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Abstract: Ferroelastic twinning in minerals is a very common phenomenon. The twin laws follow 

simple symmetry rules and they are observed in minerals, like feldspar, palmierite, leucite, perov-

skite, and so forth. The major discovery over the last two decades was that the thin areas between 

the twins yield characteristic physical and chemical properties, but not the twins themselves. Re-

search greatly focusses on these twin walls (or ‘twin boundaries’); therefore, because they possess 

different crystal structures and generate a large variety of ‘emerging’ properties. Research on wall 

properties has largely overshadowed research on twin domains. Some wall properties are discussed 

in this short review, such as their ability for chemical storage, and their structural deformations that 

generate polarity and piezoelectricity inside the walls, while none of these effects exist in the adja-

cent domains. Walls contain topological defects, like kinks, and they are strong enough to deform 

surface regions. These effects have triggered major research initiatives that go well beyond the realm 

of mineralogy and crystallography. Future work is expected to discover other twin configurations, 

such as co-elastic twins in quartz and growth twins in other minerals. 
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1. Introduction 

Twinning of minerals has intrigued mineralogists as long as mineralogy was estab-

lished as a discipline by Haüy in 1797 [1]. At the beginning of the 20th century, many text-

books and research articles in mineralogy focused on twinning from a geometrical per-

spective [2–8]. Many of the early pioneers of mineralogy and crystallography were in-

volved in this research, which highlights its importance. Landmark contributions came 

from Hugo Strunz [9] and Paul Ramdohr [10], who were inspirational for generations of 

mineralogists. The impact of work on the classification of ‘twins’ declined over recent 

decades; however, while research on the consequences of twinning sharply increased in 

a wider field outside mineralogy, namely physics, chemistry, ferroic materials, and nan-

otechnology. More than 8000 papers on twinning were published in 2020 alone. The fun-

damental shift came with a change of focus from twins to twin walls. A simple experiment 

partially initiated the new perspective, which was first disbelieved but then confirmed 

and extended to many other scenarios. The experimental discovery was that, in a specific 

tungstate mineral with perovskite structure, WO3, the boundary between various twins, 

the so-called ‘twin boundary’ or ‘twin wall’, has completely different physical properties 

from the twin domains (Figure 1). In this particular case, the twins are insulators while 

the twin boundaries are highly conducting at room temperature and become supercon-

ducting below ca. 3K [11]. 
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Figure 1. Topology (left), conductivity (middle), and piezoelectricity (right) of twin structures in WO3 at room temperature. 

The structure is tetragonal P-421m and piezoelectric [12]. Twin walls appear as borders between twin domains on the right, 

and as bright conducting regions in the middle panel. The piezoelectricity is short-circuited in the highly conducting do-

main walls, which now appear dark in the PFM image on the right (horizontal length of the image 1.5 µm, after [13]). 

This review will describe other properties, and they were later identified to be local-

ized in the twin walls, but not in the twin domains. These properties are highly relevant 

for technological applications and they triggered the shift from research on twin domains 

to research on domain walls. Hence, the fundamental new discovery is that twin walls are 

not simply thin layers inside minerals with essentially the same properties as the twin 

domains. Instead, they represent novel materials, confined to the twin walls, which do not 

exist as domains. Therefore, it is wrong to presume that the atomic configurations in the 

twin walls are the same as in the twins. This realization is similar to the earlier observation 

that surfaces are special because they contain surface reconstructions and surface relaxa-

tions, which often lead to the discovery of important new structures that are fundamen-

tally different from the bulk. The earlier notion that twin walls are like internal surfaces, 

rather than infinitely thin layers of glue between twin domains, hence has found some 

late justification. The difference between twin boundaries and surfaces is that minerals 

can contain a large number of twin boundaries, while surface regions are necessarily lim-

ited under most circumstances. Hence, the emphasis of current research is to control twin-

ning and use the twin walls as active elements. Applications are superconducting layers, 

transistors, photoelectric detectors, memory devices, piezoelectric layers, sources of chem-

ical elements for reactions in confined spaces, and many more. The key notion is that wall 

properties are fundamentally different from the bulk properties. These physical, chemical, 

and structural properties are typically ‘emerging’, i.e., they exclusively relate to the fea-

tures of the twin wall. They disappear when the twin walls disappear, so that mono-do-

main samples do not display any of these emerging properties. 

The move towards research on specific micro- and nano-structures that largely 

started in 2010 with a new research discipline of ‘domain boundary engineering’ [14,15]. 

The aim was to understand how to generate twinned materials with desirable twin wall 

effects. A recent review by Nataf et al. [16,17] summarizes many aspects of successes and 

failures in ‘domain wall engineering’ from a physics perspective. From a mineralogical 

perspective, many of these effects were initially discovered in minerals with naturally oc-

curring twin walls. We will now review some examples of minerals where important wall 

properties were found. We will then argue that much more work needs to be done on 

different twins in other minerals and highlight some open questions. 

2. Ferroelastic Twin Laws in Minerals 

Typical examples for phase transitions in minerals, which constitute large propor-

tions of the earth’s crust, are those of quartz and feldspar. Quartz transforms from a high-

temperature form with 622 symmetry (β-phase) via one or two incommensurate phases 

(INC) into the trigonal a phase with 32 symmetry (α-phase) [18]. The transition mecha-

nism is related to the rotation of SiO4 tetrahedra with additional small distortions of the 
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tetrahedral bond lengths and bond angles. The symmetry change during the phase tran-

sition is related to the appearance of a piezoelectric symmetry tensor, so that the transition 

cannot be ferroelastic. No ferroelastic twin laws are symmetry allowed to explain the mul-

tiple twin structures, because quartz is, instead, co-elastic. The inner structure of its twin 

walls in quartz has not yet been fully explored, and it still constitutes a major challenge to 

mineralogists [19,20]. For example, first principle DFT calculations are highly desirable 

for the determination of local crystal structures in twin walls of quartz. Co-elastic minerals 

are defined as undergoing strain deformations during phase transitions that are not con-

fined to the symmetry breaking required for ferroelasticity. The strain often is a volume 

strain, like in the case of quartz, which does not lead to twinning, but allows twin-like 

structures inside the incommensurate phases. Nevertheless, co-elastic minerals are often 

twinned for other reasons than ferroelasticity, such as growth twinning, twinning under 

uniaxial stress, etc. Their twin boundaries are still awaiting a major research effort to un-

derstand their local structures. 

This behavior contrasts with the structurally more intricate transitions in feldspars. 

Their transitions are related to three mechanisms: (i) the ordering of Al and Si in a tetra-

hedral network, (ii) structural distortions of the network of an essentially displacive na-

ture (with a variety of critical points in the Brillouin zone), and (iii) the ordering/exsolu-

tion of the alkali and earth-alkali atoms. Na-feldspar is monoclinic C2/c at high tempera-

tures and triclinic P-1 at low temperatures. The phase transition is related to the simulta-

neous symmetry breaking of the monoclinic structure via a displacive lattice distortion 

and a simultaneous ordering of the Al and Si atoms. At lower temperatures (around 950 

K), the contributions of these two processes change in a crossover mechanism [21,22]. Two 

order parameters characterize the transition behavior. A weak thermodynamic singular-

ity occurs due to a second-order transition with predominantly displacive character due 

to the tilt of the structural crankshafts. This lattice distortion drags with it a cation order-

ing process, which itself drives a crossover mechanism that operates without actual sym-

metry breaking at lower temperatures [23]. The coupling between several structural insta-

bilities is very common in mineral systems and may, at first sight, seem to be rather com-

plicated. Nevertheless, both of the mechanisms follow the same ferroelastic symmetry 

breaking process from the monoclinic to the triclinic phase. This means that the twin laws 

can be derived uniquely from symmetry conditions. The orientation of ferroelastic twins 

is then fully determined by the deformation of the P-1 phase relative to the C2/c phase. A 

full analysis of albite and pericline twin laws in alkali feldspars in [24] demonstrates the 

power of this method. 

A complete description of all possible ferroelastic transition symmetries with many 

examples of minerals can be found in a textbook [25] and a specific review for the appli-

cation of Landau theory in minerals [26]. A classification of symmetry conditions for the 

strain that determines twin laws was published by Carpenter and collaborators [27–29]. 

They derived a formal framework for detailed observations of the dynamical behavior of 

twin structures. 

The orientation of ferroelastic twins is determined by the Sapriel conditions that twin 

walls are strain free [30]. Only two possible types of walls between twins are symmetry 

allowed. They are either completely fixed by the crystallography of the low symmetry 

phase or they are not. Fixed walls are called w-walls and flexible walls are called w’-walls. 

W-walls are related to mirror planes that are lost during the phase transition, while w’-

walls contain equivalent diads inside the walls. The mineral palmierite is a typical exam-

ple. Figure 2 shows the twin structure of a palmierite sample with composition Pb3(AsO4)2, 

which underwent a phase transition R-3m to C2/m. During the transition, the sample de-

veloped twins with w and w’ twin walls. The image shown in Figure 2 was taken along 

the pseudo-triad, which explains the almost threefold symmetry of the twin walls. The 

exact angles between the twin walls follow directly from the Sapriel condition and they 

deviate from the multiples of 90° and 30°. In 2020, Yokota et al. [31] found that all of the 
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twin walls in palmierite are piezoelectric, while the twin domains are not. The structural 

symmetry inside the twin walls, namely m and 2, was confirmed. 

W walls in Figure 2 appear as sharp lines because they are along the lost mirror plane 

of the R-3m phase which are perpendicular to the surface. W’ walls are inclined to the 

surface and change their orientation with temperature. They contain the broken diads of 

the high symmetry phase. The angles between the twin walls deviate from the multiples 

of 90° and 30° because the spontaneous strain deforms the twin orientations. All orienta-

tions were reproduced from the Sapriel conditions that twin walls are unstrained in [32]. 

 

Figure 2. Birefringence image of the twin structure of the palmierite Pb3(AsO4)2 in the C2/m phase. 

Twin variants appear as black and white regions. The birefringence image was taken along the 

pseudo-trigonal axis with some twin domains in extinction direction (after [32]).  

3. Twin Walls as Storages for Cations and Their Pinning Behaviour in Anorthoclase 

Anorthoclase is a prototypic mineral for local exchanges of cations in twin walls. In-

scribing and erasing twin domains (so-called ‘twin memory’ and ‘twin amnesia’) was ex-

perimentally observed in anorthoclase with composition Ab70 Or25 An5 from volcanic 

tuffs in Camperdown, Victoria (Sample 195127 in the Harker Collection, Cambridge Uni-

versity) [33]. After collecting the room temperature XRD rocking curve of anorthoclase, a 

sample was heated rapidly in vacuum to some high temperature above the displacive 

transition temperature for the sample (733 K); this temperature was then maintained for 

4 h. The sample was then cooled back to room temperature (with a cooling rate of ~10 

K·min−1), where the rocking curve was again recorded. The cycle of collecting a room tem-

perature rocking curve and heating to progressively higher and higher temperatures was 

repeated until an annealing temperature of ~1000 K was reached. 

Rocking curves clearly reveal the formation of twins. They showed that twins were 

generated by quenching the sample through the phase transition temperature. This leads 

to the ‘memory effect’: the twin structure remains stable and it will always reappear at 

exactly the same locations in the sample when reheated and re-cooled through the transi-

tions. This effect continues until the walls are erased or overwritten by further heating, 

which qualifies as ‘twin amnesia’. Annealing at 860 K does not induce much twin amnesia, 

while annealing at 880 K has a much greater effect. The phase diagram for anorthoclase 

reveals the underlying mechanism. The temperature at which twin memory begins to be 

lost is near the solvus temperature for anorthoclase with the composition of the Camper-

down sample, where segregation between Na and K commences on cooling. Thus, the 

diffusion K into the twin boundaries was identified as mechanism for the twin memory 

effect, while the replacement by Na induces amnesia (Figures 3 and 4). 

The local crystal structure inside the twin boundary differs from that in the bulk [34–

38], and this has the effect of attracting Na or K to the twin boundary. Simple symmetry 

and volume arguments favor the larger K ions on the twin boundaries, and Na in the bulk. 
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Figure 3. Schematic illustration of atomic-scale mechanism of twin memory in anorthoclase (after 

[34]). 

While alkali segregation is the mechanism that is responsible for twin memory in 

anorthoclase, one expects memory loss to occur quite rapidly once the solvus temperature 

is exceeded, since alkali diffusion through the feldspar structure is rapid [39], and the dif-

fusion lengths that are required for twin memory are quite small. At room temperature, 

the twin wall thickness in anorthoclase is of the order of 2.5 nm [40]. Thus, there are suf-

ficient potassium cations to completely fill the twin wall in a relatively narrow layer with 

a maximum diffusion length required to be of the wall thickness. 

  
  

Figure 4. Typical TEM micrographs of anorthoclase. This image at the left is of a (010) slice of Camperdown anorthoclase, 

and shows the pericline twins approximately parallel to (001). The image at the right shows a wider view of twinning in 

an albite rich plagioclase in granite. Twins are seen as narrow lines with two dominant orientations, representing the albite 

and pericline twin laws. The diameter of the field of view is 3 mm (courtesy Prof. M.A. Carpenter). 

This example highlights the effect of ‘loading’ and ‘unloading’ twin walls with cati-

ons or defects. In the case of anorthoclase, the change of chemical composition inside twin 

walls was already observed in 2000 by microprobe techniques [36]. Such chemical 

changes, in turn, pin the position of twin walls, so that the twin walls appear to be static 

under weak fields while the un-doped sample shows freely moving twin boundaries. This 

effect was also simulated by computational molecular dynamics methods [41]. The results 

show that randomly distributed, static defects are enriched in ferroelastic domain walls. 
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Quantitatively, the relative concentration of defects in walls, Nd, follows a power law dis-

tribution as a function of the total defect concentration C: Nd ~ Cα with α = 0.4. In these 

simulations, the enrichment Nd/C ranges from ca. 50 times to ~3 times. The enrichment is 

due to the nucleation of twins at defect sites; the dynamics of twin nucleation and switch-

ing are then strongly dependent on the defect concentration. Under stress, the domain 

walls do no longer move smoothly, but form avalanches. This phenomenon is rather com-

mon when walls de-pin and nucleate new walls, see the reviews in [16,42–46]. The energy 

distributions of these avalanches follow power laws with energy exponents ε between 

1.33 and 2.7. These exponents then allow for a detailed characterization of the pinning 

behavior and assessment how much the twin structures adapt to the defect distribution 

(Figures 5 and 6). 

 

Figure 5. (a) The relative concentration of vacancies at boundaries rVa as a function of the vacancy 

concentration CVa at T = 5 × 10−4 TVF. TVF is the Vogel-Fulcher temperature of the twin mobility. For 

mobile vacancies, after long time diffusion, it follows a power law rVa ~ CVa α with α = 0.61 (red 

data). The grey square shows the immobile vacancy. (b) The variation of twin boundary density 

rTB with CVa at T = 5 × 10−4 TVF follows a power law relationship. As rTB ~ CVa α with α= 1/3. (c) The 

enrichment ratio of rVa/CVa decreases with increasing temperature and drops to ca. 2.45 at T = 

0.8TVF. Reproduced with permission from [47] published by Elsevier Ltd, 2019. 
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Figure 6. Phase diagram for the energy E0 of mobile and immobile vacancies as a function of tem-

perature. E0 is defined as E0 ~ kB(T − TVF), which corresponds to an activation energy at the temper-

ature T. The Vogel–Fulcher temperature is TVF, which is near 12K in this model. Reproduced with 

permission from [47] published by Elsevier Ltd, 2019. 

This mechanism changes when defects have mobilities that are comparable with 

those of mobile twin walls [47]. Molecular dynamics analysis indicates how vacancies re-

duce their energy by residing in twin boundaries, kinks inside twin walls, and junctions 

between twin walls. Vacancies have the largest binding energy inside junctions and they 

co-migrate with the motion of the junctions between twin walls. For defects trapped inside 

twin walls, a “ghost line” may be generated, because vacancies do not necessarily diffuse 

with moving boundaries, similar to the memory effect in anorthoclase. They leave a trace 

of their previous position when they are left behind. Needle twin walls act as channels for 

fast diffusion with almost one order of magnitude higher vacancy diffusivity than in the 

bulk. This modifies the relative concentration of vacancies at twin boundaries as a func-

tion of the average vacancy concentration. The concentration of vacancies at twin bound-

aries is enriched ca. five times at low temperatures, as determined by these simple simu-

lations. With increasing temperature, the enrichment drops as the trapping potential at 

the twin boundaries decreases via thermal release. The distribution of energy-drops upon 

twin pattern evolution follows a power law. The energy exponent of the mobile twin walls 

ε increases from ~1.44 to 2.0 when the vacancy concentration increases. Such enrichments 

of cations and vacancies in twin walls have been widely reported in the literature (e.g., in 

perovskites [37], klinker [48], twinned alloys [49], pure metal twin walls [50], cassiterite 

(SnO2) [51], tellurized molydenite [52], tungsten dichalcogenites [53], and twin wall dop-

ing in palmierite [54]. Oxygen vacancy trapping in perovskite was simulated and the re-

sults are discussed in [55,56]. The determination of chemical variabilities of twin bounda-

ries have become an active field of research, both experimentally e.g., when trace elements 

are hidden in twin walls, and by computer simulation. 

The chemical changes in twin walls requires that the twin walls have a finite volume. 

It can be estimated that the typical proportion of atoms in twin walls in a heavily twinned 

mineral is ca 1–10 ppm. The thickness of the twin walls has been measured for several 

minerals and it extends over some nanometers (2 nm in palmierite [57], 1.3 nm in anor-

thoclase [40], 1.6 nm in tungstate [58], 1.6 nm in LaAlO3, [59], and 2 nm in perovskite [60]). 

In addition, the possibility of thickness measurements by surface methods was raised [61–

63]. It was argued that twin wall thicknesses will vary significantly with their local chem-

ical composition [64,65]. Nevertheless, the length scale over which the twin walls expand 

or retract, their thickness remains below 10 nm. Hence, experimental work to quantify this 

variation is very hard to perform, because other effects, like kink-formation and wiggles 

in twin walls, will be superimposed onto the compositional effect and may obscure them. 
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4. Structural Changes and Electric Polarization inside Twin Boundaries in the Mineral 

Perovskite 

Even when twin walls are chemically inert and do not change their composition rel-

ative to the twin domains, they will still modify their crystal structure. The simple reason 

is that the unit cells in twin walls are systematically deformed by the strain that is exerted 

by the twin domains. A simple sketch presented in Figure 7 shows a simplified lattice 

configuration with two twins. The repetition lengths between the lattice points have the 

same length as in the twin domain and in the wall (tainted red in Figure 7). Only the 

second nearest neighbor lengths across the twin wall are different in the wall from the 

bulk. This leads to subtle structural differences in the domain and walls. A large cation is 

then imagined to be inserted in these local cells. While their optimal position in the rec-

tangles is near its midpoint, this is not true for the wall. Here, the atoms will shift towards 

the upper end of the kite-shapes cells. This simple thought experiment illustrates why 

large atoms in the twin walls are always shifted with respect to the twin domains, and 

that these shifts commonly are directed towards the apex of the wall cells. 

 

Figure 7. A simple model of a twin wall where the exchange between short and long repetition 

lengths between second nearest neighbor lattice points leads to a lattice distortion inside the red 

wall area. 

This twin wall effect has been predicted in much more detail using Landau theory 

[66–68]. The structural deviations in the twin walls are substantial and they play a major 

role in device fabrication [69–71] and so-called adaptive materials where the phase equi-

libria are achieved by suitable twinning processes [72]. A typical example is the twin struc-

ture in the mineral perovskite (CaTiO3), where the intrinsic wall activation energy was 

first calculated by Lee et al. [73]. The breakthrough for the detailed structure determina-

tion was achieved by Van Aert et al. [60], who demonstrated, by transmission electron 

microscopy, that the Ti positions in the twin walls were indeed shifted by 6 pm along the 

wall direction (Figures 8 and 9). Such large shifts were previously unexpected, and they 

rank amongst the biggest polar shifts in any mineral. It is comparable with the ferroelectric 

shift of Ti in the ferroelectric material BaTiO3. 
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Figure 8. Perovskite CaTiO3 (a) Single twin wall, indicated as standing dark grey plane, with the 

chosen (x, y, z) reference system for the definitions of the measured displacements. The angle of 

178.8° is the result of the twinning operation from the high temperature cubic to the low tempera-

ture orthorhombic phase. (b) Atomic configuration on both sides of the (110) twin plane with Ca 

atoms marked by large, filled circles, Ti atoms by medium-sized shaded circles, and O atoms by 

small circles. Reproduced with permission from [60], published by John Wiley & Sons, Inc., 2011. 

 
Figure 9. Mean displacements of the Ti atomic columns from the centre of the four neighbouring 

Ca atomic columns inside the twin wall are indicated by green arrows in perovskite CaTiO3. The 

centre row of atoms shifts to the left and generates polarity of the domain wall. The polarization 

perpendicular to the wall is self-compensating. The blue line indicates the middle of the twin 

boundary. Reproduced with permission from [60], published by John Wiley & Sons, Inc., 2011. 

The dramatic structural deformation inside twin walls has been observed in many 

materials, although it was first discovered in the mineral perovskite. Technically, the 

measurement of symmetry breaking in twin walls is very involved using transmission 

electron microscopy. It is greatly eased by using the second harmonic generation, SHG, 

technique, i.e., the observation of the doubling of the laser frequency in piezoelectric twin 

walls, as a measure for the local structural distortion. This technique is ideal if the twin 
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interatom ic colum n distances betw een neighbouring Ca–Ca 
and Ti–Ti colum ns are determ ined. In Figure 3b, the distances 
perpendicular to the tw in w all are presented in term s of their 
m ean values, averaged in the direction parallel w ith the tw in 
w all, together w ith their 90%  confidence intervals. The corre-
sponding standard deviations range betw een 1 pm  and 2 pm  for 
the Ca–Ca distances and betw een 1 pm  and 3 pm  for the Ti–Ti 
distances. By com paring the 90%  confidence intervals w ith the 
overall m ean Ca–Ca interatom ic distance, show n by the vertical 
red line, deviations from  a constant lattice param eter are clearly 
observed for the Ti–Ti distances in the vicinity of the tw in w all 
w hereas no conclusions can be draw n for the Ca–C a distances. 
This indicates a shift of the Ti atom ic positions close to the 
tw in w all. A  sim ilar analysis for the Ti–Ti and Ca–C a distances 
parallel w ith the tw in w all is show n in Figure 3c, w here no 

significant deviations from  a constant for both types of atom ic 
colum ns are observed.

The previous analyses clearly indicate shifts in the Ti atom ic 
positions w hereas any shifts in the Ca atom ic positions are too 
sm all to be identified. Therefore, in the follow ing, w e w ill focus 
on the off-centering of the Ti atom ic positions w ith respect 
to the center of the neighboring four Ca atom ic positions. A s 
these displacem ents are largely random  and sm all as com pared 
to the experim ental m easurem ent precision, w e w ill extract the 
system atic fluctuations related to the tw in w all using the fol-
low ing filtering. First, w e average all displacem ents in planes 
parallel to the tw in w all. N ext, w e average the results in the 
planes above w ith the corresponding planes below  the tw in 
w all. This second operation identifies the overall sym m etry of 
the sam ple w ith the tw in w all representing a m irror plane. The 

Figure 3. a) Reproduction of the boxed region in Figure 2b. The estim ated Ca and Ti atom ic colum n positions are indicated in red and green, respec-
tively. The blue horizontal line show s the position of the tw in w all. b) M ean interatom ic Ca–Ca and Ti–Ti colum n distances perpendicular to the tw in 
w all, averaged in the direction parallel w ith the tw in w all, together w ith their 90%  confidence intervals. The vertical red line corresponds to the overall 
m ean Ca–Ca interatom ic distance. N ote the deviations from  this line for particular Ti–Ti atom ic colum n distances close to the tw in w all (arrow s). 
c) M ean interatom ic Ca–Ca and Ti–Ti colum n distances parallel w ith the tw in w all, averaged in the direction parallel w ith the tw in w all, together w ith 
their 90%  confidence intervals. The vertical red line corresponds to the overall m ean Ca–Ca interatom ic distance. N o deviations from  this line are 
observed for the Ca–Ca or the Ti–Ti atom ic colum n distances. d) M ean displacem ents of the Ti atom ic colum ns from  the center of the four neighbouring 
Ca atom ic colum ns and indicated by green arrow s. e,f) D isplacem ents of Ti atom ic colum ns in the x- and y-directions averaged along and in m irror 
operation w ith respect to the tw in w all together w ith their 90%  confidence intervals.
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domains are centrosymmetric, while the symmetry breaking renders the twin walls pie-

zoelectric. SHG does not see the twin domains in this case, but it gives strong signals of 

the twin walls [74]. The symmetry relations of the SHG allow for the determination of 

local point symmetry of the twin wall. Another useful method is phonon spectroscopy 

[75,76]. Polar twin walls were also confirmed in other minerals, such as palmierite [31,54] 

and clinobisvanite BiVO4 [77,78]. Very high densities of twin walls, such as in tweed struc-

tures, lead to an overall SHG background that proves that the mineral contains an ex-

tremely high density of walls that is hard to see using other techniques [79]. The tweed 

structure, as an extension of the twin structure, was already predicted in the 1990s [80–85] 

and recently observed in LaAlO3. A short review on tweed in minerals can be found in 

[86]. A typical selection of tweed in minerals is given in [87–92]. However, none of these 

minerals have yet been analyzed in sufficient detail to quantify the local symmetry break-

ing effects in the twin walls or in the tweed structure. 

5. Topological Changes of Twin Walls: Kinks and Surface Intersections 

Twin walls are planar in local areas, but not globally. They are prone to topological 

defects, like kinks, arching, and systematic changes, when they touch surfaces. In addi-

tion, they deform dynamically under external stress. This effect is at the core of Resonant 

Ultrasonic Spectroscopy, RUS. Its application to twins in minerals is far too extensive to 

be reviewed; here, the reader is referred to the excellent review by Carpenter and Zhang 

[93], which covers several minerals. Specific examples were discussed [94–99]. The under-

lying mechanisms of these dynamic phenomena of twins were computer simulated [100–

102] and they show a multitude of mechanisms like the progression and retraction of nee-

dles, wall arching and shifts of wall defects [100–103]. They analyzed the movement of 

needles domains and wall bending of twin domains, which is retarded by interactions 

with the crystals structure. These interactions lead to pinning and, hence, to the damping 

of the wall movement. RUS experiments prove that twin walls are locally mobile, and that 

damping can be measured quantitatively. Hence, the macroscopic elastic response of a 

twinned ferroelastic mineral has very little to do with its intrinsic elastic properties, but is 

greatly reduced by the spatial relaxations and energy absorption of twin walls. Only when 

the uniaxial stress is large enough to eliminate all twins, will one be able to measure the 

intrinsic, un-twinned elastic properties. As the scientific question has now turned towards 

the understanding of twins and their boundaries, elastic measurements need to avoid 

these excessive stresses. Typical external strains in elastic measurements are in the order 

of 10−7 to 10−4, i.e., being much lower than typical detwinning strains [104]. The induced 

wall movements are equally small with resonance amplitudes in the order of several at-

tometers. Only the walls between twin domains contribute to damping, but not the twin 

domains themselves, which gives excellent access to wall data that are not polluted by 

bulk effects. 

Common perturbations of twin walls are kinks or latches. Figure 10 shows a typical 

example. 
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Figure 10. A static kink in a twin wall is shown by (a) the vertical shear angle and (b) the horizon-

tal shear angle. The strain field in (b) is similar to those of shear dislocations. Reproduced with 

permission from [105], published by John Wiley & Sons, Inc., 2017. 

These kinks generate large strain fields perpendicular and parallel to the twin walls. 

The kinks move along the twin walls when external stresses are applied. The direction of 

travel is determined by the energy gain by increasing the energetically favorable twin do-

main and reducing the unfavorable twin domain. The overall location of the twin wall 

does not change; only the kink inside the twin wall moves until it hits the sample surface. 

The self-energy of a moving wall diverges in Landau–Ginzburg theory as E ∼ (1 − v2/c2)−0.5, 

where c is the relevant sound velocity and v is the wall velocity. This divergence stems 

from the one-dimensional (1D) character of the wall movement where the propagation 

direction coincides with the strain gradient as discussed in detail in [25]. Kinks do not 

suffer from this singularity, because the propagation and strain gradient are rotated by 

45° with respect to each other, so that any analytical description is intrinsically 2D avoid-

ing the mass renormalization. Nevertheless, moving kinks also dissipate energy, and this 

dissipation is the “stumbling block” for high-speed applications. Kinks within the most 

commonly discussed Φ4 model (the self-energy of the kink is a 4th order polynomial) con-

tain “wobbles” as internal degrees of freedom [106]. Certain speeds in excess of the sound 

barrier are theoretically stable and they generate emanating elastic waves during the 

propagation of the kink [107]. Molecular dynamics (MD) simulations of “realistic” kinks 

show that the real situation is rather more intriguing: the kink is first accelerated from a 

static position to a speed near the transverse sound velocity. Further acceleration leads to 

a maximum velocity, which is greater than the longitudinal sound velocity. Thus, kinks 

in a planar wall move at ultrasonic speeds if the driving force is sufficiently strong. The 

kink profiles change during this movement. Phonons are emitted from the moving kink 

at all velocities while the static kink only induces a strain field that is similar to that of an 

edge dislocation. When kinks in twin walls propagate with velocities faster than the vari-

ous speeds of sound in a mineral, they emit secondary waves (~ ultrasonic ‘bangs’) similar 

to high-speed projectiles. This effect is speculated to be useful for fast computer memories 

where the kink position serves as a memory element. Highly twinned leucite is such an 

example where kinks in twin walls are expected. The first experiments were conducted 

[108] and they showed that the topological conditions for ultrasonic kinks are favorable. 

However, the kinks did not contain polarity, or only very weak polarity, so that any elec-

tric or magnetic observation of the kink movement would be very difficult. 

Magnetic signals of moving kinks in twin walls were computer simulated and they 

are now predicted for perovskite structures [109]. These results confirm the idea that twins 

and twin walls commonly produce vortex structures [110,111], as shown in Figure 11. 

 

Figure 11. (a) Displacement currents and the corresponding magnetic fields produced by moving a kink inside a twin 

wall. Relative displacements of cations and anions near the moving kink during a time interval of 0.5 ps. The colours are 

coded by the atomic-level shear strain. Ionic displacements are amplified by a factor of 50 for clarity. (b) Two half-vortices 

of the displacement currents rotate in the same direction in both domains. The current density was calculated based on 
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the relative displacements of anions and cations. The local displacement current is ~10−19 A. The magnetic field is ~2.7 × 

10−4 μB for each half-vortex (after [109]). 

Twin domains are seen at the surface of the mineral, the walls between twin domains 

appear as lines, which are often referred to as ‘striation’. This leads to the question how 

the surface properties of a mineral are influenced by the emerging properties of the twin 

walls. While this problem is greatly discussed in the case of magnetic and ferroelectric 

materials, much less is known for ferroelastic twin boundaries. The first result is that the 

surface is bent near the striation line [112,113]. Figure 12 depicts a cut through of the sam-

ple perpendicular to the surface. It shows that the surface plane is compressed near the 

twin boundary, and that long ranging relaxations extend over the surface. These relaxa-

tions make the twin boundary appear in optical studies blurred and much wider than 

their intrinsic geometrical core of some nanometers. The surface forms valleys and ridges 

where the two twin variants meet at the twin boundary. 

 

Figure 12. Distribution of the order parameter shear deformation (~order parameter Q) at the sur-

face of the lattice (first 50 layers). Lines represent constant Q, with Q0 = 1 in the bulk. There are 

three lines in the middle of the twin domain wall that are not labelled, they represent the Q values 

of 0.40, 0.00, and −0.40 respectively. Notice the steepness of the gradient of Q through the twin 

domain wall. The two structures represent sheared twin atomic configurations in the bulk (far 

from the twin domain wall and surfaces). Reproduced with permission from [112], published by 

IOP Publishing Ltd, 1998. 

When the mineral is not mono-atomic, the cations and anions will form dipoles, as 

discussed above. When these dipoles approach the surface, they are modified by surface 

relaxations [114], as shown in Figure 13. 
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Figure 13. Polarity at anion-terminated surfaces. (a,b) The atomic configurations and polarizations near twin boundary I 

(a valley). The dipole displacement is amplified by a factor of 25 for clarity. Cations are colored in orange and anions are 

colored in blue. (c,d) A snapshot illustrates incident electrons being reflected by the surface. Red electrons are approaching 

the surface and blue electrons are departing from the surface (the mixture gives rise to the gray color of the electrons). The 

red rectangle in the green sample indicates the region shown in (a) and (b). The reduced density (ρ/ρ0) of electrons pro-

jected on the virtual screen is shown in (c), ρ0 is the electron density in the initial configuration. (e–h) are the corresponding 

results for twin boundary II (a ridge). Reproduced with permission from [114]), published by American Physical Society, 

2019. 

The electron scattering MEM image shown in Figure 14 shows the intricate twin pat-

tern in a perovskite mineral (a) and the equivalent AFM pattern (b). The twin domains 

show the same surface charges and, hence, no variation in the surface polarization. In 

contrast, the twin walls show the typical positive or negative surface polarization, which 

confirms the fact that twin walls in perovskite are polar and piezoelectric. 
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Figure 14. (a) Experimental images of electron back scattered MEM image of the CaTiO3 (111) surface showing bright and 

dark domain walls. Far from the domain wall there is no surface potential contrast between domains. The domain walls 

are either dark or bright lines, reflecting positive or negative surface topological charge (upward- or downwards-pointing 

polarity). The orange square is the zone analysed by AFM in (b). Reproduced with permission from [114]), published by 

American Physical Society, 2019. 

6. Outlook 

Twin structures were well studied in several minerals. Their remarkable feature is 

that the joint between twins is not simply a ‘glue’ that holds the twins together, but a 

highly complex structural unit that differs greatly from the atomic structure of the twin 

domains. The simple interpolation between atomic positions of adjacent twin domains 

does not yield the structure of the twin wall. Many exciting properties exist only in the 

twin wall, but not in the twin domains. Some were discussed in this short review, such as 

chemical storage, polarity, piezoelectricity, topological defects, like kinks, and surface de-

formations. This observation leads to the question of what happens to twins in minerals 

that are not ferroelastic [115]. Growth twins are an excellent candidate for further research. 

We have no information regarding the atomic structure of such twin walls, but we may 

speculate that the same principles, which were discussed in this paper, also apply. An 

atypical example is the twinning in cordierte that contains ferroelastic and topological 

aspects [116]. This means that these twinned minerals may contain a multitude of ‘emerg-

ing’ properties that we simply do not know. They may contain pockets of material with 

homeopathic doses of dopants and novel structural elements which are stable only under 

the geometrical confinement of the twin wall. This has significantly wider consequences: 

many properties of solids have first been found in minerals before laboratory-based work 

reproduced the same materials for technological applications. This ‘learning from nature’ 

served us well over the last decades. It may well be, I beg to predict, that some of the most 

exciting properties that are related to twinning are still to be discovered. 
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