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Abstract 11 

Tweed, twin and porous microstructures are traditionally studied in mineralogy to understand the 12 

thermal history of minerals, and to identify their properties such as chemical transport and elastic 13 

behavior. Recently, the same research area has blossomed in material sciences and physics with 14 

the aim to design and build devices that are based on the properties of nano-structures. Only the 15 

very existence and the properties of tweed, twins, and holes matters in this quest while the 16 

crystalline matrix plays only a minor role in the current search for novel device materials. This 17 

development has largely bypassed mineralogists while physicists did not profit from the age-long 18 

experience of mineralogists in dealing with such materials.  19 

In this Invited Centennial Article I will first discuss some key findings and approaches to foster 20 

the transfer of ideas in both directions: mineralogists can potentially inspire material scientists 21 

while the physics of the fine structure of twin walls and tweed can help mineralogists understand 22 

mineral properties in much more detail than hereto possible. Besides the observation that novel 23 



2 

physical properties can spring from microstructures, most recent work also includes the 24 

dynamics of microstructures under external stress or electric fields. The dynamics is virtually 25 

always non-smooth or ‘jerky’. One of the best studied jerk distribution is that of collapsing 26 

porous minerals under stress, where the main focus of research is the identification of precursor 27 

effects as warning signs for larger events such as the collapse of mines, boreholes or even 28 

regional earth quakes. The underlying physics is the same as in large earth quakes (which can be 29 

modeled but not observed in laboratory experiments). The agreement between laboratory 30 

experiments of porous collapse and large scale earth quakes goes well beyond each quake 31 

statistics and includes waiting-time distributions and the Omori law of after-shocks. The same 32 

approach is used to characterize high-tech materials in aircraft industry and functional materials 33 

such as used in electronic memory devices, ferroelectric sensors and non-volatile memories and 34 

ferromagnets.35 
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Introduction 36 

   Functional properties at the nano-scale, their statics and dynamics, have been investigated in 37 

major research initiatives in several disciplines for over 30 years. The relevant nano-structures 38 

are, in order of increasing intrusiveness to the matrix: tweed, (transformation-) twins, and holes, 39 

and have been used to develop device materials for industrial applications while they naturally 40 

exist in many minerals.  Tweed and twins in ferroelastic minerals develop when structural phase 41 

transitions occur with a loss of point group symmetry elements, which results in transformation 42 

twinning in the low temperature phase (Salje 2012). Tweed represents a ‘precursor’ for twin 43 

boundaries in the low symmetry phase (Bratkovsky et al. 1994a-c, Khachaturian 1983, Parlinski 44 

et al 1993, Castan et al. 1991). Holes in porous structures often stem from phase mixtures when 45 

one phase has been eliminated or where this phase was a gas, as in the case of volcanic ejecta. 46 

 47 

   The existence of microstructures with functional properties has opened a new research field in 48 

physics and materials science in which the functionality of a device material is no longer 49 

expected to be present in the bulk of the material but located in its nanoscopically small regions 50 

such as twin boundaries. This approach is summarized as ‘domain boundary engineering’ in the 51 

physics literature (Salje 2010, Salje and Zhang 2009). Nanostructures have always been a major 52 

research topic in mineralogy, simply because they are common in minerals (Figure 1) and it may 53 

be possible to reconstruct the thermal history of a mineral by exploring their heterogeneities ( 54 

e.g. Tullis 1980, David et al. 1995, Vernon and Paterson 2008, Trepman and Stuckhert 2001, 55 

Vernon 1999, Zhang et al. 1996, Palmer et al. 1989, Salje and Wruck 1983). However, it has not 56 

inspired mineralogists to extend their data to find ‘unusual’ twin boundaries with functionalities 57 

such as conductivity, transport, polarity and magnetism ( Figure 2).  Synthetic porous structure 58 
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(shown in Figure 3) contain similar functionalities near their extremely extended surfaces. Such 59 

materials are omnipresent in high-tech applications from cooking pans, nano-scale chemical 60 

mixers and nano-filters to artificial bones. Besides the current focus on this research in physics 61 

and materials sciences we find that much of the fundamental descriptive work has already been 62 

done in mineralogy, often published in American Mineralogist over more than five decades. 63 

 64 

 65 

Tweed and twin structures 66 

Tweed forms when local fluctuations become large and lead to atomic displacements which form  67 

interwoven pattern of local strain. The orientation of the strain pattern is usually related to the  68 

soft elastic directions of a material. Early structural investigations of martensitic phase 69 

transformations revealed a pretransitory phenomena that was sandwiched between the high 70 

temperature austenite and low temperature martensite phase regions, over a narrow temperature 71 

range near the transition temperature (Tullis 1980, Tsatskis and Salje 1996, Kartha, Castan, 72 

Krumhansl and Sethna 1995). Tweed is characterized by a crosshatching in the bright-field 73 

images, in which the structures are oriented along particular crystallographic directions, and are 74 

up to 100 A in length. Upon approaching the transition temperature on cooling, the tweed 75 

structures become increasingly pronounced and eventually evolve into the long-range ordered 76 

low temperature martensitic polydomain structure. Bratkovsky et al. (1994 a-c) simulated the 77 

ordering of tweed structures into thin microdomains and the subsequent coarsening of the thin 78 

microdomains into a more traditional domain structure. Thermodynamic fluctuations were 79 

shown to control the geometrical dimensions of the tweed modulations. Texturing and 80 

coarsening were controlled by long range elastic strains, which resulted in an ordering of 81 

modulated embryonic regions. These simulations revealed a common sequence of domain states 82 
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that can be tuned by varying degrees of elastic ordering, temperature, and defects. Kartha et al. 83 

(1995) considered the effect of quenched disorder on the evolution of tweed structures towards 84 

the twinned phase. More recently, long-time metastable tweed precursor states have been 85 

reinvestigated and are referred to as domain glasses (Salje, Ding and Aktas 2014) and other glass 86 

states (Wang et al. 2006). 87 

 88 

Another approach to produce tweed is to increase the twin densities. Increasing the twin 89 

boundary density is possible by cold stressing a sample (Ding et al. 2012, Salje et al. 2012). In 90 

minerals, this happens via rock mechanics where geological processes lead to stress-induced 91 

changes of microstructures. This method has been shown to be more effective for generating 92 

twins than thermal quench (Ding et al. 2012). Twin densities can be produced very close to the 93 

upper structural limit where spacers between the twin boundaries are ca. 10 w where w is the 94 

domain boundary width. With w = 1 nm one expects a lower limit for the bulk spacer of some 10 95 

nm. Experimentally distances below 100 nm are commonly observed. The reason for the limit of 96 

the boundary density is the competition between tweed and twin structures (Shapiro et al. 1991) 97 

because highly dense arrays of twin boundaries easily collapse into the tweed structure. This 98 

phenomenon is probably widespread in minerals such as K-feldspar and orthoclase (Fig. 4).  99 

 100 

 101 

 102 

   The diffraction pattern of tweed is shown on the right side insert of Figure 4, and in Figure 5. It 103 

is characterized by a four-armed starfish (or clover or butterfly) patterns. Each of the branches in 104 

Figure 5 extends along a direction perpendicular to the modulation wavefront. The intensity 105 
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profile does not show any maxima as expected for incommensurate structures but decays 106 

monotonically from the zone center over some 0.1 reciprocal lattice units. This diffraction signal 107 

can refer either to static tweed (structural modulation, chemical exsolution, etc.) or dynamic 108 

tweed where the pattern fluctuates with time. The latter case of dynamic tweed is often referred 109 

to as ‘flicker tweed’ to indicate that the deformation waves are not pinned but move through the 110 

sample. Flicker tweed would not be seen in transmission electron microscopy whereas 111 

diffraction measures the autocorrelation (the Patterson function) of the modulation and, thus, 112 

detects dynamic tweed. 113 

 114 

 115 

 116 

Functionality 117 

   118 

Tweed and twin pattern can host properties which do not exist in the bulk. Typical examples are 119 

electrical or ionic conductivity, polarity and magnetism. The probably most notable local 120 

property is superconductivity in an insolating perovskite, namely WO3 and its derivatives (Aird 121 

and Salje 1998, 2000, Kim et al. 2010) (Figure 6). Another example is the formation of dipolar 122 

layers in CaTiO3 (Van Aert et al. 2012, Goncalves-Ferreira et al. 2008) (Figure 7) and SrTiO3 123 

(Zykova-Timan and Salje 2014, Salje et al. 2013, Scott et al. 2012, Blinc et al 2005).  124 

 125 

Twin boundaries and tweed represent nanostructures that are predestined to interact with several 126 

order parameters (e.g. Salje 1993, 2012,  Lottermoser et al.2009). In perovskites this situation is 127 

particularly simple: one structural order parameter is often the octahedra tilt Q. The second order 128 
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parameter describes the off-centering of the octahedraly coordinated cation. The octahedral tilt 129 

reduces the off-centering of the atom from the octahedral midpoint. The coupling between the 130 

two parameters is hence repulsive. In a Landau potential the coupling term is formulated as 131 

λQnPm where the faintness indices n and m are determined by symmetry. The most common 132 

coupling scheme (which is always allowed by symmetry) is n = m = 2. This coupling is called bi-133 

quadratic and has been analyzed in much detail by Houchmandzadeh et al. (1991) and Conti et 134 

al. (2011). Repulsive coupling means λ > 0 and interfacial functionality means that P = 0 in the 135 

bulk.  With the Landau functional written as 136 

  137 

Lλ(Q,P) = (1 − Q2)2 +(1− P2)2 +λQ2P2 –cλ                                                                                                                             (2) 138 

Gκ,λ[Q,P]= ∫Lλ(Q,P)+|Q′|2 +κ|P′|2  dx                                                                                             (3) 139 

                                          140 

where the dash means the first spatial derivative of Q or P, respectively. The full phase diagram 141 

of this potential was derived by Conti et al. (2011) and is shown in Figure 8. Here we concentrate 142 

on phases with P = 0 in the bulk. This condition is met inside the interval λ > 2 below the bend 143 

curve expanding to larger values of λ. This condition means that the repulsive force needs to be 144 

large enough to destroy P in the bulk but not in the twin boundary and that the intrinsic wall 145 

thicknesses κ limits the value of λ to λ < 2 + 4/κ. In these cases the twin boundary in Q will 146 

always host a local parameter P which represents the functionality of the wall.  147 

   Other coupling schemes were explored by Salje and Carpenter (2011) and Pottiger and Salje 148 

(2014).  Gradient coupling (Zhao et al. 2015) will not be considered in this report. In tweed 149 

structures, a similar coupling scheme applies and has been described by Salje and Aktas (2014). 150 

 151 
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Collapse: the hole story 152 

The dynamics of functional tweed and twin boundaries are surprisingly un-smooth (Salje and 153 

Dahmen 2014). When external forces are applied to change the domain pattern, the pattern often 154 

reacts by jerky movements and only in the case of very mobile patterns in adaptive structures 155 

(Viehland and Salje 2014) are such ‘jerks’ or spikes replaced by a continuous movement. The 156 

origin of jerks is sometimes related to pinning of microstructures to impurities - while Peierls 157 

pinning is rather uncommon (Goncalves-Ferreira 2010, Lee et al. 2006). Impurity pinning is not 158 

the only or even the most common reason, however, because microstructures also jam. Jamming 159 

means that the movement of part of the pattern is hindered by other parts of the pattern. No 160 

defects or impurities are needed for this mechanism (Salje et al. 2011). Jamming produces 161 

‘crackling noise’ which is a sequence of jerks which follow an extremely well-defined statistical 162 

pattern which is very close to the Gutember-Richter law in earth quakes (Setna et al. 2001, Salje 163 

and Dahmen 2014, Baro et al. 2013).  The concept of jerks and crackling noise has hence been 164 

around for a long time, but has hardly ever been applied to minerals. Starting with Barkhausen 165 

analysis of magnetization jumps in slowly magnetized ferromagnets, it was generalized to 166 

‘crackling noise’ because it was found that similar phenomena are much more wide- spread than 167 

in magnetism alone (Setna et al. 2001), including the crackling of a log fire which originated the 168 

name.  Other fields that show crackling noise include: granular materials (Salje 2012, Jaeger et a. 169 

1996, Dahmen et al. 2011), collapse of porous materials (Salje et al. 2011, 2013,   Baró et al. 170 

2013, Ben-Zion et al. 2011), plasticity in small crystals (Zaiser 2006, Dahmen et al. 2009.), 171 

change in the co-existence interval of stepwise structural phase transitions (Salje 2012, Romero, 172 

Manchado, Martin-Olalla, Gallardo, Salje, 2011), transitions in Mott insulators (Lashley et al. 173 

2014), and decision-making processes ( Friedman et al. 2012). Materials applications extended 174 
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initially in martensitic alloys, and magnetic materials (for nondestructive materials testing),  175 

while similar phenomena were well studied in geophysical applications such as the statistical 176 

analysis of  in earth quakes. 177 

 178 

Many systems with crackling noise show similar statistics. For example it has been shown 179 

experimentally and theoretically that the size distribution of magnetization avalanches of soft 180 

magnetic materials, observed as Barkhausen noise, decays with the same power law as the slip-181 

size distribution of slowly compressed samples (Zaiser 2006, Dahmen et al. 2009, Galam 1997,  182 

Miguel and Zapperi  2006, Tsekenis et al.  2013, Dimiduk et al. 2006, Friedman et al. 2012,  183 

Harrison and Salje  2010, 2011,  Csikor et al.  2007).  Renormalization group calculations 184 

suggest that on long length scales the systems flow to the same fixed point under coarse graining, 185 

which suggests that their scaling behavior on long length scales is the same (Richeton et al.  186 

2005,  Sethna et al. 2001).  In fact, all systems described by the well known “interface depinning 187 

universality class” flow to the same fixed point as these two systems (Zaiser 2006, 188 

Richeton,Weiss,Louchet  2005).  Major open questions concern the size of the underlying 189 

universality class, i.e. how many systems show the same crackling noise statistics.  190 

 191 

For mineralogists the outstanding system where such universal jerks properties can be measured 192 

with great accuracy is the collapse of porous minerals. These can serve as a model system for a 193 

wide variety of systems ranging from earth-quakes to ferroelectric device materials and poling of 194 

magnetic minerals in paleomagnetism. Porous minerals are important in their own right too: they 195 

are widely used in filtering, separation, medical transplants and others (Kim et al. 2012, Petri et 196 

al. 2008,  Gallardo  et al. 2010,  Salje et al. 2009). Understanding porous materials remains one 197 
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of the great challenges in mining, building industry and geology. Mining is often done in 198 

environments containing porous mineral assemblies (Salje et al. 2013, Manosa et al. 2000), 199 

including goethite, pyrite and coal, which may lead to serious accidents when landslides occur in 200 

open mining or when mining shafts collapse. Such catastrophic events are sometimes announced 201 

by acoustic precursors of the collapse ( Salje et al 2013, Zhao et al.  2013,  Salje  et al. 2013,  202 

Castillo-Villa et al.  2013). The typical failure under shear stress is that a porous material ‘snaps’ 203 

when exposed to the critical shear stress. Crack propagation is fast and few intermediate states 204 

are observed at low temperatures. Snapping becomes more viscous for torsion pendulum 205 

experiments at high temperatures near the melting point where grain boundary sliding and 206 

dislocation creep become dominant (e.g., Gibson, Ashby 1999). In a recent study, Salje et al. 207 

(2011)  used a porous SiO2 glass material (Vycor) to show that avalanches produced by 208 

compression follow almost perfect power law statistics (‘crackling noise’) with  characteristic 209 

critical exponents similar to those measured in mechanical instabilities in martensites and 210 

ferroelastic materials, critical dynamics in micro fracturing (Kashef et al. 2011), and spontaneous 211 

acoustic emission in volcanic rocks. This has put the problem of understanding the failure of 212 

porous materials under compression within the scenario of crackling noise and avalanche 213 

criticality. 214 

 215 

The acoustic activity is not restricted to the time interval of the collapse but occurs over the 216 

whole time span of the experiment. Even at times after the collapse, the debris still contains 217 

intact, porous regions which collapse when the stress is increased further. In the log-log plot in 218 

Figure 11  the energy distribution P(E) of jerks is shown as function of the energy E. As can be 219 
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seen the histograms are quite linear in this plot. This suggests again that the distribution of 220 

energies follows a power law:  221 

 222 

 P(E) dE    ~   E
−ε / Emin 

1−ε
 223 

   224 

where Emin is a lower cutoff used for normalization. The lines in Figure 11 are guides to the eye. 225 

They reveal the increasing value of the exponent ε with porosity. Interestingly the Vycor sample 226 

with a porosity of 40% shows features similar to those of the least porous goethite samples: a 227 

similar noise spectrum with no detectable noise gap after the major collapse. The major 228 

difference between goethite and Vycor is that the Vycor sample shows a power law distribution 229 

of the acoustic emission spectra over a very large interval of six orders of magnitude while the 230 

experimentally accessible interval in goethite is smaller. Furthermore the power-law exponents 231 

for goethite are larger than the value of 1.39 of the Vycor sample. Otherwise, it appears that the 232 

noise detection, and hence the analysis of potential early warning noise before collapses, is 233 

independent of the composition of the material and depends only on its porosity. Nataf et al. 234 

(2014) investigated SiO2- based materials including sandstone and synthetic glasses and found 235 

that the noise statistics are very similar for all of them. The close connection to the earth-quake 236 

statistics, including waiting times and after-shock probabilities, have led to the notion that earth 237 

quakes (or their proxys) can be investigated experimentally (and not just by simulation) in the 238 

laboratory (Biswas et al. 2013, Main et al. 1989, Baro et al. 2013, Castillo-Villa et al. 2013). 239 

 240 

 241 

Resonant piezoelectric spectroscopy 242 
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   Polar behavior (ferroelectric/piezoelectric/ferrielectric behavior) in tweed, twin walls, and near 243 

surfaces in porous minerals relates to a very small number of atoms which constitute a tiny 244 

percentage of the sample (typically 0.1 ppm). This means that their piezoelectric signal is quite 245 

weak and a very sensitive experimental technique is needed for its investigation. One of the best 246 

tools for the detection of weak polarity is second harmonic generation microscopy (SHG). 247 

Second-harmonic generation has been reviewed as a tool for studying polarity and electronic and 248 

magnetic structures of crystals in Fiebig et al. (2005). However, one has to be careful with the 249 

interpretation of SHG data because local defects can easily induce SHG signals ( Bleser et al. 250 

1994,  Meier et al. 2010, Becker and  Bohatý 2010, Lottermoser et al. 2009, Frey and Payne 251 

1996, Yokota et al. 2014). 252 

 253 

Recently a new experimental technique, resonant piezoelectric spectroscopy (RPS), has been 254 

introduced (Salje et al. 2013, Aktas et al. 2013, Aktas et al. 2013). The experimental arrangement 255 

for resonant piezoelectric spectroscopy (RPS) is shown in Figure 12. If the sample is 256 

piezoelectric, the AC voltage applied between two parallel surfaces of the sample leads to the 257 

oscillation of domain boundaries. This oscillation creates strain fields proportional to the electric 258 

field and forms elastic waves propagating in the sample. If the frequency of the elastic wave 259 

corresponds to one of the natural frequencies of the sample, it becomes resonant and its 260 

amplitude increases drastically. This mechanical resonance condition makes RPS highly 261 

sensitive to polar ordering even at nano scales. The detection of resonant elastic standing waves 262 

(i.e., mechanical resonances), is then achieved using a piezoelectric detector attached to one end 263 

of an alumina rod which transmits any signal received from the sample to the piezoelectric 264 

detector. Note the similarity between the experimental arrangements of RPS and RUS (Salje et 265 
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al. 2013). In RUS, elastic waves are generated mechanically by the application of an AC voltage 266 

across a piezoelectric transducer (the top transducer in Figure 12). In RPS the AC voltage is 267 

applied across the sample, which will generate elastic waves only if the sample, locally or 268 

macroscopically, shows piezoelectric behavior.  269 

 270 

  As an example, we performed RPS measurements on quartz  with an AC voltage of 20 V 271 

applied across two parallel surfaces in the basal plane of the sample. Segments of spectra 272 

collected between 300 K and 1050 K are shown in Figure 13. The spectrum shown in green is 273 

assumed to have been collected at the α-β transition at Tc = 846 K, where α corresponds to the 274 

low temperature phase with the point group 32 while β is the high-temperature phase that 275 

belongs to the point group 622. There are mechanical resonances peaks both below and above Tc, 276 

which indicates piezoelectricity in both phases. This is consistent with the symmetry properties 277 

of the α and β phases. In the α phase the piezoelectric coefficients d11 and d14 are active, while in 278 

the β phase only d14 is active (Ohno, Harada, Yoshitomi 2006). Monotonous temperature 279 

behavior of resonance amplitudes at Tc implies that resonances are excited mainly by the 280 

piezoelectric coefficient d14. Elastic properties of quartz have been determined in great detail 281 

elsewhere (Carpenter et al. 1998) and will not be discussed in this review. However, it is worth 282 

noting that in the spectra shown in Figure 12 resonances the frequencies of which do not change 283 

significantly with temperature belong to alumina rods. Other resonances which show a frequency 284 

dip at Tc , belong to the quartz sample. The square of a resonant frequency is proportional to the 285 

effective elastic constant associated with the resonance. Therefore, the observed softening in 286 

resonant frequencies is in agreement with earlier reports of the co/elastic nature of quartz. 287 

 288 
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 289 

The same experimental method has now been employed to observed polar domain walls. RPS 290 

spectra of paraelectric SrTiO3 were collected between 15 K and 100 K and are shown in Figure 291 

14. Upon cooling, peaks associated with mechanical resonances of the SrTiO3 sample appear 292 

below 80 K, which is well below the ferroelastic transition temperature Tc = 105 K. As the 293 

temperature is reduced, the amplitudes of resonance peaks reach their maximum values below 40 294 

K. Considering that bulk SrTiO3 shows no ferroelectric or piezoelectric behavior, the observed 295 

piezoelectric behavior indicates that the twin walls become polar below 80 K. The gradual 296 

increase in amplitudes implies that piezoelectricity inside the twin walls, increases upon cooling 297 

and leads to the mobility of twin walls and hence proves the functionality of twin walls in 298 

SrTiO3. RPS is hence shown to be sensitive enough to observe these microstructure-related 299 

polarities even when the number of atoms in the polar state is very small. It is a method which 300 

may be able to find such states in minerals where polarity has not been reported before. The 301 

polartity of twin boundaries of SrTiO3 has been confirmed by computer simulations  (Zykova–Timan and 302 

Salje 2014) where the local structure is not simply amd array of dipoles in the wall but contains vortices 303 

which lead to rotations of ferroelectric dipoles, as shown in Figure 15. It was shown subsequently that 304 

these dipoles can be switched by electric fields, which demonstrates that twin boundaries in perovskites 305 

structures are indeed functional in several chemical compounds. We expect that more examples will be 306 

found in the future with some of these examples coming from mineralogical collections. 307 

 308 

Implications 309 

The implications of our observations are wide– ranging. First, we cannot take it for granted anymore that 310 

ionic transport is dominated by the transport coefficient of the bulk material. Whenever the interfacial 311 
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density is high, we can short–cut the bulk and transport mainly through the network of interfaces. This 312 

effect is even greater when electronic transport, or hole transport, is considered.  313 

We have given a general scheme to quantify the coupling between order parameters and other quantities 314 

such as polarity and conductivity. These schemes apply to many minerals. While these results will 315 

probably not falsify previous results in the mineralogical literature, they add another dimension. Minerals 316 

may be high–tech materials, but we simply do not know. We are in a similar situation as in the beginning 317 

of research on ferroelectric materials in the 1950s many of the first surveys were conducted in 318 

mineralogical collections where minerals were systematically tested for their ferroelectric behavior. Later 319 

the same happened for magnetic materials. Today we should test domain boundary for any functional 320 

behavior (conductivity, polarity, piezoelectricity, ferroelectricity, magnetism etc.) and also their dynamic 321 

behavior. There is a lot to do. 322 

 323 
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 698 

Fig. 4 Bright field transmission electron micrograph (and its associated electron diffraction pattern) 699 

showing the tweed microstructure observed in K-feldspar (after McLaren and Fitzgerald 1987). 700 

 701 

 702 

 703 

 704 

 705 

Fig. 5 Three dimensional representation of diffuse scattering profile associated with a tweed 706 

microstructure in the superconducting oxide sample in Figure 2 (reanalyzed data from Locherer et al. 707 

1998). 708 
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 709 

Fig. 6 Superconducting twin boundaries in WO3  (after Kim et al. 2010) with the topological, 710 

current and piezoelectric contrast across the same twin boundary. 711 

 712 

 713 

  714 
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 715 

Fig.7 Polar twin boundaries in CaTiO3.  Displacements of Ti atoms near the twin boundary (a). 716 

The blue horizontal line shows the position of the twin wall. b) Mean interatomic Ti–Ti column 717 

distances perpendicular to the twin wall, averaged in the direction parallel with the twin wall, 718 

together with their 90% confidence intervals. c) Mean interatomic Ti–Ti column distances 719 

parallel to the twin wall, averaged in the direction parallel with the twin wall, together with their 720 

90% confidence intervals (after Van Aert et al. 2012). The overall mirror plane symmetry of the 721 

twin wall is preserved ( Yokota et al. 2014)) 722 
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 726 



36 

 727 
 728 
 729 
Fig. 8 Phase diagram of phases with bi-quadratic coupling between order parameters and their 730 

twin profiles. The relevant parameters are λ and κ, λ is the coupling strength and κ is the ratio of 731 

the two characteristic length scales of the two order parameters (Salje 2012). Only the region λ > 732 

−2, κ > 0 gives rise to interfaces between stable phases (after Conti et al. 2011). 733 
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 742 
 743 
Fig.9 Experimental arrangement for measurements of the collapse under applied stress in porous 744 

materials. The collapse is measured by the relative length change of the sample and by the 745 

acoustic emission (AE) of jerks during the compression. The squared time derivative of the 746 

length change (dX/dt)2  v2 is proportional to the acoustic activity (counts per second) so that 747 

both data sets are used for the determination of the jerk statistics. The AE measures the energy 748 

emission of the sample, which often follows a power-law distribution with exponent ε. 749 

 750 
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 752 
 753 
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 755 
 756 

Fig.10 Typical compression jerk spectra as obtained by Baró et al. (2013). (a) The outcome of 757 

compression on the specimen height (h) as a function of time (t) (time is proportional to stress, as 758 

the experiment was undertaken under a constant stress rate) and the energy of the acoustic 759 

emission (AE) avalanches, shown on a logarithmic scale. (b) Time evolution of the AE activity 760 

rate and of the total number of events. Abbreviations: Esignal : acoustic emission energy, 761 

h(t):height of the sample which shows the stepwise collapse, r(t): rate of the acoustic emission, 762 

and N(t): accumulated rate of the acoustic emission. The difference between the reductions of the 763 

height and the equivalent increase of the accumulated acoustic emission stems mainly from the 764 

accumulated effect of pre- and after-shocks. 765 
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 766 
 767 
 768 
Fig.11 Distribution of avalanche energies during the full experiment with 7 different subperiods. 769 

The line shows the behavior corresponding to ε = -1.39. The inset shows the ML-fitted exponent  770 

as a function of a lower threshold Emin for the three experiments. 771 
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 774 

Figure 12: Schematic diagram of the experimental arrangement for resonant piezoelectric spectroscopy 775 

(RPS). The same setup can be used for resonant ultrasonic spectroscopy (RUS) by applying the AC 776 

voltage across the top piezoelectric transducer rather than the electrodes coating two parallel surfaces 777 

of the sample. An AC voltage of 1-25 V is applied across the sample. 778 
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 784 

Figure 13: RPS spectra of quartz collected between 300 K and 1040 K. The spectrum shown in green is 785 

assumed to be collected at Tc = 846 K. The left axis represents the amplitude. The spectra were translated 786 

vertically in proportion to the temperatures at which they were collected so that the right axis represents 787 

temperature.  788 
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 792 

Figure 14: Low-temperature RPS spectra of SrTiO3. Segments of RPS spectra in the frequency interval 793 

from 25 kHz to 100 kHz. The left axis represents the amplitude and the right axis gives the temperature 794 

at which each spectrum was collected. The spectrum shown in blue was collected at T* ~ 80 K, below 795 

which SrTiO3 shows piezoelectricity that originates from ferroelastic twin walls generated at the 796 

ferroelastic transition at 105K. 797 
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 803 

 804 

Fig.15. Twin structure of octahedral tilts in SrTiO3 (a) and the vortex structure of the Ti  805 

off-centering in the twin wall and thermal fluctuations in the bulk. 806 
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