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Dynamical excitation and anelastic relaxation of ferroelastic domain walls in LaAlO3

Richard J. Harrison,* Simon A. T. Redfern, and Ekhard K. H. Salje
Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ, United Kingdom

~Received 16 September 2003; published 1 April 2004!

The ferroelastic domain processes responsible for low-frequency anelasticity in LaAlO3 have been investi-
gated using dynamical mechanical analysis in three-point bend geometry combined within situ optical obser-
vations under dynamic stress at high temperature. Transformations in the types of collective motion of domain
walls have been observed optically. For low temperatures and small forces, the anelastic response is dominated
by rapid advancement/retraction of combs of$100%pc needle domains. At higher temperatures, lateral
translation/rotation of$110%pc twins also contributes to the response. Needle tips are pinned by a broad range
of potentials, such that the ratio of mobile to static needle tips increases steadily with increasing temperature.
For large forces, three distinct peaks in the relaxation spectrum can be resolved. A small low-temperature peak
in the mechanical loss is attributed to the rapid saturation of weakly pinned needles. The dominant
intermediate-temperature loss peak is attributed to the gradual relaxation of the comb as a whole. A third
high-temperature loss peak occurs at the end of the domain-freezing regime and the beginning of the saturation
regime. Activation energies for domain-wall motion of 95, 85, and 86 kJ/mol were determined for samples
subjected to low, intermediate, and high forces, respectively. Cole-Cole plots of the response at small forces
show a linear section at intermediate frequency and a depressed semicircle at low frequency. The semicircular
portion is very well described by the Cole-Cole equation with a broadening exponentm. Physically, this model
corresponds to a Debye-like relaxation process with a distribution of activation energies~domain-sliding
regime!. The broadening of the relaxation peak is a function of temperature, withm decreasing from 0.7 at
130 °C to 0.5 at 205 °C. This corresponds to an increase in the full width at half maximum of the activation-
energy distribution from 9 to 21 kJ/mol. Fits to the entire data set suggest a parabolic temperature dependence
of m with maximum at;120 °C. A number of physical processes are suggested to explain this phenomenon.
The linear portion of the Cole-Cole plots provides evidence for a dynamic ‘‘transition’’ between the domain-
sliding and thermally activated creep regimes with increasing frequency.

DOI: 10.1103/PhysRevB.69.144101 PACS number~s!: 62.40.1i, 81.40.Jj, 91.60.2x
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INTRODUCTION

The dynamic response of ferroelastic domain walls to
alternating applied stress at frequencies in the region of 1
has recently been the subject of intense investigation, du
the ability of mobile domain walls to modify the seism
signature of ferroelastic minerals.1–3 The low-frequency me-
chanical properties of ferroelastic materials are found to
highly sensitive to the presence of twins.4,5 Typically, one
can identify three distinct regimes of mechanical behavio
a function of temperature. The paraelastic regime (T.Tc)
corresponds to the stability field of the high-symmetry pha
The material contains no twins and the mechanical respo
measured at low frequencies is essentially equal to the
stantaneous elastic response of the lattice. The supere
regime (T,Tc) corresponds to the stability field of the low
symmetry phase. Transformation twins form spontaneou
below Tc , and the mechanical response is the sum of
instantaneous~on the time scale of this experiment! elastic
response of the lattice and a time-dependent~i.e., anelastic!
response due to thermally activated displacement of dom
walls. This leads to an enormous reduction in Young’s mo
lus ~by up to a factor of ten! and an increase in interna
friction ~i.e., the energy dissipated per cycle!. A further
domain-freezing regime (T,Tf) is caused by a reduction i
domain-wall mobility on cooling. It is characterized by
rapid increase in storage modulus and a pronounced pea
internal friction. The domain-freezing regime is of great i
0163-1829/2004/69~14!/144101~10!/$22.50 69 1441
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terest, because it contains information about the wall-def
wall-wall, and wall-surface interactions controlling domai
wall mobility.6 Such information is required if the influenc
of domain walls on the mechanical properties of solids
high P andT is to be inferred from experiments performed
atmospheric pressure. Here we present an investigatio
the domain-freezing regime in single-crystal LaAlO3 , using
a combination of dynamical mechanical analysis~DMA ! and
in situ optical observation. Variations in internal friction ar
mapped out in detail throughout temperature-frequency-fo
space. The experiments allow us to identify different mod
of anelastic response and to determine their correspon
distributions of activation energies.

BACKGROUND AND THEORY

Anelastic relaxation

The ferroelastic domain-freezing regime is well describ
by the theory of anelastic relaxation.7 When a constant stres
s0 is applied to an anelastic material, the strain«(t) devel-
ops over a characteristic relaxation timet. The ansatz for the
response is usually an exponential decay:

J~ t !5
«~ t !

s0
5JU1DJ~12e2t/t!, ~1!

where J(t) is the total elastic compliance,JU is the unre-
laxed compliance~i.e., the instantaneous elastic response
©2004 The American Physical Society01-1
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the lattice!, andDJ is the anelastic contribution to the com
pliance. The time dependence arises due to coupling betw
the macroscopic strain and a thermally activated relaxa
process~which in this case involves the depinning and d
placement of ferroelastic domain walls!. Subjected to an al-
ternating stresss5s0eivt, the strain lags behind the stre
by a phase angled, such that«5«0ei (vt2d). The dynamic
compliance is defined as

J* ~v!5
«

s
5

«0

s0
e2 id5J1~v!2 iJ2~v!. ~2!

The reciprocal of the dynamic compliance is the dynam
Young’s modulus:

M* ~v!5J* ~v!215
s

«
5

s0

«0
eid5M1~v!1 iM 2~v!.

~3!

The real partM15s0 /«0 cosd is termed the storage modu
lus and the imaginary partM25s0 /«0 sind is termed the
loss modulus. The ratioM2 /M15tand is a measure of the
energy dissipated per cycle due to internal friction~often
referred to as the inverse quality factorQ21). The dynamic
response functionsJ1 andJ2 @Eq. ~2!# are related toM1 and
tand via

J15@M1~11tan2 d!#21, J25
M2

uM* u2 . ~4!

The frequency dependence ofJ* , J1 , andJ2 follows directly
from the exponential decay in Eq.~1! as a Debye function:

J* ~v!5JU1DJ
1

11 ivt
,

J1~v!5JU1
DJ

11v2t2 ,

J2~v!5DJ
vt

11v2t2 . ~5!

The relaxation time is generally taken as a thermally a
vated quantity with

t5t0 exp~E/RT!, ~6!

where E is an activation energy andT is the temperature
Hence, the relaxation process can be studied either as a
tion of frequency at constant temperature or as a function
temperature at constant frequency. Whereas the former
proach is commonly used in dielectric spectroscopy, the
ter approach is most practical in mechanical spectrosc
due to instrumental limitations.

Phase transitions and twinning in LaAlO3

Above 550 °C, LaAlO3 has the cubic perovskite structu
with space groupPm3̄m and lattice parameteracubic
;3.79 Å. Below 550 °C it undergoes an improper ferroel
tic phase transition to the rhombohedral subgroupR3̄c,
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driven by rotation of the AlO6 octahedra about one of th
cubic threefold symmetry axes. To index domain walls a
define the crystallographic orientation of the sample, we
fine a pseudocubic unit cell with rhombohedral shape (apc
5bpc5cpc;3.79 Å andapc5bpc5gpcÞ90°) that is directly
comparable in size and orientation to the high-tempera
cubic unit cell. The lattice parameters and twin angle ha
been determined in previous studies as a function
temperature.8–13 The thermodynamic character of the tran
tion is, within experimental resolution, second order.

The crystallography of the twin microstructure in LaAlO3
is described by Buebleet al.,8 Bueble and Schmahl,14 and
Harrisonet al.3 There are four pure twin domain states, co
responding to the four triad axes about which octahedral
tation can occur. For each pair of domains there are
orientations of domain wall, one of the form$100%pc and one
of the form$110%pc. When all four domain states occur in
single region, a characteristic ‘‘chevron’’ microstructu
forms.8 The four domains within a chevron are separated
three mutually compatible domain walls~two of the form
$110%pc and one of the form$100%pc) intersecting along a
common ^100&pc direction. There are six distinguishab
chevron orientations.3,14An optical micrograph of the crysta
used in this study is shown in Fig. 1. The central regi
combines (100)pc walls perpendicular to the surface wit
(101)pc and (101̄)pc walls inclined at 45° to the surface. Th
inclined walls are easily identified by bands of optical inte
ference fringes arising from the variation in retardation. A
though the three domain walls within a given chevron a
mutually compatible, allowing a stress-free intergrowth
the four domain states, the six chevrons are not mutu
compatible with each other, and high lattice strains occu
the incompatible boundary between regions containing
ferent chevron orientations. On annealing, the high strain
the boundary is partially relieved by the formation of need
twins at the points where$100%pc domain walls intersect
~several examples of this behavior can be seen at the top
bottom of Fig. 1!.

EXPERIMENTAL DETAILS

The sample studied here was a single crystal of LaAl3
with length 9.5 mm, width 1.96 mm, and thickess 0.52 m
~Crystal GmbH, Berlin!. The surface of the sample was pa
allel to (001)pc and its length parallel to@110#pc. Mechanical
properties were measured using a Perkin-Elmer dynam
mechanical analyser~DMA-7! operating in three-point bend
geometry. The sample was suspended on two knife-edge
mm apart. A force is applied from above via a third knif
edge located halfway between the supporting knives. T
total force is the sum of a static componentFS and a dy-
namic component with amplitudeFD and frequencyf ~where
v52p f !. The amplitude of deflection (uD) and phase lag
~d! are measured via electromagnetic inductive coupling w
resolutions ofDuD;10 nm andDd;0.1°, respectively. The
dynamic Young’s modulus is then

M* ~v!5
l 3

4t3w

FD

uD
exp~ id!, ~7!
1-2
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DYNAMICAL EXCITATION AND ANELASTI C . . . PHYSICAL REVIEW B 69, 144101 ~2004!
from which M1 , M2 , J1 , and J2 can be extracted (l
5distance between knife edges,w5width of sample, t
5thickness of sample!. A more detailed description of th
DMA technique is given by Harrison and Redfern.1

Two different types of experiment have been perform
temperature scans and dynamic force scans. In each tem
ture scan,FS , FD , and v were held constant, while th
temperature~T! was swept between room temperature a
300 °C~encompassing the domain-freezing regime! at a rate
of 3 °C/min. Three sets of temperature scans were acqu
using ratios ofFS :FD5100:90, 220:200, and 500:450 mN
Each set comprised several scans acquired with a rang
frequencies from 0.01 to 32 Hz. To reduce the experime
noise in scans with frequencies below 0.1 Hz, three sc
were performed under identical conditions and then av

FIG. 1. ~Color online! Single-crystal LaAlO3 sample used for
DMA measurements. Sample length is parallel to@110#pc. Sample
surface is parallel to (001)pc. Thin dark lines are vertical$100%pc

needle domains.$110%pc domain walls inclined at 45° to the surfac
are visible as bands of birefringent fringes.
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aged. In each dynamic force scan,T and v were held con-
stant whileFD was swept between 50 and 500 mN at a r
of 10 mN/min. FS was programmed to maintain a value
1.1FD at all times.

In situ optical observations of the twin microstructure a
its variation during dynamical mechanical analysis at h
temperature were made using a Perkin-Elmer DMA
equipped with a modified furnace and sample stage, desig
to enable visual access to the bottom surface of the sam
The sample was illuminated from below using an optic-fib
light source and viewed in reflected light through a te
scopic lens~203! attached to a black and white charg
coupled device camera. Data were recorded using a dig
frame grabber operating at 25 frames per second~fps! and
3203240 pixel resolution. Typically, the sample contain
several sets of differently oriented twin domains. Obser
tions in reflected light permitted only one set of twins to
resolved at a time. Movement of the light source during
experiment was required to obtain images of all twins.

RESULTS

In situ optical observations

Movies illustrating the microstructural response at a ran
of different temperatures, frequencies, and applied forces
available on line.15 A sequence of snapshots illustrating th
dominant mode of anelastic response is shown in Fig. 2.
snapshots show the central portion of the sample viewe
different stages of the dynamic force cycle. A comb
(010)pc needle twins is visible in the upper and lower le
corners. The central portion of the sample, which appe
blank, contains a comb of (100)pc needle twins belonging to
a different chevron orientation. These twins become visibl
the light source is rotated by 90°.15 Increasing the applied

FIG. 2. In situ snapshots of the central region of the samp
taken in reflected light at different stages of the dynamic force cy
~190 °C, 200:180 mN, 1 Hz!. ~a! A comb of (010)pc needle twins is
visible in the upper and lower left corners. The central regi
which appears blank, actually contains a comb of (100)pc needle
twins, which becomes visible if the light source is moved~Ref. 15!.
The sharp termination of the (010)pc comb~indicated by the arrow!
is caused by the presence of the (100)pc twins, which belong to an
incompatible chevron orientation. Increasing the applied fo
causes retraction of the needles~b! and~c!. There is a wide range o
tip mobility within the domain-freezing regime, so that even at t
maximum of the applied force~d! some needles remain unmove
Movies of the twin response as a function of temperature are av
able online~Ref. 15!.
1-3
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FIG. 3. ~Color online! Storage
modulus and tand as function of
temperature measured at a ran
of frequencies and applied force
~a!, ~b! 100:90, ~c!, ~d! 220:200,
and ~e!, ~f! 500:450 mN. The re-
laxation spectrum contains
single peak at 100:90 mN~b!, two
peaks at 220:200 mN~d!, and
three peaks at 500:450 mN~f!.
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force causes retraction of needle tips toward the side of
sample. Decreasing the applied force causes the needle
to advance back across the width of the sample. At low te
peratures, the majority of needle tips are static, with a sm
number of tips undergoing small-amplitude displaceme
With increasing temperature, needle tips are observed to
cape their pinning sites and retract or advance rapidly u
either~a! the next pinning site is reached,~b! the tip retracts
to the side of the sample, or~c! a twin boundary from an
orthogonal chevron orientation is encountered. Heat
through the domain-freezing regime causes a steady incr
in the ratio of mobile to static needles within a comb. At a
given temperature there is a range of amplitudes of nee
tip displacement, with some needle tips remaining static, o
ers oscillating between two discrete pinning points in
bulk, and others retracting and advancing across the e
width of the sample.

Ex situ observations in transmitted light under cross
polars reveal that the combs of$100%pc needle twins are in-
tersected by bands of$110%pc walls inclined at 45° to the
surface~Fig. 1!. Resolving these walls in reflected light
difficult because the twin angle between adjacent domain
an order of magnitude smaller than for$100%pc walls.3 Our
observations indicate that large-amplitude lateral displa
ments of $110%pc walls occur readily in regions free o
$100%pc needles. During one measurement, where$100%pc
needle domains were completely absent from the centra
gion, the trace of a single$110%pc domain wall on the bottom
surface of the sample was observed to track back and f
14410
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over a distance of;0.5–1 mm parallel to the sample lengt
Due to the three-point bend geometry, lateral displacemen
the $110%pc walls occurs in opposite directions at the top a
bottom surfaces, causing the wall to rotate out of its p
ferred crystallographic plane.1 Diffraction evidence for this
mode of anelastic response was obtained using strobosc
x-ray diffraction DMA.3 When $100%pc needles are presen
lateral displacements of the intersecting 45°$110%pc walls
become easier once the needle tips have fully retracted to
side of the sample. At sufficiently high temperature a
forces, therefore, the mode of anelastic response consists
combination of advancement/retraction of$100%pc needles
and displacement/rotation of$110%pc walls.

Frequency-dependent DMA

Temperature scans acquired usingFS :FD5100:90,
220:200, and 500:450 mN are presented in Fig. 3 in the fo
of storage modulus (M1) and tand (M2 /M1) as a function
of temperature. The results acquired at 100:90 mN and 24
@pink curves~bow tie symbols! in Figs. 3~a! and 3~b!# dis-
play the typical characteristics of an anelastic relaxation p
cess@Eq. ~5!#. The storage modulus decreases smoothly fr
140 GPa at room temperature~unrelaxed! to 20 GPa at
300 °C~relaxed!. This relaxation is accompanied by a sing
peak in tand, labeledP1, which shifts to lower temperature
with decreasing frequency. At 220:200 mN@Figs. 3~c! and
3~d!#, relaxation is preceded by a small increase in stor
modulus and a second peak in tand, P2. P2 shifts to lower
1-4
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FIG. 4. ~Color online! Two-dimensional plots ofJ1 ~a!–~c!, J2 ~d!–~f!, and normalizedJ2 ~g!–~i! as a function of ln(f ) and 1/T. Plots
~a!, ~d!, and~g! ~left hand side! collected at 100:90 mN. Plots~b!, ~e!, and~h! ~central! collected at 220:200 mN. Plots~c!, ~f!, and~i! ~right
hand side! collected at 500:450 mN. Contour lines added to normalizedJ2 are equivalent to Arrhenious plots~g!–~i!.
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temperatures with decreasing frequency, although the ma
tude of the shift is clearly less than that ofP1. P2 is more
pronounced at 500:450 mN@Figs. 3~e! and 3~f!#, and a third
peakP3 appears at high temperatures. AlthoughP3 is not
accompanied by a clear anomaly in storage modulus, it
incides with the temperature at which the fully relaxed st
age modulus is reached~i.e., the high-temperature bounda
of the domain-freezing regime!.

The real and imaginary components of compliance,J1
andJ2 , were calculated from the raw data in Fig. 3 using E
~4!. The results are plotted as a function of ln(f ) and 1/T for
each of the three levels of applied force in Fig. 4. To obt
these plots, the raw data were projected onto a grid ofN
3271 points, whereN is the number of individual tempera
ture scans acquired. The data were sampled at 271 p
along the temperature axis~every 1 °C between 30 an
300 °C! and at 4N points along the ln(f ) axis, using linear
interpolation. The variation inJ1 at 100:90, 220:200, and
500:450 mN is shown in Figs. 4~a!, 4~b!, and 4~c!, respec-
tively. The corresponding variation in absolute and norm
ized J2 is shown in Figs. 4~d!–4~f! and Figs. 4~g!–4~i!, re-
spectively. Contours added to Figs. 4~g!–4~i! trace lines of
constantJ2 in ln(f )-1/T space, and can be treated as Arrhe
ius plots @Eq. ~7!#. For small and intermediate forces, co
14410
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tours surroundingP1 are curved, with the curvature increa
ing with decreasing temperature and increasing freque
@top right corner of Figs. 4~g! and 4~h!#. The curvature of the
contours is especially pronounced at 220:200 mN, where
observable across the entire relaxation peak@Fig. 4~h!#. The
origin of this curvature is explored below. For large force
the contours are more linear, and an additional feature co
sponding toP2 is visible @right hand side of Fig. 4~i!#.
Arrhenius plots derived from the locus in ln(f ) vs 1/T space
of the maximum ofP1 are shown in Fig. 5. Activation en
ergies of 95, 85, and 86 kJ/mol were determined at 100
220:200, and 500:450 mN, respectively~neglecting any cur-
vature in the 100:90 and 220:200 mN data!. The value of 86
kJ/mol at 500:450 mN agrees very well with the value
84.1 kJ/mol determined at the same force level using
complementary analysis by Harrison and Redfern.1 Such val-
ues have been attributed to the diffusion of oxyg
vacancies.20

The relaxation process can be followed as function
frequency at constant temperature by scanning vertic
across the two-dimensional data of Fig. 4. Such constaT
data are presented in the form of Cole-Cole plots in Fig
(T5160 °C). Insets showJ1 andJ2 plotted individually as a
function of ln(f ). For a pure Debye relaxation@Eq. ~5!# the
1-5
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data should fall on a semicircle centered atJ15JU1DJ/2
andJ250. In this case, however, the majority of data fall o
the arc of a semicircle centered atJ15JU1DJ/2 and J2

,0. Empirically, this behavior can be described using
Cole-Cole equation

FIG. 5. Arrhenius plots of ln(f ) vs 1/T obtained from the peak
position ofP1. Separate plots obtained for data collected at 100
~circles!, 220:200~squares!, and 500:450 mN~triangles!.
14410
e

J* ~v!5JU1
DJ

11~ ivtDebye!
m , ~8!

where 0,m,1. For m51, the equation for a pure Deby
relaxation is recovered@Eq. ~5!#. Decreasingm simply broad-
ens the spectrum relative to that of a pure Debye relaxat
Fits to the data using Eq.~8! are shown as the solid lines i
Fig. 6. Excellent fits toJ2 versus ln(f ) were obtained in all
cases across the whole range of frequencies~see insets in
Fig. 6!. The fits toJ1 versus ln(f ) were good at 500:450 mN
@inset in Fig. 6~c!#, but deviations were observed at low an
high frequencies at 220:200 and 100:90 mN@insets in Figs.
6~a! and 6~b!#. These deviations are visible as a linear tail
the Cole-Cole plot at high frequency@dashed line in Fig.
6~a!#. The significance of this observation is discussed bel

Values ofJU , DJ, tDebye, andm have been determined b
fitting Eq. ~8! to Cole-Cole plots extracted from Fig. 4 at
range of temperatures. The results for 220:200 mN
shown in Fig. 7. A linear fit to ln(tDebye) versus 1/T @Fig.
7~a!# yields an activation energy of 64 kJ/mol, significant
lower than that derived using the ‘‘peak-shift’’ method~Fig.
5!. This discrepancy may be due to the curvature of the d
in Fig. 5. The width of the relaxation spectrum varies as
function of temperature, leading to a systematic tempera
dependence ofm @Fig. 7~b!#.

Force-dependent DMA

The results of dynamic force scans are plotted asFD ver-

0

susuD in Fig. 8 ~all measurements performed at 1 Hz!. The

d
.
-

n

FIG. 6. Cole-Cole plots of
J2(v) versus J1(v) for ~a!
100:90, ~b! 220:200, and ~c!
500:450 mN. Data points obtaine
by scanning vertically across Fig
4 at a temperature of 160 °C. In
sets showJ1 ~closed circles! and
J2 ~open circles! as functions of
ln(f ). Solid lines are a fit to the
data using the Cole-Cole equatio
@Eq. ~8!#.
1-6
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FIG. 7. ~a! Arrhenius plot of ln(tDebye) versus
1/T determined by fitting Eq.~8! to Cole-Cole
plots at a range of temperatures~see Fig. 6!. ~b!
Broadening exponentm versus 1/T. Data points
show values determined by fitting Eq.~8! to in-
dividual Cole-Cole plots extracted from th
220:200 mN data set at a range of temperatur
Solid curve shows the parabolic variation ofm
versus 1/T determined by fitting the 220:200 mN
data set at all temperatures and frequencies
multaneously. Dashed and dotted curves show
results of similar fits to the 100:90 and 500:45
mM data, respectively.
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storage modulus is proportional toFD /uD @Eq. ~7!#. The
slope of the dashed line~i! corresponds to a storage modul
of 140 GPa@the highest value observed in Fig. 3~a!# and
provides an estimate of the intrinsic mechanical respons
the lattice. Nonlinearities in the observed mechanical
sponse arise as different portions of the ferroelastic hys
esis loop are sampled at different temperatures and app
forces.16,17

At room temperature, the initial slope of the dynam
force curve~ii ! is much smaller than 140 GPa, indicating th
some displacement of weakly pinned needle tips occurs
der these conditions, as we have indeed observed optic
The initial slope decreases steadily to a value of;20 GPa on
heating to 200 °C,~iii–vii !, consistent with the results o
temperature scans at 100:90 mN@Fig. 3~a!#. Between 75 and
175 °C there is an abrupt increase in slope at forces gre
than 200 mN~viii–xi !. Such increases are usually attribut
to saturation effects.1 In the present case, saturation occu
when needle tips retract to the side of the sample, where
can no longer contribute to the macroscopic strain. It is
usual to observe saturation effects within the doma
freezing regime because a system that is partially rela
cannot, by definition, be fully saturated. Partial saturation
possible, however, due to the varying mobility of individu
needle tips. Under a certain applied force, only a fraction
the needle tips within a comb~i.e., the most weakly pinned!
are mobile at low temperatures. These weakly pinned ne
tips are able to retract fully at sufficiently high forces~caus-
ing the upturn in slope! while the more strongly pinned tip
continue to relax normally~causing the decrease in initia
slope with increasing temperature!. Evidence for two partial
saturation events can be seen in the measurements at 1
~x!.

Saturation of weakly pinned needles is responsible for
low-temperature anomaly in the modulus and the tand peak
P2 @Figs. 3~c!–3~f!#. Partial saturation occurs at 75 °C an
above. The increase in slope due to partial saturation ca
the 75 °C curve to intersect the 50 °C curve at a dyna
force of 425 mN~note that such an intersection is physica
possible only because the spontaneous strain at 50 °
greater than that at 75 °C!. Consequently, if measuremen
are made using dynamic forces greater than 425 mN,
modulus will increase with temperature between 50 a
75 °C, and then decrease again as the effect of partial s
14410
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FIG. 8. ~Color online! Dynamic force amplitudeFD versus dy-
namic deflection amplitudeuD at f 51Hz and temperatures from~a!
room temperature to 200 and~b! 200 to 500 °C. Dashed line is a
guide to the eye, showing a slope equivalent to 140 GPa~i.e., the
intrinsic elastic response of the lattice!. The slopes of selected linea
sections are shown as annotations, with the section used to calc
the slope indicated by a short solid black line. Individual features
the curves are labeled i–xviii for referencing in the text.
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FIG. 9. Calculated variation in~a! J2 and ~b!
normalizedJ2 obtained by fitting the imaginary
part of Eq. ~8! to the 220:200 mN data at al
temperatures and frequencies simultaneously
tDebyewas fixed according to the linear fit in Fig
7~a!. The resulting parabolic temperature depe
dence ofm is plotted in Fig. 7~b!. The calculated
spectra can be compared directly to the observ
spectra in Figs. 4~e! and 4~h!.
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ration is outweighed by further relaxation of the comb. Th
picture is confirmed by the temperature scan acquired
500:450 mN, 1 Hz, which shows a pronounced maximum
modulus at 75 °C@Fig. 3~e!#. A less pronounced anomal
occurs at 75 °C in the 220:200 mN scan@Fig. 3~c!# and is
completely absent in the 100:90 mN scan, where partial s
ration does not occur@Fig. 3~e!#.

Full saturation is achieved only toward the end of t
domain-freezing regime, when all tips are able to retract
multaneously. This point is reached at temperatures gre
than 200 °C and forces greater than 200 mN~xiii !. At high
forces, the slope of the dynamic force curve in the satura
regime approaches the intrinsic modulus of the lattice. T
increase in slope, relative to that observed in the partial s
ration regime, is responsible for the high-temperature mo
lus anomaly and tand peak P3 @Figs. 3~e! and 3~f!#. Note
also that the absolute deflection of the sample achieved in
saturation regime~xiv–xviii ! decreases with increasing tem
perature@Fig. 8~b!#. This is simply due to the decrease
spontaneous strain on heating.

At 200 °C and above, the initial slope of the dynam
force curves is independent of temperature and has a v
;20 GPa. This corresponds to the fully relaxed modu
obtained via the needle advancement/retraction mechan
At forces between 100 and 200 mN, however, the slope
creases by a factor of 2~xii !. This decrease may be explaine
by the change in mode of anelastic response to include
displacement/rotation of lamellar 45°$110%pc walls.3

DISCUSSION

Temperature dependence ofm

Key features of the relaxation spectra can be underst
by referring to the temperature dependence of the broade
exponentm @Fig. 7~b!#. Substituting Eq.~6! into Eq. ~8!, the
two-dimensional data sets have been fitted at all temp
tures and frequencies simultaneously. Values oft0 and E
were fixed to those obtained from the data shown in F
7~a!. The variation ofm was assumed to be a polynomi
function of 1/T ~including constant, linear, quadratic, an
one higher-order term, the exponent of which was varied
the fit!. Calculated spectra, based on the results of fitting
the 220:200 mN data, agree very well with the observed d
~Fig. 9!. In particular, the decreasing height of theJ2 peak
with increasing temperature and frequency@Figs. 4~d!–4~f!#
and the curvature of the contours in normalizedJ2 @Figs.
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4~g! and 4~h!# are accurately reproduced.m is found to be a
parabolic function of 1/T ~the high-order term refined to
zero!, as illustrated by the solid line in Fig. 7~b!. The para-
bolic function passes close to the values ofm extracted from
individual Cole-Cole plots@closed circles in Fig. 7~b!#. The
whole-data fit extends the temperature range over whichm is
reasonably constrained by the data and suggests tham
reaches a maximum value at;120 °C.

The broadening exponentm can be interpreted physicall
as a distribution of reduced relaxation times,r(tR), where
tR5t/tDebye. Equation~5! then becomes

J* ~v!5JU1DJE
0

` r~tR!dtR

11 ivtRtDebye
. ~9!

The distribution required to reproduce Eq.~8! from Eq.~9! is
given by Leyderman and Qu:18

r~tR!5
tR

2~12m! sin~mp!/p

11tR
2m12tR

m cos~pm!
, ~10!

which converges to ad function for m→1. The distribution
of relaxation times may reflect a distribution in activatio
energies, attempt frequencies, or both. Assuming that the
tribution is in activation energy alone, and that each rela
is independent of the others, we can relate the sprea
relaxation times to a spread of effective activation energ
via Eeff5RTln(tR)1EDebye. The first momentumtRr(tR) is
plotted versusEeff in Fig. 10 for values ofm extracted from
Cole-Cole plots at 130, 175, and 205 °C. The decrease im
with increasing temperature translates to an increase in
width at half maximum of the activation-energy distributio
from 9 kJ/mol at 130 °C to 21 kJ/mol at 205 °C. Widths
activation-energy distribution as large as 53 kJ/molm
;0.3) are predicted at 30 and 300 °C using the full-data
@Fig. 7~b!#.

We now discuss the physical origin of the distribution
Fig. 10. There are a number of factors contributing to
pinning of domain walls~e.g., spontaneous strain, domai
wall width, domain-wall density! that are intrinsic functions
of temperature. The spatial width of domain walls in LaAlO3
is ;20 Å at room temperature and increases with increas
temperature asw(T)}1/(T2Tc).

10 Several authors have
proposed point defects~e.g., oxygen vacancies! as pinning
sites for ferroelastic domain walls.1,2,19,20It is likely that do-
main walls become increasingly insensitive to point defe
as their width increases, causing effective activation ener
1-8
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for domain-wall motion to decrease with increasing tempe
ture. The temperature-dependent distribution of needle
locities and displacement amplitudes during the doma
freezing regime may contribute to the temperature-depen
distribution of activation energies through wall-wall intera
tions. Under specific circumstances, domain-wall densi
increase with increasing temperature for a second-order t
sition asn(T)}exp(auT2Tcu3/2/T).21 This may lead to en-
hanced wall-wall interactions and larger activation energ
However, wall-wall interactions also depend on the squar
the spontaneous strain,5 which decreases with increasin
temperature ases(T)}(Tc2T). Furthermore, geometric fac
tors may be important$110%pc walls are likely to be more
strongly pinned than$100%pc needles, due to the larger are
of wall that is mobile. Hence, the increasing contributi
from $110%pc walls on heating may cause a positive shift
the activation-energy distribution.

Dynamic transitions between different relaxation mechanisms

The dynamics of domain walls subjected to an alternat
field in a random-pinning environment has recently been
subject of both theoretical16,17,22and experimental23 investi-
gation in ferromagnetic materials. The results of such stud
are equally applicable to the dynamics of ferroelastic dom
walls subjected to alternating stresssD .24 Four regimes of
dynamic response are predicted to occur with increasingsD .
For small stressessD,sv , no macroscopic displacement o
domain walls occurs at finite frequencies. Instead, segm
of the wall undergo reversible relaxation between metasta
states with close energies. This regime is characterized
horizontal line in a Cole-Cole plot~i.e., constant but finite
J2).23 For sv,sD,s t1 , one enters a thermally activate
creep regime. Macroscopic displacement of domain w
now occurs, characterized by a nonlinear relationship

FIG. 10. Distribution of reduced relaxation times@Eq. ~10!#,
plotted in the form of first momentumtRr(tR) versus effective
activation energyEeff5RTln(tR)1EDebye. Curves are shown for
three values ofm extracted from Cole-Cole plots at 130~solid line!,
175 ~dashed line!, and 205 °C~dotted line! @see Fig. 7~b!#.
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tween domain-wall velocity and applied stress. This regi
is characterized by a dynamic response function of
form23

J* ~v!5JUS 11
1

~ ivt!bD , ~11!

J1~v!5JU@11cos~bp/2!/~vt!b#,

J2~v!5JU sin~bp/2!/~vt!b,

whereb is a phenomenological exponent, determined by
nonlinearity of the velocity-stress relationship. Equation~11!
yields a straight line in a Cole-Cole plot with slopeJ2 /(J1
2JU)5tan(pb/2). Fors t1,sD,s t2 , one enters a domain
sliding regime characterized by large-amplitude viscous d
placements of domain walls and a linear relationship
tween domain-wall velocity and applied stress. The dynam
depinning thresholds t1 is equivalent to the critical depin
ning forceFD

crit , identified experimentally by Harrison an
Redfern.1 The domain-sliding regime becomes equivalent
the superelastic regime when the effects of restoring for
arising from wall-wall interactions and/or lattice compatib
ity strains are taken into account. In the presence of resto
forces, the domain-wall velocity decreases to zero as
equilibrium domain configuration~governed by the balanc
between applied and restoring forces! is approached. This
leads to an exponential time dependence of the anelasti
sponse@Eq. ~1!# and a Debye-like semicircular dispersion
the Cole-Cole plot. The upper thresholds t2 marks the stress
at which domains are fully switched on a time scale equa
half the period of the applied stress. This is equivalent to
boundary between the superelastic and saturation reg
~Fig. 8!. Note thatsv , s t1 , and s t2 are functions of both
temperature and frequency, so that dynamic phase transi
between domain mobility mechanisms may be observed
traversing the relaxation spectrum at constantsD .

A transition between the thermally activated creep a
domain-sliding regimes is clearly observable in Cole-C
plots acquired at 160 °C and 100:90 mN@Fig. 6~a!#. At high
frequencies, the Cole-Cole plot is linear, consistent with
thermally activated creep regime@Eq. ~11!#. At lower fre-
quencies, the domain-sliding regime is entered and the C
Cole plot becomes a depressed semicircle@Eq. ~8!#. Cole-
Cole plots acquired at 220:200 and 500:450 mN sh

FIG. 11. Cole-Cole plots obtained at various temperatures u
100:90 mN force. Frequency range is 24 Hz~left hand side! to 0.2
Hz ~right hand side!.
1-9
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HARRISON, REDFERN, AND SALJE PHYSICAL REVIEW B69, 144101 ~2004!
suppression of the linear section, suggesting thatsD.s t1 for
both these measurements. At temperatures below 160
there is some evidence that the initial slope of the Cole-C
plots acquired at 100:90 mN decreases, suggesting a gra
transition between the thermally activated creep and dom
pinning regimes~Fig. 11!. This observation is consistent wit
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