distribution for the sizes of
more than 600 nanoparticles, measured from TEM images using the
ImageJ software [25] gave a peak at ~18 nm (Fig. 1b).

X-ray diffraction patterns of nanoparticles in the powder sample and
of the sintered disk were obtained using a Siemens D5000 diffractometer
with Bragg-Brentano geometry and CuKa radiation. Refinements using
the Materials Analysis Using Diffraction software (MAUD) [26] indi-
cated that both the powder and the sintered disc consisted of e-Fe;O3
nanoparticles with less than 5% of a-Fep,O3 as an impurity phase. No
evidence was found for the presence of maghemite. The average crys-
tallite diameter of e-FeyOs3 particles obtained in both cases was 25 nm.
This is in good agreement with the particle size distribution from TEM if
account is taken of the fact that larger grains, from 18 nm as the prob-
ability maximum up to 30 nm for the largest grains, make a dispropor-
tionate contribution to the volume of crystals analysed by diffraction.
Lattice parameters of the e-Fe;Os nanoparticles before sintering (a =
5.092(2) A, b = 8.790(3) A, ¢ = 9.476(2) A) and after sintering (a =
5.094(2) A, b = 8.794(4) A, ¢ = 9.483(3) A) were closely similar. The
sintering process thus does not appear to have had a substantial effect on
as-prepared e-Fep,O3 nanoparticles other than binding them together
into the form of a ceramic with ~40% porosity.

A similar sample prepared according to the method described above
but not sintered was studied between 100 and 804 K by synchrotron X-
ray diffraction. Diffraction patterns were collected at the BLO4-MSPD
beamline of the ALBA Synchrotron (Barcelona, Spain) using A =
0.413480 A. Above 300 K the sample was heated at a rate of 3 K.min!
using a Cyberstar-FMB Oxford hot air blower, with acquisition times of
100 s per pattern. Below 300 K the heating rate (using an Oxford
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Fig. 1. (a) Representative TEM image of e-Fe;O3 nanoparticles prior to sin-
tering. (b) Particle size distribution from measurement of the dimensions of
more than 600 grains. The red line is a log-normal distribution, with the most
probable diameter at ~18 nm. (c) Broad, weak heat capacity anomalies in the
vicinity of the expected transition temperature of ~500 K, as observed during
heating (red curve, left axis) and cooling (blue curve, right axis) of an offcut
from the sintered pellet at 10 K.min ! in a differential scanning calorimeter.
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Cryostream) was 5 K.min"!, with acquisition time of 50 s per pattern.
Lattice parameters determined from these measurements were used for
the strain analysis presented below.

Heat flow was measured as a function of temperature for a 12.3 mg
offcut from the sintered pellet using a TA Instruments Q2000 differential
scanning calorimeter with a heating/cooling rate of 10 K.min'. Fig. 1c
shows small broad peaks in heat capacity centered at ~500 K during
heating and ~450 K during cooling. Anomalies with less convincing
form in relation to background noise were present in data from a second
sample with mass 13.3 mg, but both are at least consistent with the
expected high temperature transition occurring in the sample used for
RUS.

2.3. Sample characterisation: Magnetism

Considering a magnetocrystalline anisotropy of K = 5 x 10° J.m™3
and a saturation magnetization of Mg = 100 kA.m ! for e-Fe;O3 at room
temperature [15], together with an exchange stiffness of A = 10712 J.
m’l, obtained from M (T) [27] close to the FM2 to FM1 transition, an
estimate of the size above which single domain e-Fe;Og3 particles would
be no longer energetically favoured (Dgq ~2(AK)Y 2/y0M52) gives Dgq
~100 nm [28]. Since the diameter of individual grains in the ceramic
sample was in the range 5-40 nm, they must each have been a single
magnetic domain.

After low temperature RUS measurements had been completed on
Sample #1, the surfaces were ground away because of concern that
discoloration of the surface might have been contamination. The
reduced mass was 14.2 mg and a repeat cooling sequence showed that
the change in sample size had not made any difference to the form of the
RUS results. DC magnetic measurements were made on this reduced
piece using a Quantum Design MPMS in the Maxwell Centre, University
of Cambridge. Variations of magnetisation, M, measured during heating
in a 50 Oe field following cooling in zero field are given in Fig. 2a. The
derivative, dM/dT, is given in Fig. 2b. These show the pattern that is
typical of e-Fe;O3 nanoparticles [13,14,16,17]. In the present case, the
first break in slope occurs at 144 K, the second at 110 K (Fig. 2b), and
dM/dT levels off at ~50 K. Gich [15] showed a double peak at ~90 K
and 101 K, but a different particle size distribution is likely to be the
cause.

Hysteresis (M—H) loops were collected from the same piece at 5, 70,
140, 200 and 300 K, and are shown together with the derivatives dM/dH
in Fig. 2c and 2d, respectively. The pattern of open loops is closely
similar to data in the literature from powdered samples and from
dispersed particles of e-Fe;O3, with a signature drop in values of coer-
civity below ~150 K (e.g. [12-15,17,19]. A maximum value of M = 16.4
emu.g ' was obtained at 7 T, 5 K (0.24 pp per Fe atom). The magneti-
zation at high field and the coercivity values measured for the sintered
disk are in reasonable agreement with those given by Gich [15] for
particles with average grain size ~20-25 nm dispersed in a silica matrix.

In order to test for bulk magnetic anisotropy of the ceramic, M—H
data were collected at room temperature in directions parallel to each of
the principal axes of Sample #6, firstly in its virgin state, i.e. as pressed
and sintered, and then following heat treatment to 539 K in the high T
RUS instrument. Fig. 3a shows the measured magnetisation from data
collected in the sequence 0 — 50 — -50 — 0 Oe, and clearly reveals a
marked anisotropy. Magnetisation parallel to the short direction of the
parallelepiped was ~0.5 emu.g ! and ~0 in the other two directions. In
contrast, no measurable magnetisation was detected in zero field for any
direction after the heat treatment. For all samples the short edge was
parallel to the direction of stress applied during Spark Plasma Sintering
and the other two directions were in the plane of the original pellet, i.e.
perpendicular to the applied stress.

The coercivity of e-FeoOj is sufficiently small below ~100 K for a 50
Oe field to reorient the direction of magnetisation. As a consequence,
measurement of magnetisation during heating in a 50 Oe field, following
cooling in zero field, produced closely similar magnetisation curves in
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Fig. 2. Magnetic data for a 14.2 mg piece of
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each of the three principal directions of the parallelepipeds, irrespective
of whether they were in their initial state (Sample #4, Fig. 3b) or after
heating to ~520 K (Sample #5, Fig. 3c). These data reveal small dif-
ferences in magnetisation above ~100 K, such that the highest values
were for measurements parallel to the long direction and lowest parallel
to the short direction. If the orientation of grains and the distribution of
pore spaces within the ceramic had been random, these values would be
expected to be the same, irrespective of measuring direction. Thus the
bulk samples were characterised by a degree of magnetic anisotropy
which disappeared on heating to ~520-540 K and a degree of anisot-
ropy with respect to average crystallographic orientation or density
which did not.

Evidence for the presence of a-Fe,O3 grains with dimensions greater
than 100 nm would be provided by a distinct anomaly in the tempera-
ture dependence of magnetisation at 250-260 K due to the Morin
transition. The transition temperature reduces with decreasing grain
size and disappears entirely when the grain size reduces below 20 nm
[29]. On this basis, the weak feature at ~230 K in Fig. 2a and 3¢ might
be attributable to the Morin transition in the small component of
a-FepO3 known to be present. e-Fe;O3 crystals in powder form do not
transform to a-Feo,O3 during heating up to at least 923 K [12], but sta-
bility against transformation has not been tested for a ceramic. Given
that the anomaly near 230 K in Fig. 3c is no greater than that in Fig. 2a, it
is assumed that significant transformation did not occur in samples
heated to at least 520 K.

2.4. Resonant Ultrasound Spectroscopy

RUS spectra were collected at low temperatures with and without
applied magnetic field in an Oxford Instruments Teslatron cryostat
described in detail elsewhere [30,31]. Sample #1 was held lightly across
a pair of faces directly between the piezoelectric transducers in the

sample holder described by McKnight et al [32]. Spectra were collected
in automated heating and cooling cycles at zero or constant magnetic
field, or as functions of field at constant temperature. A settle time of 20
min was included before the start of data collection at each temperature
to allow for thermal equilibration. The settle time before data collection
when varying the magnetic field strength at constant temperature was 5
min.

For high temperature measurements, each of three rectangular par-
allelepipeds (Samples #2, #3, #5) was held lightly across a pair of
corners between the tips of alumina buffer rods which were inserted into
a horizontal tube furnace [33,34]. The Second Slice was held across
opposite edges. Temperature was recorded from a thermocouple placed
within a few mm of the sample, including a final calibration based on the
transition temperatures of standard samples. Spectra were collected in
automated heating and cooling cycles with a settle time of 20 min before
data collection at each set point.

Analysis of RUS data was initiated by fitting individual resonance
peaks in the primary spectra with an asymmetric Lorentzian function to
obtain values of the peak frequency, f, and width at half maximum
height, Af. Elastic moduli of the sample scale with 2 and acoustic loss is
expressed in terms of the inverse mechanical quality factor, Q !, which
is taken to be Af/f. Most resonances of a small sample are dominated as
shearing motion so that, as here, variations of /2 reflect variations of the
shear modulus. Acoustic loss is due to the motion of some part of the
sample in response to shear stress on the time scale of the resonance
modes, i.e. ~107° — 107 s for resonances in the frequency range ~100
kHz — 1 MHz.

Attempts to determine absolute values of elastic moduli for the
rectangular parallelepipeds at room temperature were made by fitting to
the frequencies of up to 20 resonance peaks in the interval ~400-1200
kHz using the software described by Migliori et al [35]. For an isotropic
material there are two independent moduli, the bulk modulus (K) and
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Fig. 3. Anisotropy of bulk samples. Error bars were taken directly from the QD
MultiVu software and do not signify that the data are intrinsically noisy. (a)
M—H curves measured at 300 K over a limited range of small fields show sig-
nificant magnetisation parallel to the short edge of Sample #5 in its virgin (as
sintered) state (red) but none in any direction of the same sample following
heat treatment to ~540 K. (b), (c) Magnetisation determined during heating in
a 50 Oe field, following cooling in zero field, reveal a slight anisotropy with
respect to measuring direction for both a virgin sample (Sample #4) and a
sample heat treated to ~520 K (Sample #5). (Gaps in the data for Sample #4
were due to an instrument fault). It should be noted that the 50 Oe measuring
field is sufficient to change the magnetisation of e-Fe;O3 at low temperatures
and that this would account for the differences between (a) and (b), even
though the data in (b) were collected from a sample in its nominally vir-
gin state.
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the shear modulus (G). Attempts to achieve fits were also made with five
(transversely isotropic) and nine (orthotropic) independent moduli.

3. Strain analysis

The most direct evidence of coupling between strain and the driving
order parameter for a phase transition can be obtained by analysing
variations of lattice parameters. As observed at the magnetic ordering
transition with Ty ~ 950 K in hematite [36,37], the magnetic transition
in e-FepO3 is accompanied by overt anomalies in the temperature
dependence of lattice parameters below ~500 K [12]. There is no
change in crystal system at this transition so there are three linear
strains, given by e1=(a-a,)/do, e2=(b-b,)/bo, e3=(c-c,)/co, where ay,, bo,
co, are values of the high temperature structure extrapolated into the
stability field of the low temperature structure. The volume strain is
given by Vs=(V-V,)/V, which is equivalent, to good approximation, to
e] + ez +es.

Fig. 4 shows a set of lattice parameter data in the temperature in-
terval 100-803 K, obtained by refinement of the synchrotron X-ray
diffraction data from a powdered sample of e-Fe;O3 with an average
grain size of 25 nm. Solid curves are fits of the function a, = a; +
a20,coth(0/T), and similarly for by, c,, Vo, where a; and ay are fit co-
efficients, T is temperature and Og is a saturation temperature that re-
sults in zero slope as T — 0 K [38-42]. ©5 was set at 300 K to give
flattening of the curves below ~150 K. Values of the parameters a;, ay,
were obtained by fitting to data in the interval 598-803 K.

This conventional analysis of spontaneous strains associated specif-
ically with changes in structure near 500 K gives the variations of ej, e,
e3 and V; shown in Fig. 5. Each strain, e, is expected to couple with the
magnetic order parameter, m, as rem?, where ) is a coupling coefficient,
which leads to the expectation: e; o ez o ez a Vs a m2. Fig. 5a gives the
temperature dependences of the individual strains and Fig. 5b,c,
d demonstrate internal consistency between them. Obvious breaks in
slope at 300 K are most likely to have been an artefact arising from a
switch between instruments and the use of different heating rates for the
original collection of diffraction data. An additional break in slope is
evident in the evolution of ey, e3 and Vs at ~180 K. Fig. 6 shows the
individual strains plotted as -ej, -e3, e3 and -V; (left axis) along with the
temperature dependence of Q]23 (right axis) where Qg is the magnetic
order parameter calculated from the Brillouin function for the case of J
=1/2 and T¢ = 500 K.

In summary, the spontaneous strains have magnitudes of up to +
~0.002, which is comparable with the values of e; associated with an-
tiferromagnetic ordering in hematite [37]. The strength of magne-
toelastic coupling associated with the ordering transitions at high
temperature is thus comparable for both the e- and a-phases of FeO3. In
e-Fe,03 the coupling is strongly anisotropic in a manner that is close to
uniaxial, i.e. elongation along the crystallographic c-direction with more
or less uniform contraction in the ab-plane. The largest contraction oc-
curs along the a-direction, i.e. the magnetic easy axis along which the
magnetic moments order. The data can be described quite well by the
evolution of the Brillouin order parameter for J = 1/2 down to ~300 K
(e1aes ez o Vg Q%). It shows that the strain variations conform to the
pattern expected for a second order transition at Tc = ~500 K. There are
slight tails in the data up to ~600 K, consistent with some precursor
ordering. Finally, there is no obvious break in slope of any of the strains
at ~100-150 K, where the second magnetic transition occurs.

4. Results
4.1. RUS above room temperature, zero field

Fig. 7 contains data for f* and Q! from a selection of resonance
peaks in spectra collected from four different samples over different

temperature intervals between room temperature and ~925 K. In each
figure the left axis is f2, with arbitrary scaling factors applied to values
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Fig. 4. Temperature dependence of the lat-
tice parameters and unit cell volume ob-
tained from synchrotron X-ray powder
diffraction of an e-Fe,O3 sample with
average grain size of 25 nm. The solid curves
are baselines obtained by fitting the coth
function, a, = a; + axOscoth(0,/T), to data
between 598 and 803 K, with the value of O
fixed at 300 K. Allowing ©; to vary freely in
the fitting process resulted in different values
for each lattice parameter, but the choice of
300 K does not have much influence on the
variations of individual strain parameters
above room temperature.

Fig. 5. Variations of spontaneous strains
determined from the lattice parameter data
shown in Fig. 4. (a) Each strain shows a
smooth, non-linear decrease between 300 K
and the transition temperature of ~500 K,
with a tail extending to slightly higher tem-
peratures. (b,c,d) Straight lines passing
through the origin in the temperature inter-
val ~300-500 K for strains plotted against
each other reveal internal consistency in
relation to the expectation that each scales
with the square of the driving order param-
eter for the transition (e; & e & e3 a Vs & m>).
Deviations from this correlation occur below
room temperature.
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function multiplied by a scaling factor of 0.45 to match the variation of e
above 300 K. There are very obvious breaks in slope at 300 K and more subtle
breaks in slope at ~180 K.

for individual resonances in order to allow easy comparison of their
patterns of evolution. Q_1 variations are shown on the right axis. Sample
#5 was subjected to two heating/cooling cycles up to ~520 K (Fig. 7a).
Sample #2 was subjected to two heating/cooling cycles up to ~615 K
(Fig. 7b). Sample #3 was first heated to ~825 K for ~45 min before
cycling up to ~535 K (Fig. 7c) and then up to ~925 K (Fig. 7d). The
Second Slice was subjected to one heating/cooling cycle up to ~535 K
(Fig. 7e). The dimensions and mass were checked at the end of RUS data
collection. No overt changes to the shape and density of the samples
resulted from cycling up to ~615 K, but sample #3 showed a reduction
in linear dimensions of ~0.7 % and a reduction in mass of ~5% after the
heating/cooling cycle up to ~925 K.

There was a distinct hysteresis in the evolution of f? values during the
first heating/cooling cycle to temperatures above 500 K. Samples #5
and #2 showed an initial slight stiffening (increasing %) during heating
up to ~350 K, followed by slight softening up to ~450 K, a relatively
steep increase in stiffness up to ~470 K, and slight stiffening up to at
least ~520 K (Fig. 7a, b). Monotonic stiffening with a shallow slope
occurred during subsequent cooling down to ~325 K, followed by slight
softening back to room temperature. Maximum differences in f* values
between the trajectories of heating and cooling were ~10%. Relatively
steep changes in f2 between ~460 and ~480 K during heating of the
Second Slice involved softening rather than stiffening and the maximum
irreversible change amounted to ~5% (Fig. 7e). Variations in Q! were
less marked and involved a decrease with increasing temperature from
room temperature to ~350 K, particularly in the first cycle, and an in-
crease with increasing temperature above ~550 K. The data for Samples
#5 and #2 suggest that Q! values obtained from spectra collected
during the first heating sequence were higher in the temperature in-
terval up to ~500 K than in any sequences after they have been exposed
to high temperatures.

Clear hysteresis observed in the first heating/cooling cycle of Sam-
ples #2 and #5 was not repeated in any of the second cycles. f* varia-
tions in the second cycle of Sample #5 to ~520 K were fully reversible in
f? and essentially featureless apart from softening with falling temper-
ature below ~320 K. The same more-or-less featureless pattern was
observed in the second cycle of Sample #2 up to ~615 K, but with a
small irreversible increase in stiffness seen during cooling (Fig. 7b).

Journal of Magnetism and Magnetic Materials 583 (2023) 170240

Prior heating to ~825 K for a short period led to a nearly reversible
evolution in f2 values, similar to the second cycles of the other samples,
though with a slight hysteresis in the softening pattern below ~350 K
(Fig. 7c¢). The second cycle of Sample #3 up to ~925 K showed a much
larger hysteresis, with stiffening by up to ~12%. There was a change in
shape and density of the sample following this heat treatment, however,
indicating that at least part of the variation in elastic properties was due
to changes to the ceramic such as porosity, grain size or cracking.

The most significant observation in relation to the unusual pattern of
hysteretic and non-hysteretic patterns of elastic softening and stiffening
shown in Fig. 7 is the absence of a discrete anomaly associated specif-
ically with the expected transition temperature of ~500 K. The only hint
of a step-like anomaly was a small displacement in resonance fre-
quencies between ~510 and ~500 K during cooling of the Second Slice.
Normal expectations would be that coupling between the order
parameter and strain of the form Aem? at a second order transition would
lead to a stepwise softening of individual moduli immediately below the
transition point. The characteristic pattern from such a relaxation has
been observed for the elastic moduli below the paramagnetic - antifer-
romagnetic transition at 39 K in CoF», for example [43]. Such softening
requires that the magnetic order parameter can relax on the RUS time-
scale of ~107% s in response to an induced strain. When the relaxation is
relatively slow, the expectation is that stiffening or softening in pro-
portion to m? would occur below the transition point as a consequence of
coupling with the next high order form, Ae?m? An example of such
behaviour is provided by the paramagnetic - antiferromagnetic transi-
tion at ~75 K in YMnOs3 at [44].

Evidence of slow relaxation dynamics at room temperature was also
obtained unexpectedly during preparation of the rectangular parallele-
pipeds. The original sintered ceramic disc was glued to a glass slide using
Crystalbond 509, a plastic which requires heating of the sample, the
Crystalbond and glass to ~100 °C. Any Crystalbond remaining on the
sample was washed off with acetone. It was found that significant short
term changes in resonance frequencies were observed before and after
drying at 65 °C, following the wash in acetone. In the case of Sample #3,
the initial frequency of the lowest frequency resonance before washing
in acetone was 439.1 kHz. Fig. 8 shows the variation of f2 for the same
resonance as a function of In(time) from 2 min to ~24 hr after removal
from the drying oven. The short term effect of the heat treatment was an
increase in stiffness by ~10%, but this reduced almost back to the
original value in less than 2 hr. Similarly, the value of f* for the same
resonance measured after the sample had been heated to ~825 K for
~45 min was 2.27x10° kHz? but became 2.42x10° kHz? when measured
the following day, corresponding to an increase in shear modulus of
~7%. It is unlikely that changes in porosity or grain size occurred at or
close to room temperature but viscous changes in magnetic domain
structure associated with locally preferred orientations of the moments
of monodomain crystals could have been possible on this time scale.

4.2. Elastic properties before and after RUS data collection at high
temperatures

Attempts to find fits for values of elastic moduli with low rms errors
using resonance frequencies at room temperature were not successful. A
fit to the frequencies of 20 resonance peaks from Sample #5 before
subjecting it to heating/cooling cycles gave isotropic values of K (bulk
modulus) = 21.6 & 0.5, G (shear modulus) = 14.60 & 0.07 GPa, with an
rms error of 1.5%. Using five independent moduli reduced the rms error
t0 0.9%: C11 = 38.6 £2.1, C33=33.8+ 0.2, C12=8.8 £ 0.4, C13=-0.12
+0.01, C44 = 14.59 £ 0.02, (C11- C12)/2 = Cg6 = 14.91 + 0.06 GPa. The
Voigt-Reuss-Hill average values of K and G from these are 14.1 and 15.5
GPa, respectively, providing a more realistic estimate of the bulk
modulus. Using nine moduli improved the fit again but probably not in
any meaningful way. After cycling to ~520 K, an isotropic fit using 24
resonance frequencies gave K = 21.6 + 0.5, G = 14.60 + 0.07 (rms
error = 1.2%). The results for five moduli from fitting to 16 resonance
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Fig. 7. f> and Q! variations from individual resonances in spectra collected during heating and cooling to high temperatures. Filled symbols = heating, open
symbols = cooling. In each graph, values of f? for individual resonances have been multiplied by arbitrary scaling factors so that they end up close to each other on
the y-axis. Values of frequency given in the captions indicate the approximate frequency of the resonance at room temperature. (a) Sample #5. Two cycles to ~520 K.
f? variations varied irreversibly between heating and cooling in the first cycle and reversibly in the second cycle. (b) Sample #2. Two cycles to ~615 K. In this case
there was a small shift to higher frequencies between heating and cooling in the second cycle. (c) Sample #3. First heating/cooling cycle to ~535 K, after ~45 min at
~830 K. The evolution of f* values was nearly reversible for most of the temperature interval, apart from below ~350 K where the trend of softening with falling
temperature became established. (d) Sample #3. Second cycle, to ~925 K. Irreversible changes in f* were accompanied by changes in dimension and mass of the
sample. (e) Second Slice. One heating/cooling cycle up to ~535 K. In this case the relatively steep changes in f* values between ~460 and ~480 K during heating
involved softening rather than stiffening.

frequencies were: C1; = 45.7 £ 1.8, C33 = 44.1 £ 0.7, C12 = 9.2 £ 0.4, ~1% indicates a fit that is not robust, and only 16 peaks were used for 5
C13=-8.0+1.0,C44 =17.32 +£0.01, (C11- C12)/2 = Cg = 18.25 + 0.04 moduli in the last case. Nevertheless, the general pattern is of some
GPa, with an rms error of 0.4%. The Voigt-Reuss-Hill average values of K elastic anisotropy for the ceramic and an increase in apparent shear
and G from these are 13.3 and 19.6 GPa, respectively. An rms value of modulus following heat treatment above 500 K.
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Values of Q™! measured from peak widths in spectra collected at
room temperature with the sample sitting directly on the piezoelectric
transducers were ~0.011 and ~0.012 before and after cycling to ~520 K
for Sample #5. Values for Sample #3 before heating and 24 hr after
heating at ~825 K were 0.014 and 0.007. Absolute values shown in
Fig. 7 are different from these due to the fact the signal had to pass along
alumina buffer rods in the high temperature instrument.

4.3. RUS below room temperature in zero field

Fig. 9 shows the variations of f%> and Q! from fitting of a represen-
tative peak with frequency near 480 kHz in primary RUS spectra
collected from Sample #1. The spectra were collected in 5 K steps
through the temperature interval 5-295 K. Overall, f values increased
smoothly and had progressively shallower slope with falling tempera-
ture, as expected for the normal variation of elastic moduli as T — 0 K.
There is a slight stiffening trend below ~50 K but there are no discrete
anomalies between 80 and 150 K which would correlate with the known
phase transition in this interval. Moreover, there are no anomalies that
might correlate with the change in the evolution of spontaneous strains
at ~180 K. Q ! values reduced with falling temperature, though with
the suggestion of a broad peak centred at ~140 K and of a stronger peak
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Fig. 9. Sample #1. Evolution of f> and Q! obtained from fitting a resonance
peak with frequency near 480 kHz at room temperature during cooling and
heating in 5 K steps between 295 and 5 K.
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centred at ~35 K. These patterns of evolution for the peak near 480 kHz
were corroborated by essentially the same variations of f> and Q! ob-
tained from fitting of a resonance peak with frequency near 800 kHz. In
both sets of data there is a slight hysteresis between heating and cooling
for f2 values in the intervals ~50-80 and ~250-295 K.

Details of the stiffening at low temperatures in zero field were
investigated in a separate cooling/heating sequence between 80 and 20
K with collection of spectra at intervals of 0.5 K. Variations of f* and Q!
for a representative resonance peak with frequency near 1135 kHz show
a break in slope between ~60 and ~65 K, distinct hysteresis between
heating and cooling of f2 values and a selection of peaks in Q! (Fig. 10).
At these temperatures, the values of Q! are close to 0.001 and the peaks
in Q! increase above the baseline by only up to ~0.0004, which is close
to the overall limit of reproducibility. There is some uncertainty as to
their exact form, therefore, but the superficial appearance is of stiff-
ening, consistent with Debye-like relaxation/freezing below ~65 K of a
succession of point defects or components of a microstructure which
were weakly coupled with strain. Differences between heating and
cooling in the temperature interval ~20-65 K (Fig. 10) and at higher
temperatures (Fig. 9) could then have been due to irreversible changes
in the local configurations of magnetic moments of individual grains
that depend on thermal history when the sample as a whole is unpoled.
This interpretation is consistent with the result discussed below, and also
shown in Fig. 9, that the hysteresis of > values between heating and
cooling disappears in a field of 5 or 10 T when the ceramic is magneti-
cally poled.

The observation of irreversible changes in both f2 and Q! in zero
field prompted a more systematic investigation of the time dependence
of elastic properties at low temperatures. First the sample was allowed to
reach thermal equilibrium at 200 K. It was then cooled to a set point
between 25 and 150 K and spectra collected as a function of time.
Cooling rates between 200 K and each set point were ~0.3-0.4 K.min .
Fig. 11a shows the direction of change observed at each temperature and
Fig. 11b shows the change in observed f values, Af?, between the first
and subsequent measured frequencies for the resonance peak near 815
kHz. At 100, 125 and 150 K, equilibration to constant values of Af2
occurred within ~8 h of reaching the set point. Values of Af®> were
smaller at 75 K, and essentially zero at 25 K. The direction of change at
50 K was the reverse of that seen at higher temperatures, with no indi-
cation that a constant value had been reached even after ~3 days.

Curves shown in Fig. 11b are fits to the data using a stretched
exponential function:
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Fig. 10. Sample #1. Variations of f> and Q! for a resonance peak with fre-
quency near 1135 kHz, collected during cooling (blue filled symbols) followed
by heating (red, open symbols) in steps of 0.5 K between 80 and 20 K.
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where f2 is the value of f* that the peak would eventually relax to, f2
is the value obtained from the first measurement and 7 is the relaxation
time constant. Fit values for the exponent, 8, varied between 0.6 and 1.5.
Constraining the value of § to 1 provided an adequate description of the
data at most temperatures but a value of ~0.8, as used for the curves
shown in Fig. 11b, was necessary to also give a good fit to the 50 K data.
An Arrhenius plot of the time constants for 75-150 K yielded an
apparent activation energy of 40 + 10 meV.

4.4. RUS below room temperature: Variable temperature with constant
applied field of 5 or 10 T

Measurements with variable temperature at constant field were
started by increasing the field to 5 or 10 T when the sample was at room
temperature. Variations of f and Q! from the 480 kHz resonance peak
in spectra collected during cooling and heating in each of these fields are
compared with the zero field data in Fig. 9. There are no major differ-
ences in the overall patterns but, in detail, f* values at 5 and 10 T were
very slightly higher than in zero field between 295 and ~270 K, indis-
tinguishable at ~270 K and then progressively lower with falling tem-
perature below 270 K. The maximum degree of softening due to
application of the field was ~2%. Changes in trend below ~65 K in zero
field became a distinct minimum centred at ~50 K, with a steeper re-
covery below this, when the field was 5 or 10 T. The magnitude of the
dip in f* centered at ~50 K was very slightly greater in 10 T than 5 T
fields. Measurements at 5 K all revealed a small final softening.

Q! values were lower than in zero field at temperatures between
295 and ~180 K but, below this, indistinguishable from values in the
applied field. The combined data appear to confirm the presence of the

10
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broad peak in Q! centred at ~140 K and the more pronounced loss peak
centred at ~35 K.

According to Fig. 2¢, the sample would have been fully poled at 5 T.
There are almost no differences between f2 data collected at 5 and 10 T
(Fig. 9), implying that the main effect of the field on elastic properties, in
comparison with zero field, was due to poling. Changes in the elastic
moduli due to the conventional effects of magnetostriction thus appear
to have been negligible, at least between 5 and 10 T. The disappearance
of differences in f2 values between heating and cooling in high fields is
consistent with the hysteresis seen in zero field also being associated
with changes in magnetic domain structure.

4.5. RUS below room temperature: Variable field at constant temperature

In order to investigate the nature of possible relaxation/freezing
processes in the vicinity of 60 K, spectra were collected with changing
field up to 10 T at 295 K and 50 K. Variations of > and Q! from a
resonance peak with frequency near 152 kHz at room temperature are
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Fig. 12. Variations of f2 and Q! as a function of field at constant temperature
from a resonance peak with frequency near 480 kHz at room temperature. (a)
295 K: There is a marked hysteresis in f* values below ~2 T between mag-
netisation (red) and demagnetisation (blue). Q' values barely changed
throughout the full cycle. 2 T is approximately the coercive field at 300 K. (b)
50 K: Red markers show the first magnetisation, blue the first demagnetisation
(cycle 1), green the second magnetisation and brown the second demagnet-
isation (cycle 2). A steady drift to lower values of f2 through the full sequence is
superimposed on a weak trend of increasing values with increasing field. The
dominant feature of Q! variations is a barely resolved drift to lower values
with time through the two cycles.



C.R.S. Haines et al.

shown in Fig. 12. The evolution of f at 295 K (Fig. 12a) can be easily
understood through reference to the M—H loop shown for 300 K in
Fig. 2c. Progressive poling by alignment of initially randomly oriented
moments of individual grains, or of a domain structure with local
alignment of moments, was accompanied by stiffening from /> ~ 231.7
KkHz? to ~231.9 kHz? at ~2.5 T, by which stage the sample would have
been fully poled. Beyond that, f? increased with shallower slope as a
function of increasing field and decreased reversibly to the same value
with reducing field. f? values of the poled sample diverged from those of
the unpoled sample as the field reduced back to zero and the difference
between the two in zero field corresponds to a difference in shear
modulus of ~0.07%. Q! values barely changed throughout the full
cycle, implying that any contribution from motion of magnetic domain
walls to the acoustic loss under dynamic stress must have been small or
zero.

f? values also increased with increasing field and decreased with
decreasing field at 50 K, but the overall pattern was quite different in
character (Fig. 12b). In the first cycle, the trend was reversible at fields
above ~5 T, by which point the sample must have been fully poled
(based on the M—H loops shown in Fig. 2¢). Divergence with reducing
field below ~5 T could have been due simply to a difference in shear
modulus between unpoled and poled ceramics, amounting to ~0.02% in
zero field. However, the irreversible evolution continued through the
second cycle and there was clearly an additional long term, time-
dependent drift of progressive elastic softening. There was no partic-
ular trend of Q! values with changing field, other than a barely resolved
drift to slightly lower values throughout the two cycles.

5. Discussion
5.1. Structure and properties of the ceramic

Preparation of a ceramic sample with the same grain size and mag-
netic properties as the nanocrystalline powder used for the starting
material has allowed the magnetoelastic behaviour of e-Fe;O3 to be
investigated through the temperature interval ~2-925 K, including the
three expected magnetic phase transitions at ~110, ~500 K and ~850
K. Some contributions to the overall acoustic loss must have arisen from
porosity and/or grain boundary effects but, in the first instance, these
would be expected to provide a background that was either constant or
smoothly increasing with temperature. Variations in Q ! due to prop-
erties of the sintered crystals themselves should be identifiable as ir-
regularities superimposed on this background. Some proportion of
irreversible variations in the effective shear modulus during the heat-
ing/cooling cycle to ~925 K must have been due to changes of grain
size, changes of porosity or conversion to a-Fe;Og but, if the irreversible
variations in elastic properties during the first cycle of Sample #5 to
~520 K had been due to such changes, some additional changes would
have been expected during the second cycle - and none were observed
(Fig. 7a). There was a small increase in f2 during the second cycle of
Sample #2 to 620 K (Fig. 7b), suggesting that initiation of irreversible
changes relating to grain size, porosity, or proportions of phases, as
mentioned above, requires heating to at least ~550 K for times of hours.

A previous result from consideration of the dynamic response of non-
interacting grains of e-FeyO3 in a pulsed magnetic field [45] is that
surface effects are of minor importance for the magnetic behaviour of
grains with dimensions of 25-100 nm but are significant for grains with
dimensions of less than 10 nm. Given the grain size range shown in
Fig. 1b, it is probably safe to assume that the observed magnetic and
elastic properties reported here from spectra collected without cycling to
temperatures above ~550 K represent bulk properties of e-FexOs3 in
porous ceramic form. Evidence that the ceramic had some texturing due
to the uniaxial stress applied during sintering, such as from pore dis-
tributions or grain orientations, is provided both by differences in
magnetisation between three orthogonal directions (Fig. 3b,c) and by
the elastic anisotropy found in attempts to fit five moduli to resonance
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frequencies measured at room temperature. Elastic anisotropy due to
texturing would have persisted throughout the RUS measurements.

The crystallographic space group of e-Fe;O3 at room temperature is
Pna2,. This polar space group could, in principle, develop as a conse-
quence of a ferroelectric phase transition from a non-polar parent
structure with space group Pbcn [46]. However, although ferroelectric
switching appears to be possible in thin films [46] it has not been
observed in bulk samples at temperatures down to 10 K [11]. This does
not rule out the possibility that crystals are piezoelectric, as allowed by
their crystallographic space group symmetry. In addition, direct evi-
dence of piezomagnetism is provided by the magnetic polarisation of the
bulk ceramic samples in the direction of the stress applied during sin-
tering (Fig. 3a). The magnetic space group at room temperature is
Pna’2;’ [no. 33.147] [12] and a paramagnetic parent structure would
have magnetic space group Pna2,1’ [33.145], which is permitted to be
piezomagnetic.

With respect to elastic properties, the parent and product structures
of purely ferroelectric or magnetic transitions would both be ortho-
rhombic and it follows that poling of magnetic or ferroelectric domains
in the lower symmetry structure would not result in a change in the
number of independent components of the elastic modulus tensor. Net
values of the piezomagnetic and piezoelectric coefficients for a poly-
crystalline sample with random orientations of both crystallographic
axes and magnetic moments should be zero but magnetic poling (even
with the crystallographic axes remaining randomly oriented) should
result in finite values of the effective coefficients of a bulk sample. As has
been shown in the case of piezoelectric moduli [47] and suggested for
piezomagnetic moduli in the case of YMnO3 [44] and ErMnOs [48],
resonance frequencies in an RUS experiment depend on both the elastic
and piezo moduli. In other words, changes in preferred alignments of
magnetic moments of individual grains should result in changes in
measured values of f2 due to changes in the effective piezomagnetic and/
or piezoelectric moduli of the bulk sample. This effect is proposed here
as an explanation of most of the observed variations in f> values. Any
changes in elastic properties arising from the more conventional con-
sequences of coupling between the magnetic order parameter and strain
appear to be small.

The magnetic domain structure of the sintered ceramic disc is not
known, but the magnetisation data in Fig. 3a show that rectangular
parallelepipeds cut from it inherited a degree of polarisation which
developed during cooling under stress from the sintering temperature of
~623 K. There are two limiting magnetic states to consider, bearing in
mind that each crystal was expected to be monodomain: random dis-
tributions of moments for every individual grain, and maximal poling of
moments and local domain states in which there is a degree of correla-
tion of the orientations of moments of individual grains over a finite
length scale. These would be characterised by maximum differences in
acoustic resonance frequencies arising from the contributions of piezo
moduli. If there is any imbalance in the net moment due to an imbalance
of domain states or the domains have large enough dimensions, varia-
tions in magnitude between the limiting resonance frequencies would be
expected. Values of 2 measured as a function of temperature at 5 and 10
T (Fig. 10) should then represent those of a maximally poled sample. The
hysteretic changes in f* values observed as a function of increasing and
decreasing magnetic field at 295 K (Fig. 12a) are also attributed to
changes in piezo moduli of the bulk samples arising from poling.

An emerging focus for future work on the functional properties of
ceramic e-FeyOg is clearly on the nature of magnetic domains encom-
passing multiple grains which themselves are monodomain. In this
context, simulations of magnetic interactions between nanocrystals
using theoretical approaches analogous to those used by Knizek et al
[49] for simulations of interaction parameters at an atomic scale would
be instructive.
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5.2. High temperature behaviour

Variations of the spontaneous strains shown in Fig. 6 are consistent
with the view that the magnetic/structural changes can be understood in
terms of a co-elastic, thermodynamically continuous transition between
two orthorhombic structures with a transition temperature of ~500 K
and a tail of short range order up to ~550 K. The strains vary up to +
~0.002 and scale with the square of the driving order parameter
through coupling terms of the form Aem? as in the case of the para-
magnetic — canted antiferromagnetic transition at ~955 K in a-FeyO3
[37]. This coupling would, in turn, be expected to give discontinuous
and reversible softening of the elastic moduli below the transition point
with the form typical for co-elastic transitions, such as has been
observed for the shear modulus at the paramagnetic-antiferromagnetic
transition in CoFy [43]. No consistent anomaly associated with the ex-
pected transition point during heating or cooling of any of the samples
has been found, however, implying both that the relaxation time of the
order parameter in response to an induced strain is longer than ~107° s
and that coupling of the form re?m? in e-Fe;03 is weak.

Instead of the expected pattern of elastic anomalies due to strain/
order parameter coupling at a second order transition, irreversible
stiffening of the parallelepipeds and softening of the Second Slice
occurred during heating between ~450 and 480 K. If these irreversible
variations had been due to densification of the ceramic and/or conver-
sion to a-Fep0j3, all the samples should have shown the same changes,
whereas the Second Slice showed softening instead of stiffening. Hys-
teretic effects in the close vicinity of phase transitions are generally due
to first order character, but the spontaneous strain data provide no ev-
idence that the magnetic transition at ~500 K could be first order. Over
wider temperature intervals below the transition point, differences in
properties between heating and cooling are typically due to changes in
microstructure. Focus is therefore on the evolution of magnetic domains.

Changes to the domain structure of individual parallelepipeds
inherited from the sintered disc would have been subject to kinetic
constraints on the motion of domain walls and flipping of the moments
of individual grains at room temperature. Based on the attribution of
changes in elastic properties being determined primarily by changes in
effective piezomagnetic and/or piezoelectric moduli of the bulk sample,
reorganisation of the domain structure to some more nearly equilibrium
configuration for a rectangular parallelepiped only became possible
when it was heated to temperatures above ~450 K. On cooling from
above the transition point, the evidence of both magnetisation (Fig. 3a)
and f2 variations (Fig. 7) is that a new domain structure developed with a
net moment of zero for the sample as a whole.

Other measurements on samples in which e-Fe;O3 grains were sus-
pended in silica also show changes near 450-480 K which can be
interpreted in terms of kinetic effects. These include a bifurcation at
~480 K between magnetisation measured under field cooled and zero
field cooled conditions, using a field of 1 kOe [12,13], and a frequency
dependent peak in the real part of ac susceptibility at ~467 K (30 Hz) or
~470 K (1 kHz) [12]. Both observations are consistent with the view
that, with falling temperature below a transition point of ~500 K in zero
field, the moments of individual grains remain mobile to some degree
but become frozen in below ~470 K. The real component of ac sus-
ceptibility has a maximum when wr (=2=nfr) = 1, where o is the angular
frequency, 7 is the relaxation time and f is the measuring frequency. The
relaxation time, presumably for domain wall motion, is ~5x107° s at
~467 K and ~2x10~* s at ~470 K. This temperature dependence co-
incides with a steep decrease in coercive field with increasing temper-
ature, becoming close to zero at ~475 K [12].

Q! values showed an irreversible evolution through the transition
point, with values ~0.005 reducing to ~0.002 during subsequent
cooling, as measured with the sample held between buffer rods in the
high temperature instrument (Fig. 7a,b). Similarly, Q! values from
Sample #3 reduced from 0.014 to 0.007 due to annealing at ~825 K, as
measured on a room temperature system with the sample sitting directly
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between the transducers. The change in loss is presumably related to the
change in domain structure, though magnetic domain walls in e-Fe;O3
are not ferroelastic and therefore would not necessarily be expected to
move in response to an applied stress.

The RUS data do not exhibit signatures of the phase transition at
~850 K unveiled by Garcia-Munoz et al [12]. There is an increase in f2
values during heating above ~825 K but no anomaly in the data
collected during subsequent cooling (Fig. 7d) and at least some of the
observed stiffening is most likely related to the change in mass and di-
mensions of the sample.

5.3. Behaviour near room temperature

Magnetic hysteresis loops for e-Fe;O3 provide evidence for changes
in magnetic properties close to room temperature. They typically show a
kink at zero magnetic field at 300 K, as shown here also at 200 K in
Fig. 2b. Kohout et al [16] ascribed this to the presence of y-Fe;O3 as an
impurity phase but Ma et al [17] ruled this possibility out on the basis
that the same anomaly was observed in a sample with known, low im-
purity content. The same kink was reported at 260 K by Tseng et al [19].
Fig. 2 of Ohkoshi et al [8] shows, however, that the magnitude of the
kink is a function of grain size and that it is absent from hysteresis loops
measured at room temperature for grains with diameters of ~24 nm.
The effect clearly arises from a steep decline in coercive field with
reducing grain size to ~0 for grains with diameters less than ~6 nm
[8,50]. From the perspective of magnetism, therefore, samples of
e-FepO3 with a spread of grain sizes can only be regarded as
heterogeneous.

A survey of the literature has not revealed any specific anomalies in
magnetic or structure properties to correlate with the hysteretic and
time-dependent elastic softening below ~350 K displayed in Figs. 7 and
8, respectively. In the absence of any correlation with other properties,
this softening is tentatively interpreted as being due to changes in piezo
moduli arising from changes in domain structures which, perhaps, were
related to the lower coercive field of grains belonging to the finer size
range of the variation shown in Fig. 1b.

5.4. Low temperature behaviour

The quality of resonance signals in primary RUS spectra at low
temperatures was certainly adequate to confirm that there were no overt
elastic or anelastic anomalies associated with a transition in the tem-
perature interval ~85-150 K (Fig. 9). Diffraction data of Gich et al [5,6]
indicate that the high and low temperature structures coexist over much
of this interval, which would result in smoothing out of any discrete
elastic anomalies. A wide two phase field could also account for the
broad, weak peak in Q’1 if the loss mechanism involves motion of in-
terfaces between the two phases. These results are understandable if
there is only very slight strain contrast between the two structures, as is
consistent also with the absence of any discrete anomalies in sponta-
neous strains between 150 and 100 K (Fig. 2). Tseng et al [19] identified
subtle variations in ratios of unit cell dimensions at a level of up to
~10~* between ~80 and 150 K, signifying that the total contrast in
strains is not necessarily zero, however.

As noted above, differences in f> values between zero and 5/10 T
fields can be understood as being due to changing contributions of
piezoelectric/piezomagnetic moduli for ceramic samples which start off
with multidomain microstructures and become poled at fields above ~3
T. The effect of poling seems also to have resulted in fully reversible
evolution of f2 between heating and cooling (Fig. 9), consistent with the
view that hysteretic effects in zero field are due primarily to changes in
magnetic domain configurations. The magnitude of differences between
zero field and 5/10 T increases with falling temperature and does not
appear to be influenced by the transition to the incommensurate struc-
ture. No overt evidence has been found for any metamagnetic transitions
either in the data obtained with varying temperature at constant field or
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with varying field at constant temperature.

Individual strain variations (Fig. 6) display a break in slope at ~180
K which correlates with the onset of the substantial reduction in coer-
civity originally reported by Gich et al [15] and Sakurai et al [14]. In
addition, values of Q! were higher when measured in zero field than
when measured in a field of 5 or 10 T above ~180 K but the same below
~180 K. The correlation between elimination of magnetic domain walls
in the poled sample and a lowering of acoustic loss suggests that the
walls themselves might be the main contributors to the loss mechanism
in the temperature interval ~180-300 K even though they are not fer-
roelastic and would not necessarily be expected to move in response to
an applied shear stress.

The absence of any difference in loss behaviour between zero field
and 5/10 T at temperatures below ~180 K suggests a change in prop-
erties related to the steep reduction in coercive field ahead of the tran-
sition to the incommensurate phase. As a matter of pure speculation, this
is reminiscent of a transition that occurs by cation ordering in the silicate
mineral solid solution, plagioclase feldspar (NaAlSi3Og-CaAl5SizOg), in
which the principal driving force for a commensurate to incommensu-
rate transition appears to be stabilisation of antiphase boundaries. The
antiphase boundaries are defects with a positive excess energy at some
temperatures and compositions but then become stable features of the
incommensurate structure [51,52]. On this basis, the steep reduction in
coercivity seen for e-FepO3 would be an equivalent indication that the
excess energy of magnetic domain changes from positive to negative
below ~180 K and that they end up contributing to the stability of the
incommensurate structure below ~110 K.

The main feature of the evolution of elastic properties at the lowest
temperatures is the break in slope of f2 at ~65 K, as shown in detail for
zero field in Fig. 10. Other properties which display changes at similar
temperatures are, firstly, a minimum in the ratio of remnant magnet-
isation to saturation magnetisation at ~60-80 K [15] and, secondly, an
anomaly in the real part of the dielectric susceptibility, which is inde-
pendent of frequency (up to the THz range) and displays thermal hys-
teresis (a dielectric peak at 75 K is more distinct when measured on
heating) [11]. The latter relates to the dynamics of some microstructure
or defects. Glassy behaviour is suggested by the fact that an equilibrium
state, with respect to elastic properties, is not achieved after prolonged
times at 50 K (Fig. 11b, 12b). In the absence of any more definitive in-
formation, it is concluded only that the RUS results show freezing of
some aspect of the structure or microstructure which is coupled with
strain. The question remains as to whether this relates to a distribution
of the moments of individual grains with the incommensurate structure
or freezing of some other type of magnetoelastic defect.

Absent from the RUS data is any evidence of strain coupling with the
dynamic effects responsible for the frequency dependent peak in
dielectric loss between ~100 K at 10 Hz and ~180 K at 300 kHz that was
reported by Kadlec et al [11]. This dielectric anomaly falls in almost the
same temperature and frequency range as variations of capacitance and
conductance seen by Gich et al [6], and was attributed to electronic
excitations.

5.5. Evolution of order parameter(s)

The analysis of spontaneous strains presented in Fig. 6 fits with a
conventional description of a magnetic transition at 500 K and a tem-
perature dependence of the order parameter down to ~300 K according
to the Brillouin function with J = 1/2. If there is an additional magnetic
transition at ~850 K where the change in magnetic space group Pna2;1’
- Pna’2y’ actually occurs, the transition at ~500 K would be iso-
symmetric, Pna’2;’ - Pna’2;’. In general, isosymmetric transitions are
expected to be first order in character [53], which does not fit with all
the evidence for continuity of structural and magnetic properties at
~500 K. If there is only one high temperature transition where sym-
metry is broken, an alternative view is that there are two order pa-
rameters with the same symmetry and bilinear coupling between them
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[54]. Both order parameters would have non zero values below the
transition point at ~850 K. They would follow different temperature
dependences and have a crossover at ~500 K between intervals where
one varies more strongly than the other. Garcia-Munoz et al [12] re-
ported that magnetic ordering above ~500 K involves only two of the
Fe3" sublattices while all four contribute to the ordering below this.

There is no evidence in the RUS data for a transition at ~850 K but
the same arguments in relation to the dynamics and magnitude of
strain/order parameter coupling as used to explain the absence of an
anomaly at ~500 K still apply. Alternative measurements, such as of
heat capacity and of elastic properties using lower dynamic frequencies,
would be needed to resolve the issue of whether the behaviour at ~500
K is a discrete phase transition or a crossover for two discrete order
parameter with the same symmetry but different temperature
dependences.

6. Conclusions

e-FeoO3 continues to challenge conventional descriptions of mag-
netic phase transitions in comparison with the well-established prop-
erties and behaviour of other polymorphs of Fe;O3. Changes in elastic
and anelastic properties measured at frequencies in the vicinity of ~1
MHz do not conform to the patterns of softening or stiffening that would
be expected at a classical phase transition in which spontaneous strains
couple with the square of the order parameter. The absence of elastic
anomalies at ~500 K indicates that the relaxation times for changes in
the magnetic order parameter in response to an induced strain are
slower than ~107>-107°® s. Unusual and hysteretic changes in elastic
properties are, instead, attributed to bulk piezomagnetic/piezoelectric
properties arising from the configuration of magnetic domains created
by interactions between grains which are themselves monodomain.
There is no evidence for any significant strain contrast between the
commensurate and incommensurate structures at the low temperature
transition but there is evidence of freezing of some aspect of micro-
structure or other defects in the stability field of the incommensurate
structure, below ~65 K.

The ceramic form of e-FepO3 produced by Spark Plasma Sintering has
magnetic, piezoelectric and/or piezomagnetic properties which can be
tuned by choice of grain size and thermomagnetic history. It has high
coercivity at room temperature, requiring fields of a few Teslas to
reorient the net moment acquired parallel to the direction of applied
stress during sintering. The orientation of magnetisation can, alterna-
tively, be manipulated in fields as low as 50 Oe by cooling to below
~100 K, where the coercivity becomes low. An interesting question
remains as to whether these magnetic properties can also be manipu-
lated with an electric field.
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