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Abstract

The low-frequency mechanical properties of single crystal LaAlO3 have been investigated as a function of temperature,
frequency and applied force using the technique of dynamical mechanical analysis (DMA) in three-point bend geometry.
LaAlO3 undergoes a cubic to rhombohedral phase transition below 550◦C. The mechanical response in the low-temperature
rhombohedral phase is shown to be dominated by the viscous motion of transformation twin domain walls, resulting in a factor
of 10 decrease in the storage modulus relative to the high-temperature cubic phase (super-elastic softening) and a significant
increase in attenuation. Super-elastic softening is observed down to 200◦C, below which the mobility of the domain walls
decreases markedly, causing a rapid increase in storage modulus and a pronounced peak in attenuation (domain wall freezing).
The frequency dependence of the storage modulus close to the freezing temperature is accurately described by a modified
Burgers model with a Gaussian distribution of activation energies with mean value 84.1(1) kJ/mol and S.D. 10.3(1) kJ/mol.
This activation energy suggests that domain walls are pinned predominantly by oxygen vacancies.

Detailed analysis of the dynamic force-deflection curves reveals three distinct regimes of mechanical response. In the elastic
regime, the domain walls are pinned and unable to move. The elastic response is linear with a slope determined by the intrinsic
stiffness of the lattice, the initial susceptibility of the pinning potential and the bending of twin walls between the pinning
sites. In the super-elastic regime, the domain walls unpin and displace by an amount determined by the balance between the
applied and restoring forces. The value of the apparent super-elastic modulus is shown to be independent of the spontaneous
strain and hence independent of temperature. At high values of the applied force, adjacent domain walls come into contact
with each other and prevent further super-elastic deformation (saturation). The strain in the saturation regime scales with the
spontaneous strain and the resulting modulus is strongly temperature dependent.

The possible effects of domain wall motion on the seismic properties of minerals are discussed. It is concluded that, if these
results are directly transferred to mantle-forming (Mg, Fe)(Si, Al)O3 perovskite, the strain amplitude of a typical seismic
wave would be sufficient to cause super-elastic softening. However, pinning of domain walls by oxygen vacancies leads to
very short relaxation times at mantle temperatures. If translated to (Mg, Fe)(Si, Al)O3, these would be too short to amount
to significant seismic attenuation. Increased pinning of ferroelastic domain walls by defects, impurities and grain boundaries
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in real mantle perovskite, or a significant positive activation volume for oxygen vacancy diffusion, would be sufficient to
increase the relaxation time to values resulting in seismic wave attenuation, however.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The attenuation of seismic waves is caused by the
dissipation of strain energy as they propagate through
an anelastic medium. By combining the observa-
tions of seismic attenuation with a knowledge of the
anelastic properties of minerals, the rheology of the
mantle and core may be ascertained. As tomographic
techniques have improved, seismologists have begun
to develop a detailed picture of how the attenuation
of seismic waves varies both laterally and with depth
in Earth (Romanowicz and Durek, 2000). Most work
to date has focused on attenuation in the Earth’s
upper mantle, particularly at depths just beneath the
lithosphere, where the effect is most marked and the
attenuation can reach values greater thanQ−1 = 0.01
(where Q is the quality factor). However, the mi-
croscopic mechanisms responsible for anelasticity
remain controversial. The two currently favoured the-
ories attribute anelasticity in the Earth’s upper mantle
to either the movement of dislocations (e.g. anelastic
unpinning) or grain boundary processes (e.g. grain
boundary sliding) (Karato and Spetzler, 1990; Webb
et al., 1999; Jackson et al., 2002). Anelastic processes
in minerals at high temperature and pressure have been
studied using a variety of mechanical spectroscopy
techniques (Jackson et al., 1992; Getting et al., 1997;
Gribb and Cooper, 1998a,b; Aizawa et al., 2001;
Tan et al., 2001). Information regarding attenuation
in the Earth’s lower mantle is less easily obtained.
Most models indicate thatQ is at least 400 through
the lower mantle (Romanowicz and Durek, 2000),
but there are indications of lateral variations (high
attenuation centred beneath the Pacific and Africa).
Grain boundary viscoelastic processes and disloca-
tion movement are usually assumed as the origins of
any such attenuation. Here we consider an alternative
mechanism related to the anelastic motion of transfor-
mation domain walls as a possible cause of seismic
attenuation from perovskite. Here we followNowick
and Berry (1972), in referring to time-dependent (not

instantaneous) but recoverable elastic relaxation as
“anelastic”, while viscoelastic behaviour is that which
is not instantaneous and not recoverable.

Phase transitions involving a loss of point group
symmetry lead to the formation of ferroelastic or
co-elastic transformation twins belowTc (e.g. Salje
et al., 2000). Given the common occurrence of trans-
formation twinning, surprisingly little attention has
been paid to the influence of such ferroelastic mi-
crostructures on the mechanical properties of miner-
als. This must principally be because domain walls are
unable to move appreciably on the short time scales of
conventional ultrasonic and Brillouin-scattering mea-
surements (MHz–GHz). The frequency of a seismic
wave is typically in the range mHz–Hz, which we shall
see is the region encompassing the natural resonance
of domain wall motion. On these much longer time
scales the mechanical response of a ferroelastic min-
eral is dominated by changes in its twin microstruc-
ture, leading to pronounced anelasticity and a dra-
matic apparent elastic softening (Kityk et al., 2000).

Low-frequency mechanical properties are typically
measured using the technique of dynamical mechan-
ical analysis (DMA). Various geometries may be em-
ployed, with torsion pendulum apparatus commonly
used to measure the shear modulus under dynamic
conditions of forced oscillation. Alternatively, parallel
plate geometry may be employed, or three-point bend
geometry may be adopted, whereby the deflection
of a thin strip of material in response to an alternat-
ing applied force is used to calculate the dynamic
Young’s modulus (Schranz, 1997). These methods
examine the mechanical properties at very large
wavelengths (wave vectors at, or just away from, the
Brillouin zone centre). In this paper, we present a
study of the force, frequency and temperature depen-
dence of the low-frequency mechanical properties of
single crystal LaAlO3 held in three-point bend geom-
etry. This material is commonly used as a substrate
for high-temperature superconducting thin films and
is therefore commercially available as high-quality
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single crystals of the required size. Furthermore,
LaAlO3 has the cubic perovskite structure at high tem-
peratures and undergoes a displacive phase transition
to a rhombohedral phase below 550◦C. It provides,
therefore, a useful analogy to the non-cubic MgSiO3
perovskite phase thought to make up more than 70% of
the Earth’s lower mantle and a possible insight into the
role of twinning as a source of anelasticity in the Earth.

2. Crystallographic details

The crystallographic details of the phase transition
and twin microstructure in LaAlO3 are described by
Bueble et al. (1998). Only the basic details required to
interpret the DMA experiments are reproduced here.

2.1. Phase transition and spontaneous strain in
LaAlO3

The high-temperature phase of LaAlO3 has the cu-
bic perovskite structure with space groupPm3̄m and
lattice parameteracubic ∼ 3.79 Å. Below about 550◦C
it undergoes an improper ferroelastic phase transition
to the rhombohedral subgroupR3̄c, driven by rotation
of the AlO6 octahedra about one of the cubic three-fold
symmetry axes. Adjacent octahedra rotate in opposite
senses, leading to a doubling of the unit cell along the
octahedral rotation axis. The low-temperature rhom-
bohedral phase can be described by a non-primitive
unit cell with hexagonal lattice vectors:
 ahex
bhex
chex


 =


 −1 1 0

0 −1 1
2 2 2





 acubic
bcubic
ccubic


 (1)

For the purpose of defining the spontaneous strain
associated with the phase transition, however, we can
ignore the change in translational symmetry and de-
fine a pseudo-cubic unit cell with rhombohedral shape
(apc = bpc = cpc ∼ 3.79 Å andαpc = βpc = γpc �=
90◦) that is directly comparable in size and orientation
to the high-temperature cubic unit cell. The macro-
scopic symmetry-breaking strain associated with
the phase transition is then of the form (Carpenter
et al., 1998):

e4 = e5 = e6 = apc

a0
cosαpc (2)

wherea0 is the hypothetical lattice parameter of the
high-temperature cubic phase extrapolated from above
Tc to the temperature of interest.

The lattice parameters of the hexagonal unit cell
have been determined as a function of temperature by
Chakoumakos et al. (1998), Lehnert et al. (2000)and
Howard et al. (2000). These data can be transformed
to the pseudo-cubic unit cell and used to calculate the
symmetry-breaking straine4 via Eq. (2)(Fig. 1). The
strain is negative (αpc > 90◦), which corresponds to
compression of the unit cell parallel to the octahedral
rotation axis and expansion perpendicular to this axis.
Since the symmetry-breaking strain couples to the
square of the driving order parameter for an improper
ferroelastic transition (e4 ∝ Q2), the linear variation
of e4 with temperature implies thatQ2 ∝ (Tc−T ) and
that the thermodynamic character of the transition is
second order. A similar conclusion was made on the
basis of XRD measurements of the ferroelastic twin
angle as a function of temperature (Chrosch and Salje,
1999).

2.2. Transformation twinning in LaAlO3

Transformation twins form on cooling belowTc
due to the choice of four equivalent triad axes about
which octahedral rotation can occur (Table 1). Given
the four pure twin domain states, there are six pos-
sible pairs of domain states that can meet to form a
domain wall. For each of the six pairs there are two
possible orientations of domain wall, one of the form
{1 0 0} and one of the form{1 1 0}. This produces
a total of 12 physically distinguishable twin domain
orientations.

The sample used in these experiments was a sin-
gle crystal of LaAlO3 5 mm long, 1.96 mm wide
and 0.52 mm thick (Crystal GmbH, Berlin). The
surface of the sample is parallel to (0 0 1)cubic and
the length of the sample is parallel to [1 1 0]cubic.
An optical micrograph of the twin microstructure
of the ‘as received’ starting material is shown in
Fig. 2a. This characteristic microstructure, often
referred to as ‘chevron tiling’, consists of several
mutually intersecting domain walls perpendicular to
the (0 0 1) surface. All domain wall orientations are
mutually permissible, allowing a stress-free inter-
growth of the four pure twin domain states (Bueble
et al., 1998).
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Fig. 1. Spontaneous strain (e4) vs. temperature for LaAlO3, derived from the lattice parameter data ofHoward et al. (2000). The straight
line is a fit to the data with an equation of the forme4 ∝ Q2 ∝ 1/Tc(Tc − T ), with Tc = 851 K. The linear variation confirms the
second-order character of the phase transition.

Table 1
Twin domain and twin wall orientations in LaAIO3 (Bueble et al., 1998)

Domain Axis of rotation Spontaneous strain tensor Domain pair Orientation of twin wall

I [111]




0 ē ē

ē 0 ē

ē ē 0


 I, II (010) (101)

II [1 1̄1]




0 e ē

e 0 e

ē e 0


 I, III (100) (011)

III [ 1̄11]




0 e e

e 0 ē

e ē 0


 I, IV (001) (110)

IV [111̄]




0 ē e

ē 0 e

e e 0


 II, III (001) (11̄0)

II, IV (100) (011̄)

III, IV (010) (101̄)

3. Experimental methods

Mechanical properties have been measured us-
ing a Perkin-Elmer dynamical mechanical analyser

(DMA-7) operating in three-point bend geometry
(Menard, 1999). The principle of DMA is illustrated
in Fig. 3. The sample is a single crystal beam with
length l, width w and thicknesst, supported on two
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Fig. 3. (a) Three-point bend geometry of the DMA-7. (b) Dynamic force and response signals during dynamical mechanical analysis.

knife edges (Fig. 3a). A force is applied using a elec-
tromechanical force motor with a force resolution of
1 mN. This impinges upon the sample from above via
a third knife edge located halfway along the sample
length. The applied force has a static component (FS),
which ensures that the sample remains in contact with
the knife edges at all times and a dynamic component
(FD) with frequency (f) in the range 0.01–50 Hz. The
amplitude (u) and phase lag (δ) of the mechanical
response are measured via electromagnetic induc-
tive coupling with a resolution of�u ∼ 10 nm and
�d ∼ 0.1◦, respectively (Fig. 3b). The amplitude of
displacement is a function of both the Young’s (Y) and
shear (G) moduli, but in three-point bend geometry
the contribution from the shear modulus vanishes for
l 	 w (Kityk et al., 2000). Under these conditions,
the dynamic Young’s modulus parallel to the sample
length is simply related to the dynamic force and the
amplitude of deflection (uD) via:

Y = l3

4t3w

FD

uD
exp(iδ) (3)

This expression is derived for an isotropic solid.
In an anisotropic material, such as our single crystal
low-symmetry perovskite, the measured modulus is
an effective Young’s modulus transformed parallel
to l and hence is a combination of individual tensor
components. The real (Y ′ = |Y | cosδ) and imaginary
(Y ′′ = |Y | sinδ) components of the dynamic mod-
ulus are referred to as the storage and loss moduli,
respectively. The ratioY ′′/Y ′ = tanδ is the attenu-
ation (energy dissipated per cycle). This quantity is

often referred to asQ−1 (inverse quality factor) in the
geophysics literature. A perfectly elastic material has
tanδ = 0, whereas an anelastic material has tanδ > 0.
The sample assembly is encased in a resistance fur-
nace, permitting measurement up to a temperature of
∼700◦C. The absolute accuracy of the values of mod-
uli obtained is affected by measurement errors, zero
errors and systematic offsets within the apparatus and
is therefore relatively low (10–20%). This means that
the technique is not suitable for determining absolute
values of the elastic constants. However, the relative
precision is better than 1%, allowing changes in me-
chanical properties as a function of force, frequency
and temperature to be determined with a high degree
of sensitivity. For this reason, comparisons between
different DMA experiments are usually made in terms
of the relative modulus.

Three different types of experiment have been per-
formed; temperature scans, frequency scans and dy-
namic force scans. In a temperature scan,FS, FD and
f are held constant, while the temperature (T) is swept
up or down at a rate of 5◦C/min. Values of the storage
modulus and tanδ are recorded continuously and then
averaged into temperature bins of chosen width (typ-
ically 1–5◦C). FD is set to a value of approximately
0.9FS, so that the minimum and maximum forces on
the sample are 0.1FS and 1.9FS, respectively. Values
for FS are typically in the range 100–500 mN. All
temperature scans were performed at a frequency of
1 Hz. In a frequency scan,FS, FD andT are held con-
stant whilef is swept between 0.1 and 50 Hz. The rate
of the frequency sweep is automatically controlled
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by the data collection software and varies between
0.04 Hz/min at low frequencies and 4 Hz/min at high
frequencies. In a dynamic force scan,T andf are held
constant whileFD is swept between 50 and 500 mN
at a rate of 10 mN/min. In these experiments,FS was
programmed to maintain a value of 1.2FD at all times.

4. Results and analysis

All experiments have been performed on the same
single crystal of LaAlO3. The results are described
in the same sequence that the experiments were per-
formed, so that they can be properly correlated with
the changes in twin microstructure that occurred over
time.

4.1. Mechanical properties as a function of
temperature (Tmax < Tc)

Previous experiments with similar starting materials
have demonstrated that LaAlO3 displays very little
twin memory (i.e. the arrangement of domain walls
found after heating to temperatures aboveTc and then
cooling bears no relation to the initial arrangement;
Hayward, personal communication). For this reason,
initial temperature scans were limited to a maximum
temperatureTmax < Tc, in order to preserve as much
as possible the chevron microstructure ofFig. 2a.

Fig. 4. Temperature dependence of the storage modulus (solid circles) and tanδ (open circles) of the “as-received” starting material during
(a) heating and (b) cooling. Measurement conditions wereFS = 100 mN,FD = 90 mN andf = 1 Hz. Small-amplitude discontinuities in
(a) are caused by the disappearance of the{1 1 0} domain walls on annealing under dynamic load (seeFig. 2).

A temperature scan of the ‘as-received’ sample
from room temperature to 500◦C is shown inFig. 4a.
The corresponding cooling scan is shown inFig. 4b.
The scans were recorded usingFS = 100 mN,FD =
90 mN andf = 1 Hz and are normalised relative to
the maximum observed modulus. The relative mod-
ulus at room temperature is∼1 and tanδ is ∼0.02.
Small changes in modulus and tanδ occur between
room temperature and 100◦C. Between 100 and
200◦C, however, the relative modulus drops rapidly
to a value of∼0.15. This is accompanied by a pro-
nounced peak in tanδ, which reaches a maximum
value of 0.89 at 150◦C. Between 200 and 500◦C, the
relative modulus remains at a low value, but shows
several small-amplitude discontinuous increases and
decreases. A minimum value of 0.092 is reached at
367◦C, which represents more than a factor of 10
decrease in the storage modulus compared to the
initial room temperature value. Each abrupt change
in modulus between 200 and 500◦C is accompanied
by a small discontinuity in tanδ, which otherwise
decreases gradually from 0.32 to 0.16 over this tem-
perature interval. No small-amplitude discontinuities
are observed on cooling from 500◦C to room tem-
perature (Fig. 4b), but the behaviour is otherwise
reversible. All subsequent heating and cooling scans
were identical toFig. 4b.

The huge apparent elastic softening inFig. 4 is ac-
tually a reflection of the onset of domain wall mobility
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above 100◦C, which results in large sample strains for
small applied forces (Kityk et al., 2000). The macro-
scopic spontaneous strain in the low-temperature
rhombohedral phase corresponds to compression of
the structure along the octahedral rotation axis and
extension in the plane perpendicular to this. The ori-
entation of the axes of compression and extension in
each of the four pure twin domain states is illustrated
by the ellipses inFig. 2a (minor axis: compression,
major axis: extension). Domains I and IV have their
axes of compression oriented parallel to the length of
the sample, whereas domains II and III have their axes
of compression perpendicular to the length. When
a stress is applied, the sample is able to change its
length by simply changing the volumetric proportions
of the differently oriented domains. For example, a
compressive stress applied along the length of the
crystal lowers the free energy of domains I and IV
with respect to the free energy of domains II and III,
producing an effective force on the (0 1 0) domain
walls. Provided that this driving force exceeds the
unpinning force, the domain walls will move. The re-
sulting macroscopic strain is then determined by the
magnitude of the rhombohedral distortion, the num-
ber of domain walls per unit length and the distance
moved by each wall. The resulting storage modulus
is very much less than the intrinsic modulus of the
lattice (super-elastic softening).

Domain wall motion is anelastic, with a time de-
pendence that results from wall–wall, wall–surface
and wall–defect interactions. Furthermore, domain
wall unpinning is a thermally activated process. If
temperatures are high enough to overcome the en-
ergy barriers due to pinning then domain walls will
move on the time scale of the DMA measurement
and produce the apparent super-elastic softening. If
the temperature is too low then domain walls are
effectively frozen and only the intrinsic modulus is
measured (Zimmermann and Schranz, 1996). The
characteristic relaxation time for domain wall motion,
τ , varies according to the Arrhenius relationship:

τ = τ0 exp

(
E

RT

)
(4)

whereE is an activation energy. At low temperatures,
the relaxation time for domain wall motion is large.
Thus, at temperatures below those at which resonance
is seen (ωτ 	 1, whereω = 2πf is the angular fre-

quency of the DMA experiment), no domain wall mo-
tion is possible on the time scale of the measurements.
In this caseY′ is equal to the intrinsic modulus of
the lattice and tanδ is zero (‘domain wall freezing’).
Super-elastic softening is observed at the other side of
the resonance peak (ωτ � 1). In this regime, the en-
ergy dissipated per cycle is equal to the work done in
overcoming the resistance to the movement of domain
walls, leading to the roughly temperature-independent
value of tanδ at T > 200◦C (Fig. 4). The maximum
in tanδ occurs at the resonance frequency, whenωτ =
1, which defines the freezing temperatureTf .

After several heating and cooling cycles, the sam-
ple was removed from the DMA and the twin mi-
crostructure was re-examined under an optical mi-
croscope. The chevron microstructure of intersecting
{1 0 0} and{1 1 0} domain walls was found to have
changed to a lamellar microstructure consisting pre-
dominantly of parallel{1 0 0} walls and needle do-
mains (Fig. 2b). The rapid disappearance of the{1 1 0}
domain walls on heating is most likely the cause of the
small-amplitude discontinuities in modulus and tanδ

between 200 and 500◦C. The {1 1 0} domain walls
have no net force on them due to the externally ap-
plied force, since the component of spontaneous strain
parallel to the length of the sample is equal in the
adjacent twin domains (Fig. 2a). However, twin do-
mains are metastable with respect to a single crystal
and will anneal out under thermal activation. It seems
that domains with walls that experience a force under
dynamic stress, such as the{1 0 0} walls in the geom-
etry of this experiment, are less susceptible to thermal
annealing. This is most likely related to the fact that
each domain experiences opposite forces at the top
and bottom of the crystal, which hinders the mecha-
nism of domain coarsening. Before annealing, the in-
tersection of the{1 1 0} and{1 0 0} walls hinders the
movement of the{1 0 0}walls, contributing to the high
stiffness of the starting material below 100◦C. Once
the{1 1 0} walls have been destroyed by thermal an-
nealing, the parallel sets of{1 0 0} twins are free to
move and contribute to the super-elastic softening.

4.2. Mechanical properties as a function of
temperature (Tmax > Tc)

After the temperature scans withTmax < Tc,
the same sample was reinserted into the DMA and
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Fig. 5. Temperature dependence of (a) the storage modulus and (b) tanδ during heating and cooling through the cubic–rhombohedral phase
transition with small applied forcesFS = 200 mN,FD = 180 mN andf = 1 Hz. The parts (c) and (d) show the temperature dependence
with large applied forcesFS = 500 mN,FD = 450 mN andf = 1 Hz. The modulus in (a) is virtually independent of temperature in the
super-elastic regime between 200 and 500◦C. The modulus in (c), however, scales withe−1

4 ∝ Q−2 ∝ (Tc − T )−1.

several temperature scans were performed with
Tmax> Tc (Fig. 5). The behaviour withFS = 200 mN,
FD = 180 mN andf = 1 Hz (Fig. 5a and b) is quali-
tatively similar to that observed inFig. 4. There is a
rapid decrease in modulus between room temperature
and 200◦C associated with the gradual unfreezing of
the domain walls and a corresponding peak in tanδ.
The heating experiment (closed circles inFig. 5a)
shows a relatively large discontinuity in the modulus at
180◦C, indicating a sudden irreversible change in the
twin microstructure at this temperature. The cooling
curve (open circles inFig. 5a) is more typical of the
behaviour observed in subsequent temperature scans.
The value of the modulus remains roughly constant

in the super-elastic regime between 200 and 500◦C,
whereas tanδ decreases gradually over this tempera-
ture interval. Between 500◦C andTc there is a rapid
increase in modulus and a rapid decrease in tanδ.
This increase is due to a combination of the struc-
tural changes associated with the rhombohedral–cubic
phase transition and the disappearance of the trans-
formation twins in the high-temperature phase. Typ-
ically, the value of the storage modulus measured a
few degrees aboveTc is a factor of 10 higher than the
minimum value observed belowTc.

The observation of a temperature-independent mod-
ulus in the super-elastic regime contrasts strongly with
the behaviour observed in SrTiO3, where the modulus
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Fig. 6. The compliance (J = 1/Y ′) vs. temperature measured withFS = 500 mN,FD = 450 mN andf = 1 Hz. The step in compliance
at T = Tc is due to the coupling between the order parameter and the spontaneous strain, as expected for a second-order improper
ferroelastic phase transition (Carpenter and Salje, 1998). The linear section belowTc is the super-elastic contribution, which scales with
e4 ∝ Q ∝ (Tc − T )−1 in the saturation regime. The decrease in the compliance below 200◦C is due to domain wall freezing.

was observed to scale withe−1
4 ∝ Q−2 ∝ (Tc − T )−1

(Kityk et al., 2000). This behaviour can be reproduced
in LaAlO3, however, by simply increasing the values
of the static and dynamic forces (Fig. 5c and d). A plot
of compliance (J = 1/Y ′) versus temperature mea-
sured withFS = 500 mN andFD = 450 mN is shown
in Fig. 6. The temperature dependence can be fitted
with an equation of the form:

J (T ) = J0 for T > Tc (5)

J (T ) = J0 + Jstep+ δJ
Tc − T

Tc
for T < Tc (6)

whereJ0 is the intrinsic compliance of the high-tempe-
rature cubic phase,Jstep the change in the unrelaxed
compliance atT = Tc due to coupling between the
driving order parameter and the spontaneous strain
(Carpenter and Salje, 1998) and δJ is the maximum
anelastic contribution to the compliance. Values of
Jstep = 0.0055 GPa−1 and δJ = 0.214 GPa−1 were
derived, which translates to a step decrease in the stor-
age modulus due to order parameter–strain coupling of
26 GPa atT = Tc and a maximum decrease of 53 GPa

due to super-elastic softening. Hence, the magnitude
of the super-elastic contribution from mobile domain
walls is a factor of two greater than the intrinsic
elastic softening (i.e. that which would normally be
observed in high-frequency ultrasonic experiments).

After several heating and cooling cycles, the sample
was removed from the DMA and the twin microstruc-
ture was re-examined under an optical microscope
(Fig. 7). Whereas previously, the microstructure was
dominated by{1 0 0} twins oriented at 45◦ to the
length of the sample and perpendicular to the sur-
face (Fig. 2b), it was now found to be dominated
by {1 1 0} twins oriented at 45◦ to the length of the
sample and 45◦ to the surface. Inclined domain walls
can be easily recognised by the complex interference
fringes which appear under crossed polars. Domain
walls in this orientation do experience a force due
to the applied stress, therefore contributing to the
super-elastic softening. For example, domains I and II
(Fig. 2aandTable 1) have their axes of compression
and extension perpendicular to each other and can
meet at a domain wall parallel to (1 0 1).
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Fig. 7. Optical micrograph of the LaAlO3 sample after repeated
heating and cooling through the cubic–rhombohedral phase transi-
tion under dynamic load. Central fringes indicate the presence of
{1 1 0} domain walls at 45◦ to the surface. Away from the central
region{1 0 0} twins are visible.

4.3. Mechanical properties as a function of
frequency

To further investigate the changes in the modulus
which occur close to the domain wall freezing temper-
ature and determine a value for the activation energy
for domain wall motion, the frequency dependence
of the storage modulus was measured at a range of
temperatures between room temperature and 300◦C
(Fig. 8a). At room temperature, the modulus is high
and shows no variation with frequency (dispersion)
above 5 Hz. With increasing temperature, the overall
value of the modulus decreases, whereas the range
of values due to dispersion increases to a maximum
at 150◦C and then decreases. By a temperature of

300◦C, the modulus has reached its minimum value
and the dispersion is again zero.

The frequency dependence of the modulus can
be modelled quantitatively using a modified Burg-
ers model of a linear viscoelastic solid (Jackson,
2000; Karato and Spetzler, 1990). The Burgers model
consists of a number of elastic springs and vis-
cous dashpots in series and parallel combinations.
The response function under constant stress,σ , is
given by:

J (t) = e(t)

σ
= JU + δJ

[
1 − exp

(−t
τ

)]
+ t

η
(7)

whereJ(t) is the compliance,e(t) the strain,JU andδJ
are the instantaneous (elastic) and the time-dependent
(anelastic) contributions to the compliance,τ is
the anelastic relaxation time (Eq. (4)) and η the
steady-state Newtonian viscosity (not required for a
purely anelastic relaxation). For an alternating stress
with angular frequencyω, the corresponding dynamic
complianceJ(ω), is given by (Jackson, 2000):

J (ω) = JU + δJ

1 + iωτ
− i

ηω
(8)

with real and imaginary componentsJ1(ω) andJ2(ω),
respectively:

J1(ω) = JU + δJ

1 + ω2τ2
(9)

J2(ω) = ωτδJ

1 + ω2τ2
+ 1

ηω
(10)

In a real material, it is usually found that a distri-
bution of characteristic relaxation times is required
to fit the experimental data, implying a range in
activation energies for the viscous components of
the model. Attempts to model our frequency- and
temperature-dependent data using a single activation
energy resulted in domain wall freezing over much
too narrow a temperature range. We have therefore
modified the Burgers model to account for a Gaussian
distribution of activation energies,D(E):

D(E) = 1

δE
√

2π
exp

(−(E − Eav)
2

2δE2

)
(11)

where Eav is the average activation energy andδE
the standard deviation from the mean. The response
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Fig. 8. (a) Frequency dependence of the storage modulus at temperatures close to the domain wall freezing temperature (open symbols).
Solid lines represent the results of a fit of the data at all temperatures simultaneously, using the modified Burgers model (Eq. (13)). Fit
parameters areEav = 84.1(1) kJ/mol,δE = 10.3(1) kJ/mol,τ0 = 2.10(4) × 10−11 s, JU = 0.011 GPa−1 and∆ = 10. (b) Comparison of
the calculated temperature dependence of the storage modulus forf = 1 Hz usingEq. (13)and the fit parameters derived from (a) (line)
with the experimental observations (open circles).

function then becomes (Jackson, 2000):

J (t) = e(t)

σ
= JU

{
1 +∆

∫ ∞

0
D(E)

×
[
1 − exp

( −t
τ0 exp(E/RT)

)]
dE

}
+ t

η

(12)

where∆ is the relaxation strength (ratio of anelastic to
elastic strain). The real and imaginary components are:

J1(ω) = JU

{
1 +∆

∫ ∞

0
D(E)

×
[

1

1 + ω2[τ0 exp(E/RT)]2

]
dE

}
(13)

J2(ω) = ωJU∆

{∫ ∞

0
τ0exp(E/RT)D(E)

×
[

1

1 + ω2[τ0 exp(E/RT)]2

]
dE

}
+ 1

ηω

(14)

Eq. (13)has been used to fit the frequency-dependent
measurements at all temperatures simultaneously,
yielding values ofEav = 84.1(1) kJ/mol, δE =
10.3(1) kJ/mol, τ0 = 2.10(4) × 10−11 s, JU =
0.011 GPa−1 and∆ = 10. The results of the fit are
shown as the solid lines inFig. 8a. The internal con-
sistency of the fit parameters was tested by using them
to calculate the temperature dependence of the storage
modulus with a frequency of 1 Hz and comparing it
to the experimental observations (Fig. 8b). Excellent
agreement between the two sets of data is observed,
without any change in the fit parameters necessary.

The activation energy of 84.1 kJ/mol is very close
to the activation energy of 87–106 kJ/mol commonly
associated with oxygen vacancy diffusion in oxide ce-
ramics (Wang et al., 2001; Yan et al., 1999; Wang and
Fang, 2002). We are confident, therefore, in attributing
the pinning of domain walls to the presence of oxy-
gen vacancies in LaAlO3. Understanding the mobility
and concentration of oxygen vacancies as a function
of temperature and pressure will, therefore, be crucial
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in determining how the seismic properties of mantle
minerals are influenced by the presence of twins (see
Section 5).

4.4. Mechanical properties as a function of force

The non-linearity of the mechanical response noted
earlier (Fig. 5) was investigated further by perform-
ing dynamic force scans at a range of temperatures
between room temperature and 500◦C (Fig. 9). For a
perfectly linear response, the storage modulus should
be independent ofFD. At room temperature, the mod-
ulus is constant forFD > 100 mN but increases signif-
icantly at lower forces. This is believed to reflect an in-
strumental artefact caused by the decreasing sensitiv-
ity of the measurements when the amplitude of deflec-
tion is smaller than 1 mm. At 100◦C, the modulus is
constant between 100 and 350 mN and then decreases
abruptly. This is accompanied by an abrupt increase in
tanδ (Fig. 9b). These sudden changes correspond to
the unpinning of domain walls above a critical value

Fig. 9. Dynamic force dependence of (a) the storage modulus and (b) tanδ between room temperature and 500◦C. For clarity, modulus
and tanδ curves have been offset vertically as a function of temperature. Non-linearity of the modulus below dynamic forces of 100 mN is
thought to be an instrumental artefact. The sudden decrease in modulus and increase in tanδ above a critical value of the dynamic force
is associated with the unpinning of domain walls.

of FD (F crit
D ). With FD < F crit

D , domain walls remain
pinned and the compliance is determined by the intrin-
sic compliance of the lattice plus larger components
due to the susceptibility of the pinning potential (i.e.
reversible displacements of the domain walls occur by
an amount inversely proportional to the curvature of
the pinning potential) and the bending of domain walls
between pinning sites. WithFD > F crit

D , domain walls
are able to escape their pinning sites and super-elastic
softening is observed. The value ofF crit

D decreases
with increasing temperature, as thermal fluctuations
enable domain walls to unpin. The maximum instan-
taneous value of the applied force required to unpin
the domain walls (=2.2F crit

D ) is shown as a function
of temperature inFig. 10. No unpinning was observed
at room temperature up to a maximum applied force
of 1760 mN. By 500◦C, no clear value ofF crit

D could
be identified (i.e. unpinning is dominated by thermal
fluctuations).

Values of the modulus and tanδ vary signifi-
cantly as a function ofFD in the super-elastic regime
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Fig. 10. Variation in the maximum applied force required to unpin
domain walls as a function of temperature. Line is a guide to the
eye.

(Fig. 9). To understand the origin of this non-linear
behaviour it is more useful to plot the raw data as
FD versusuD (Fig. 11). These plots can either be
interpreted as stress–strain curves or (rotated through

Fig. 11. Dynamic force amplitude,FD, vs. dynamic deflection amplitude,uD at f = 1 Hz and temperatures from (a) room temperature to
200◦C and (b) 200–500◦C. The elastic regime occurs forFD < F crit

D . Domain walls are pinned and the slope of the force–deflection curve
is determined by the intrinsic stiffness of the lattice. The super-elastic regime occurs forFD < F crit

D . Domain walls unpin and displace by
an amount determined by the balance between applied force and the anelastic restoring force. The force–deflection curve is linear with
slope 1/10 of that in the elastic regime. Note the coincidence of the force–deflection curves in the super-elastic regime between 200 and
500◦C. The saturation regime occurs when adjacent domain walls come into contact with each other and no further displacements are
possible. The constant value ofuD in the saturation regime (usat

D ) is given byEq. (17)and scales with the spontaneous strain.

90◦) the positive quadrant of the ferroelastic hys-
terisis loop. At room temperature, the stress–strain
curve is a straight line, corresponding to an ideal
(Hookian) elastic material with constant modulus.
At higher temperatures, the stress–strain curves are
linear for FD � F crit

D , but deviate increasing from
linearity as the ‘yield-point’ associated with the un-
pinning of domain walls is reached. This deviation
from linearity may be related to the anharmonicity
of the pinning potential as the domain walls begin to
pull away from their pinning sites. At temperatures
between 200 and 400◦C (i.e. well above the do-
main wall freezing temperature but significantly less
thanTc) the stress–strain curves show a well-defined
linear section atFD > F crit

D . In this super-elastic
regime, the stress–strain curves are essentially co-
incident and have a slope which is a factor of 10
smaller than the slope atFD < F crit

D . At some higher
value ofFD, we enter a third regime where the slope
of the stress–strain curve is effectively infinite. In
this regime, any increase inFD produces no further
increase inuD.
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Fig. 12. Schematic illustration of how the orientation of domain walls change under load in three-point bend geometry. (a) In the unstressed
case, the beam is straight and the domain walls are in their preferred orientation (in this case at 45◦ to the sample surface, as inFig. 7).
Positive domains have their axes of extension parallel to the length of the sample. Negative domains have their axes of compression parallel
to the length. (b) In the stressed case, negative domains grow at the top surface and positive domains grow at the bottom surface, leading
to the rotation of adjacent walls in opposite senses. Saturation occurs when the domain walls at the centre of the sample come into contact.

This hardening effect is caused by the transition
from a multi-domain state to a mono-domain state at
the top and bottom surfaces of the sample (saturation).
Fig. 12ashows an unstressed beam containing parallel
domain walls at 45◦ to the surface. The twin domains
marked “+” have their axis of extension parallel to the
length of the sample, whereas those marked “−” have
their axis of compression parallel to the length. As the
sample deflects in response to an applied force, con-
traction of the top surface is accommodated by growth
of the negative domains, while expansion at the bot-
tom surface is accommodated by growth of the pos-
itive domains. The net effect is that adjacent domain
walls rotate in opposite senses (Fig. 12b). If the force
is large enough, then the domain walls come in con-
tact with each other at the top and bottom surfaces and
no further displacements can take place (in practice
there will be a small increase inuD at high forces due
to the intrinsic compliance of the lattice).

The amplitude of the deflection in the saturation
regime (usat

D ) varies greatly with temperature, increas-
ing to a maximum at 200◦C and then decreasing with
temperature asTc is approached (Fig. 11b). The de-
flection is proportional to the longitudinal strain at the
top surface of the crystal (e):

uD = l2

6t
e (15)

The longitudinal super-elastic strain due to domain
wall motion at the top surface of the crystal (ese) is
given by:

ese = N(e′′A − e′′B)�x
′′ (16)

whereN is the number of domain walls per unit length,
e′′A ande′′B are the components of spontaneous strain

parallel to the length of the sample in adjacent do-
mains A and B and�x′′ is the distance moved by each
domain wall. The average distance between the do-
main walls is 1/N and the domain wall displacement
at saturation is, therefore,�x′′ = 1/2N . The deflec-
tion at saturation (neglecting the intrinsic elasticity of
the lattice) is then:

usat
D = l2

12t
(e′′A − e′′B) (17)

Hence,usat
D scales linearly with the spontaneous strain,

which explains the decrease inusat
D between 300◦C

and Tc (Fig. 11b). The increase inusat
D between 150

and 200◦C may reflect a difference in the spacing
of the domain walls in these two measurements. Al-
thoughEq. (17) predicts thatusat

D is independent of
N, this only holds if the domain walls are uniformly
spaced over the whole length of the sample. Micro-
scopic examination of the samples revealed, however,
that twins were generally concentrated at the centre
of the sample (where the radius of curvature is great-
est), leaving much of the sample twin free. In this case
usat

D is sensitive to both the spontaneous strain and the
spacing of domain walls.

5. Discussion

5.1. Change in the temperature dependence of
mechanical properties as a function of force

It is clear from Eq. (17) and Fig. 11 that, in the
saturation regime, the storage modulus will scale
with e−1

4 ∝ Q−2 ∝ (Tc − T )−1 (Figs. 5c and 6).
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Fig. 13. Simple two-domain model of domain wall rotation in three-point bend geometry. Thee′′A ande′′B are the components of spontaneous
strain parallel to the length of the sample in the two domains A and B. The variabley is the vertical distance from the neutral axis (dashed
line). The�x′′ is the component of domain wall shift parallel to the length of the sample at a given value ofy.

In the super-elastic regime, however, the modulus is
observed to be independent of temperature. This can
be explained in terms of a local model of the domain
wall energy. To avoid the complexities of wall inter-
actions, we will consider a simple model containing
two twin domains separated by a single domain wall
(Fig. 13). To avoid further complexities due to the
three-point bend geometry we assume that the dis-
placement of the domain wall,�x′′, is much smaller
than the length of the sample,l.

A force, FD, is applied to the sample in three-point
bend geometry, resulting in a deflection,uD. The lon-
gitudinal strain at a distancey from the neutral axis is
given by:

e = 12uD

l2
y (18)

If this strain is assumed to be taken up entirely by
the displacement of the domain wall, then substituting
N = 1/l into Eq. (16)and combining withEq. (18)
leads to:

�x′′ = 12uD

l(e′′A − e′′B)
y (19)

Hence, the domain wall displacement is proportional
to y, resulting in a simple rotation of the wall away
from its preferred orientation (Fig. 13).

In the absence of any restoring force, the domain
wall will continue to rotate under the influence of the
applied force, leading to viscoelastic behaviour (i.e.
uD → ∞ as t → ∞). In the presence of a restor-
ing force, however,uD relaxes towards an equilib-
rium value ast → ∞ (anelastic behaviour). Restoring
forces are caused predominantly by the pinning of do-
main walls by defects and the interaction between the
neighbouring domain walls (Wang et al., 1996). The
latter is neglected in this simple two-domain model,
while the effect of pinning is negligible within the
super-elastic regime. A third source of restoring force
is the elastic anisotropy energy associated with rotat-
ing the domain wall away from its preferred orienta-
tion (Salje and Ishibashi, 1996). As the domain wall
rotates, a lattice mismatch between the adjacent do-
mains develops and an additional ‘compatibility’ strain
is required in each domain to preserve the continuity
of the lattice (Tsatskis et al., 1994). The anisotropy
energy per unit volume is equal to the elastic energy
associated with this compatibility strain. For small dis-
placements, the compatibility strain is proportional to
the spontaneous strain multiplied by the twin rotation
angle (Salje and Ishibashi, 1996) and the anisotropy
energy can be written in its simplest form as:

�Eanisotropy= VUanisotropye
2
4

(
d�x′′

dy

)2

(20)
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whereV is the volume,Uanisotropyis a combination of
the intrinsic elastic constants and d�x′′/dy is the slope
of the domain wall relative to its preferred orientation
(i.e. the domain wall rotation angle).

Differentiating Eq. (19) and substituting into
Eq. (20), the force required to bend the sample can
be calculated:

FD = d�Eanisotropy

duD
= 288VUanisotropye

2
4

l2(e′′A − e′′B)2
uD (21)

The storage modulus is then calculated fromEq. (3):

Y = l3

4t3w

FD

uD
= 72l2Uanisotropye

2
4

t2(e′′A − e′′B)2
(22)

If the orientation of the applied stress is defined by
the set of direction cosines,ai , with respect to the
crystallographic axes of the high-temperature cubic
phase, then the quantity(e′′A − e′′B) reduces to:

(e′′A − e′′B) = 4e4(a1a2 + a2a3) (23)

and the dependence of the storage modulus on the
spontaneous strain disappears:

Y = 9l2Uanisotropy

2t2(a1a2 + a2a3)2
(24)

5.2. Implications for anelasticity in the earth

Domain microstructures have the potential to mod-
ify the velocities and attenuation of both P and S
waves. The overall quality factor of a rock,Q−1

Y , is
given by:

Q−1
Y =

(
G

3K +G

)
Q−1
K +

(
3K

3K +G

)
Q−1
G (25)

whereK is the bulk modulus,G the shear modulus
andQ−1

G andQ−1
Y are the losses in shear and hydros-

tratic compressional deformation respectively. This re-
veals a strong weighting for loss in shear.Dewaele and
Guyot (1998)have shown that the attenuation of the
compressional modulus is near zero in the lower man-
tle, while that of the shear modulus dominates. This
is also the case for attenuation mechanism proposed
here, since the loss due to domain wall motion con-
tributes exclusively toQ−1

G . In rocks where domain
wall motion is the dominant cause of attenuation we
therefore expect to seeQ−1

K � Q−1
G .

How likely is it that twin microstructures exist in the
perovskites of the lower mantle? Transmission elec-
tron microscopy observations byWang et al. (1990,
1992) and Martinez et al. (1997)demonstrated the
existence of multiple twins in synthetic run products
annealed under lower mantle conditions, probably
developing on quenching through a phase transition.
However, the presence of domain walls need not im-
ply the existence of a phase transition along the mantle
geotherm. Such twin microstructures may develop on
annealing at temperatures well before any potential
transition occurs. This is especially true for material
annealed in the presence of non-hydrostatic stress or
subjected to short time scale seismic stress. On the
other hand, perovskite material embedded in a mantle
deforming under the ambient tectonic stress might
reach saturation if the accumulated tectonic strain is
sufficient, in which case each crystal would become
a poled mono-domain grain. While it is therefore
unlikely that twins pervade the entire lower mantle,
there may be regions in the lower mantle where con-
ditions favour their presence. In this case, one would
expect to observe heterogeneous patterns of seismic
attenuation, coupled with low seismic velocities.

To assess the importance of domain wall motion
on the mechanical properties of minerals in the Earth,
we must consider how the stress, strain and frequency
conditions of our laboratory experiments compare to
those involved in the propagation of the seismic waves.
The amplitude of the strain involved in seismic wave
propagation is crucial, since it determines whether the
material is in the elastic, super-elastic, or saturation
regimes. The boundary between the elastic and the
super-elastic regimes is defined by the value ofuD at
the yield point of the force–deflection curves (Fig. 11),
which decreases from 0.6�m at 100◦C to 0.1�m at
500◦C (f = 1 Hz). The corresponding maximum lon-
gitudinal strain at the point of unpinning (i.e. that mea-
sured at the top and bottom surfaces of the crystal) is
between 7.49× 10−5 and 1.24× 10−5 (Eq. 15). This
is larger than the strain amplitude of a typical seis-
mic wave (10−8 to 10−6; Karato and Spetzler, 1990),
implying that the material would remain in the elastic
regime. However, the strain at unpinning is sensitive
to both frequency and temperature, so at lower seis-
mic frequencies and higher temperatures, the strain
required to unpin domain walls will be significantly
less—easily within the range of seismic waves. On the



270 R.J. Harrison, S.A.T. Redfern / Physics of the Earth and Planetary Interiors 134 (2002) 253–272

Fig. 14. (a) Anelastic relaxation time vs. depth in Earth calculated assuming an activation energy at atmospheric pressure of 84 kJ/mol
and a pre-exponential constant of 2.1 × 10−11 s. The pressure and temperature dependence of the activation energy was calculated using
Eqs. (26) and (27)and values ofK0, K′ and K̇ appropriate for (Mg, Fe)(Si, Al)O3 perovskite (Duffy and Anderson, 1989). (b) Anelastic
relaxation time vs.E0, calculated at a depth of 1000 km and a constant pre-exponential factor of 2.1×10−11 s. A value ofE0 = 150 kJ/mol
is sufficient to yield a relaxation time equivalent to that observed in LaAlO3 at 500◦C and atmospheric pressure, corresponding to a value
of tanδ = 0.1.

other hand, it can be assumed that the strains involved
are very much less than those required to produce sat-
uration.

For a given mechanism to contribute significantly to
seismic attenuation, the relaxation time must be close
to the period of seismic waves (10−2 < τ < 104 s).
The relaxation time for domain wall motion as a func-
tion of depth in the Earth is plotted inFig. 14a, as-
suming that the mechanism of domain wall pinning
in (Mg, Fe)(Si, Al)O3 perovskite is the same under
mantle conditions as that observed in single crystal
LaAlO3 at atmospheric pressure. The pressure depen-
dence of the activation energy,E, was estimated using
the equations (Keys, 1958):

E = E0 + PVa (26)

Va = 4E0

K0 +K ′P + K̇T
(27)

where E0 is the activation energy at atmospheric
pressure,Va the activation volume for oxygen va-
cancy diffusion,K0 the bulk modulus at atmospheric
pressure and temperature andK′ and K̇ are the first
derivatives of the bulk modulus with respect to pres-
sure and temperature, respectively. Values ofK0 =
266 GPa,K ′ = 3.9 andK̇ = −0.031 GPa/K for (Mg,

Fe)(Si, Al)O3 perovskite were taken fromDuffy and
Anderson (1989).

Relaxation times decrease rapidly with increasing
depth in the upper mantle, but are to a first approxi-
mation constant within the lower mantle. For a value
of E0 = 84 kJ/mol, relaxation times of∼3 × 10−8 s
are predicted within the lower mantle, indicating that
twins, if present, would be extremely mobile and able
to contribute readily to super-elastic softening. We
would not normally consider such rapid processes as
important sources of attenuation, however. Having
said that, the value of tanδ = 0.1 observed at 500◦C
and 1 Hz (Figs. 4 and 5) is still large, despite the low
relaxation time of 10−5 s at this temperature. This ob-
servation suggests that attenuation due to domain wall
motion is still significant for relaxation times well be-
low the period of the applied force. An activation vol-
ume of 10−6 m3/mol increases the activation energy
by 1 kJ/mol for every 1 GPa of pressure. Experimental
determinations of the activation volumes for point de-
fect and cation diffusion in mantle minerals are scarce.
Eq. (27) provides an estimate of the activation vol-
ume at atmospheric pressure of∼1.3× 10−6 m3/mol.
Activation volumes of 2–3× 10−6 m3/mol for cation
diffusion in MgSiO3 and MgO were estimated by
Yamazaki and Karato (2001). Fig. 14b shows the
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relaxation time at 1000 km depth as a function ofE0.
A modest increase inE0 to 150 kJ/mol is sufficient to
produce relaxation times equivalent to those observed
in the current experiments and hence equivalent values
of tanδ. In any case, our results highlight the funda-
mental importance of microstructure in determining
the low-frequency mechanical properties of miner-
als and point towards a new range of measurements
which need to be investigated in the Earth sciences.
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