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Type IV twins are defined and shown to exist in triclinic crystal systems, as well as in
some monoclinic and trigonal systems. Here, we focus on Pericline twins in triclinic
plagioclase as an example. Type IV twins are associated with the irrationality of one of
the twinning elements that is rational for a type II twin. The formation of type IV twins
is accomplished through the shear on a K2 plane produced by the motion of twinning
disconnections on a K1 plane, followed by rotational partitioning. The same systems
where type IV twins are present also have type III twins instead of type I. Without
using the correct type IV analysis, one would deduce the wrong magnitude and direc-
tion of shear associated with the twinning process, the magnitude of which would
increase with greater triclinicity. Types I and II twins form if and only if there are ratio-
nal lattice translation vectors lying in the plane of distortion/shear. Otherwise, the twins
are types III and IV.
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Deformation (or mechanical) twins were first found by M€ugge in 1883 (1). Such twins
are common in many minerals with low symmetry (2–5) because the Burgers vectors for
deformation twinning are small. In comparison, the Burgers vectors for glide dislocations
in minerals are large owing to their large unit cells. Consequently, their line energies are
large, making them difficult to form at low homologous temperatures. Because the Bur-
gers vectors for twinning in these minerals are typically much smaller, the twinning
defects have lower line energies. Thus, deformation in minerals by slip alone only occurs
at high temperatures. At lower temperatures, the von Mises strain compatibility require-
ment is satisfied only when deformation twinning is present, with some slip as an accom-
modation mechanism. Similar twins can also occur as growth twins, e.g., ref. 6, which
form by different mechanisms and are not considered further here.
In earlier work, we analyzed deformation twins in plagioclase (7–9). As plagioclase is

a dominant phase in the crust of the Earth, Moon, Venus, and Mars, work in this area
could improve our understanding of the strength and deformation mechanisms in the
lithospheres of all these planetary bodies—especially for lower crustal conditions where
plagioclase likely controls rheology, e.g., ref. 10. Examples of twins in plagioclase
formed during deformation in the Earth’s oceanic crust are shown in Fig. 1. We stud-
ied these samples owing to their relatively simple deformation history in the Earth’s
crust and subsequent rapid cooling rate, which inhibited exsolution and preserved the
pertinent microstructure (11).
In analyzing the details of the twin interfaces, we realized that the classical definitions

of pericline twins were incorrect, and thus, new definitions were needed. Descriptions
of twins are characterized by twin types, which are related to the crystallographic twin-
ning elements, namely, the twin planes and directions that characterize the twinning
shear. Within a given structure, multiple twin types can arise because of the details of
the nucleation and mobility of the pertinent interface defects (7, 12–14). Type I twins
(2–5) have low-index mirror planes, on which twinning defects nucleate and traverse,
propagating the twin. Type II twins occur when nucleation is rapid in comparison to
the lateral mobility of the twinning defect; type II twins were defined (2, 3) as having a
rational glide plane for the defects, which is inclined to an irrational twin plane. Histori-
cally, the notations for twinning elements include K1 and K2 for planes and η1 and η2
for directions, as in refs. 12 and 16–21. Instead, we use a modified Frank notation (17)
for the twinning elements, namely, k1 ¼ K1, k2 ¼ K2, χ 1 ¼ η1, and χ 2 ¼ η2, for
type I twins and k1 ¼ K2, k2 ¼ K1, χ 1 ¼ η2, and χ 2 ¼ η1 for type II twins. This
notation is useful for characterizing defects mechanistically since k1 is always the glide
plane, but one must recall that k1 corresponds to different classical planes, K1 for type I
and K2 for type II. The slight modification from ref. 17 is that we use k and χ instead
of k and γ because there are already several other uses for γ in the theory.
At the time, we referred to the Albite twins as type I and the Pericline twins as type

II. However, here we illustrate that, while formed by a mechanism like that for type II,
Pericline twins differ in that the twinning direction is irrational. We call these type IV
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twins and define type III as the analog of type I with an irratio-
nal. The key reason for the presence of type III/IV twins in the
plagioclase is the triclinic crystal structure. Such twins could
also form in higher symmetry crystal structures, although there
are often higher symmetry type I and type II alternatives in
those materials.
Type II twins were found to form by the glide of twinning

disconnections (TDs) moving on planes conjugate to the even-
tual type II twinning plane (15, 18, 19). Here, we apply a simi-
lar topological model (TM) model to the type IV twin for which
the TD glide plane is the only rational twinning element. We
determine the twinning elements for type IV twins in plagioclase
and show that they differ from generally accepted values for Peri-
cline twins. To generalize this observation, we first summarize
the TM model for type I, extend the analysis to type III, and
then consider type II and IV twins. The difference between type
I and type III mainly entails the orientation of χ 1: However,
these types also act as precursors to type II and IV, where there
are major differences. Hence, we first treat the types I and II in
detail and then develop the model for types III and IV.

The Physical Basis for Types I and III Twinning

The classical model for type I twinning (20–22) is illustrated in
Fig. 2A, in which a simple (engineering) shear e is imposed on
the shear plane k1, with a displacement u in the χ 1 direction.
Classically, as described in ref. 11, the shear is imposed on a unit
cube and the displacement is called the shear s, but this is counter
to mechanics usage and the more general simple shear e is the
gradient of u. We prefer to use u, consistent with the TM. The
classical model correctly yields the TD Burgers vector b ¼ u, step
height h, e ¼ b=h, and the shear angle γc . In the TM, the focus
is instead on the symmetrical tilt-like displacements represented
in Fig. 2B, with the characteristic angle pair 2α. These quantities
are all related to twinning elements in the historical, classical-type
representation in Fig. 2C. In the linearized classical model, the
angle γc is set equal to the symmetric angle pair 2α0, but Fig. 2C
shows that this is exact only in the limit that γc approaches zero
(17, 23). Also, to nonlinear order, the angle α0 in Fig. 2C differs
from the symmetrically partitioned value α (23) since the states
of strain differ. The two angles would be equal only when
εxy ¼ ðεxx � εyyÞ=2, and this is only true for infinitesimal strains.
In other words, the distortion field of the symmetric Fig. 2E is
equivalent to that of Fig. 2A plus a rotation, and these are identi-
cal only in the infinitesimal limit.
To avoid these nonlinear discrepancies, the strain is best

envisioned in the hypothetical reversible cycle in Fig. 2 B and
D, which emphasize the equipartitioning of the displacements.

In Fig. 2D, the matrix M and the twin T are sheared separately
by uM and uT as shown, and there are two differently rotated
translation vectors tM and tT in the matrix and twin. In the
TM, this process defines a type I twin. Fig. 2E shows the sym-
metrical, exact TM (3–5, 7) equivalent of Fig. 2C. An initial
perfect reference crystal has a translation vector t0. This is dis-
placed separately to tM and tT by the angle ± α. All displace-
ments are in the plane of distortion. Classically, this plane was
called the plane of shear, but plane of distortion is more appro-
priate here since both distortion components, shears and
rotations, are important in the TM.

In the TM, the lattice vectors tM and tT are rational and low
index. This requires that the origin o is a coincident lattice site.
We demonstrate subsequently that in low symmetry crystals
such as triclinic ones, there are no matrix translation vectors in
the plane of distortion. Instead, in Fig. 2F, only the projections
tMp and tTp of the translation vectors, with a noncoincident
site origin o0, define the twin and differentiate a type III twin
from a type I twin. We restrict the analysis to deformation
twins, although some of the concepts apply to growth or
annealing twins. The type III twinning elements are consistent
with the general theoretical analysis and classification of possible
types of twins (21, 22).

If the lattices of the matrix and twin in the symmetrical are
superposed, the result is consistent with the TM. Fig. 2D shows
that the distortion is partitioned equally to the top and bottom of
the origin as in Fig. 2B. In summary, in the TM case, the dis-
placements, Burgers vectors, and twinning angle α are all parti-
tioned symmetrically. As discussed in ref. 23, the symmetrical TM
agrees with the linearized classical model (18) only in the limit
that α! 0. Of course, in the limit that α¼ 0, there is no twin.

The Topological Models for Type I/III Twinning

The Structure of Type I/III Twins. Physically, a type I twin is
propagated by gliding of TDs on k1, and the fundamental need
is to define the TD characteristics. For type I twins, the refer-
ence state in the TM (12–15) is a dichromatic pattern (DP),
the superposition of twin and matrix lattices with a coincident
lattice point at the origin, lying in the (commensurate) dividing
surface. The characteristic parameters of a TD are defined in a
DP as illustrated in the schematic Fig. 3A. The superposition
of atoms is the dichromatic complex, which is important in
considering the shuffles that complete a transformation. These
are important in kinetics (7, 24), which is not considered here,
so we deal only with the DP. The characteristic parameters of a
TD are defined in a DP as illustrated in the schematic Fig. 3A.
The glide plane normal unit vector P points toward the twin, a

Fig. 1. (A). Cross-polarized light micrograph of deformed labradorite showing Albite and Pericline deformation twins. (B). An HRTEM image of a Pericline
twin boundary containing a big step (9).
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unit vector Q is parallel to the glide direction, and there is a
unit vector normal to the plane of distortion, n¼Q × P.
Here, the matrix and product of the TM are expressed as M
and T, respectively. The sign of the TD sense vector ξ (unit
vector parallel to the disconnection line) is arbitrary, but here,
we select it always to point out of the page. The TD Burgers
vector is given by

b¼ tT � tM, [1]

where tM is a lattice vector in the matrix and tT is the equiva-
lent in the twin, expressed in matrix coordinates (Fig. 3A). A
more complete description of the basis for Eq. 1 is presented
in SI Appendix, Matrix description of the twin in the TM. The
disconnection step height h is given by

h ¼ jh0, [2]

where j is an integer and h0 is the interplanar spacing parallel
to the dividing surface. A view, parallel to n, of part of a DP
from an atomistic simulation for the specific case of (10�12)

twins in hexagonal close packed structure, is shown in Fig. 3B
where the shear angle is 3.8 degrees and the magnitude of Bur-
gers vector is 0.493 Angstrom for Mg (15). The paired set 1 of
t vectors for the symmetric case are tM ¼ ½10�11�M and
tT ¼ ½10�11�T, illustrated with solid lines in Fig. 3B, yielding
Burgers vector 2bg (the subscript denotes the glide plane of the
TD). An atomistic simulation of the unit TD with Burgers vec-
tor bg is depicted in Fig. 3C. In principle, any paired set can
be selected; an example is the set 2 shown by dashed lines, e.g.,
tM ¼ ½10�10�M and tT ¼ 0001½ �T. For the TM twin case, to
reveal crystal symmetry and the partitioning of displacements
to the matrix and twin, one must select a commensurate origin
such that there is a symmetric pair of t vectors like set 1, which
can include a multiple step height as selected in several exam-
ples (3, 18). Fig. 3C has h = 2ho and, therefore, a TD Burgers
vector 2bg . The unit TD Burgers vector bg (that related to dis-
placements uM and uT in Fig. 3D) is then half the symmetric
value. Only set 1 relates to Fig. 2E and directly gives tM and
χ 2. The use of asymmetric t vectors entails the awkward

Fig. 2. (A) Engineering shear e on the k1 plane. M is the matrix, T is the twin, and P is a unit vector normal to the glide plane k1. (B) A symmetrically dis-
placed parallelepiped with partitioned shear angle pairs α. (C) TM shear. Classical twinning elements for a circle sheared to an ellipse by the displacement u.
(D) Crystal version of B with translation vectors tM and tT and partitioned displacements uM and uT. (E) Symmetrical deformation showing twinning ele-
ments. (F) Type III twins with a noncoincident site origin o’. PoD means the plane of distortion and n is its normal.
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irrational origin, greatly complicating the analysis. In some
cases, asymmetric t vectors lead to fault formation and
exchanges between nonequivalent atomic sites (7, 24). As dem-
onstrated in refs. 9 and 14) and as employed in refs. 18 and
19, for example, in order to display partitioning of displace-
ments to the symmetrical twin state, one must split the DP
into two symmetrical DPs, so that bg ¼ t0 � tMð Þ þ ðtT � t0Þ,
with t0 the singe crystal reference vector in Fig. 2E. The DPs
presented here all have this symmetrical form.
The commensurate arrangement of the twin may not yield a

minimum energy interface, which could entail a rigid shift of
the twin, parallel to the twin plane, by the vector p (8, 13, 25).
This can be represented on a shifted DP (SDP) (9) that is use-
ful in envisioning the twin and is crucial in describing shuffles.
However, in determining the TD characteristics, shuffle analy-
sis is not necessary, and it is simpler to use the symmetrical DP
and then shift the symmetrical version of the twin itself by p.
Since values of p are rarely known, we consider only the p = 0
case.
The twinning elements for type I twins corresponding to

Fig. 3B are shown in a portion of the DP in Fig. 3D, and the

mechanistic TM version is shown in Fig. 3E, including the
translation vectors tM and tT, the TD Burgers vector bg , and
the TD step height h. The twin shear direction χ 1 is parallel to
bg ¼ tT � tM according to Eq. 1; and the normal to the plane
of shear, n, is equal to Q × P. For type I twins, tM lies in the
plane k2 and is parallel to χ 2, so that χ 2 is rational, as in Fig.
4A, consistent with the classical description. For type III, Fig.
3F, the description is similar, but the Burgers vector is given by
the projections of the irrational, dashed, t vectors in the plane
of distortion, bg ¼ tTp � tMp.

In the analysis of twinning in triclinic crystals, dating back
to the work of M€ugge (25), the focus is on the twin plane k2,
but the implication is that that the twinning elements are those
of the classical type I twin (5, 26, 27) and, therefore, that χ 1 is
rational (e.g., figure 8 in ref. 18). However, there are no twins
in triclinic crystals that exhibit this topology. From a mechanis-
tic viewpoint, the shear direction is determined kinetically by a
minimum activation energy saddle point, e.g., by the direction
of Peierls valleys, and may or may not be rational. For twins in
plagioclase, for example, all compositions except labradorite,
which is effectively monoclinic, have a twinning direction χ 1
that deviates significantly from the rational type I orientation.
The type I mechanism is most easily represented in the hypo-
thetical model in Fig. 2, where the matrix and twin are
deformed separately and then joined. As shown below, this
makes the type II/IV analysis much simpler. We modify the
DP for the type I case to the form in Fig. 4A, where the transla-
tion vectors tM and tT lie in the plane of distortion and define
the twin angle α and the TD vector bg and the step height h.
The partitioned glide vectors become bgM and bgT, respectively,
each with a magnitude equal to bg . The components of bgM
and bgT parallel to P cancel and do not contribute to b. The
components bM and bT in the glide plane sum to the net glide
vector bM þ bT ¼ bg . Viewed normal to P, the relevant vectors
all lie in the plane of distortion as shown in the view parallel to
the plane of distortion (Fig. 4B). The view in Fig. 4C empha-
sizes that the t vectors reside in the plane of distortion. The vec-
tors bM and bT are depicted along with the projections, bgMpr
and bgTpr of the Burgers vectors and tMpr and tTpr of the trans-
lation vectors in the TD glide plane k1. Note that these projec-
tions are on a different plane than those with subscripts Mp
and Tp and so have distinctive subscripts. The edge compo-
nents of bgM and bgT parallel to P cancel in the twin plane
and are of no further consequence here. However, they are
important in the mechanism of faceting of the twin when it
occurs. Since the twinning element χ 1 is parallel to tM, it is
rational, consistent with the classical model, but there is an
added proviso for type I, as follows:

Principle 1. The twin where rational t vectors lie in the plane
of distortion in a dichromatic pattern is defined as a type I
twin. Then and only then is χ 2 rational.

When the reference vector t0 in Fig. 2F is normal to the TD
glide plane, the tM and tT vectors always reside in the plane of
distortion. This is true for many twins in high-symmetry crys-
tals, so such twins are type I. For all triclinic crystals, the t0
vector is inclined to the TD glide plane, and one must examine
tM to determine whether tMpr is in the plane of distortion.
Inclined t0 vectors are also present for twins on (010) planes in
monoclinic crystals but not on (100) or (001) planes where the
t0 vector is normal to the TD glide plane. Inclined t0 vectors
are present for twins with f100g planes in trigonal crystals (the
notations for directions and (hkl) for planes mean all directions
or planes with h, k, and l permutated). Inclined t0 vectors are
possible but uncommon in higher symmetry crystals.

Fig. 3. (A) Portion of a generic DP with t vectors connecting lattice sites in
the matrix and twin, showing the characteristics of a TD. (B) Portion of a DP
showing the characteristics of a TD and atomic shuffles associated with a
f10�12g twin in a hexagonal close packed structure. Two sets of possible t
vectors (solid and dashed arrows) are shown for this type I twin. (C) View of
the disconnection in an atomistic model of the crystal. The solid black line
outlines the twin boundary. (D) Minimal version of the defining triangle in
Fig. 2B, showing the twinning elements for the type I case. (E) Equivalent of
D showing the TM characteristics for the type I case. (F) Equivalent of D
showing the TM characteristics for the type III case.
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Part of a DP for a generic type III case is shown in Fig. 4D.
For type III, only the projections of the t vectors, indicated by
dashed lines, lie in the plane of distortion. In Fig. 4 E and F,
the origin of the t vectors then lies out of the plane of distor-
tion. The components of bgM and bgT parallel to n, defining
the angle γ, cancel and do not contribute to b. These projec-
tions define the twinning angle α:

cosα¼ ðtMp �PÞ= j tMp j : [3]

The projection along P reveals the projections bgMpr and bgTpr
of the glide vectors bgM and bgT in the TD glide plane k1. The
irrational projections of the translation vectors in the glide
plane are tMpr and tTpr, which are indicated by dashed lines.
These projections define the twinning angle α. Because χ 1 is
parallel to tMp, which is irrational, the twinning element χ 1 is
irrational for the type III case, in contrast to the classical theory
as follows: the typical elements for type III are k1 rational, and
the other three elements irrational. The edge components of
bgM and bgT parallel to P cancel as for type I. The vectors
bM and bT have screw components as shown in Fig. 4F.
However, these are equal and opposite and cancel so their sum,
2b, has no screw component.
The angle δ between tMpr and χ 1, shown in Fig. 4E, is a

measure of the deviation of a type III twin from type I. Also, δ
is given by the angle between n and one of the normals nM or
nT to tMpr or tTpr, as in Fig. 4E. This angle has no physical
significance for a given crystal other than indicating the twin
type. However, in plagioclase for example, values of δ vary with

composition and are of interest in defining the relative devia-
tions from type II. One can calculate δ from the relation:

δ¼ cos�1ðtMpr � bg Þ= j tMpr jj bg j , [4]

and the angle δ¼ 0 for type I twins. In accord with this analy-
sis, we define a type III twin as follows:

Principle 2. The case where no rational t vectors lie in the
plane of distortion is defined as a type III twin. An equivalent
statement is that χ 2 is irrational for a type III twin.

Type III Twins in Plagioclase. To further clarify the distinction
between type I and type III twins, we consider plagioclase. The
symmetric DP entails TDs with h ¼ 2h0 with h0 ¼ 010½ �
referred to the primitive unit cell. The double height primitive
cell corresponds to the large unit cell often chosen for plagio-
clase (4, 7). The TD with h ¼ h0 would have an irrational ori-
gin, counter to the above conditions for the TM. If it existed,
its Burgers vector would be half that of the symmetric case. Fig.
5 shows crystallographic models for Albite twins in three differ-
ent plagioclase lattices. Fig. 5A is a three-dimensional (3D) por-
tion of the DP for a type I twin. The three lattice sites shown
as balls define the t vectors which lie in the plane of distortion,
so the associated twin must be type I. The projection in Fig.
5B affirms that the t vectors are in a type I configuration. This
figure defines the reference state with the angle δ¼ 0 and the
angle βI representing the deviation of nI from a low-index,
rational direction. For one composition in labradorite, the lat-
tice is monoclinic and the twin is type I for any b in the glide

Fig. 4. (A) TM diagram for a type I twin. Translation vectors, partitioned glide vectors bgM and bgT, and in-plane components bM and bT are shown. (B) View
parallel to the plane of distortion showing the projections of the translation vectors and the Burgers vectors in the k1 glide plane; the latter actually all
superpose but are displaced for clarity. (C) View of A parallel to χ1. The t vectors lie in the plane of distortion. (D) Equivalent of A for the type III case. Only
the irrational components tMp and tTp, indicated by dashed lines, lie in the glide plane. (E) Equivalent of B for the type III case. The translation vector compo-
nents tMpr and tTpr in the plane of distortion are inclined by the angle δ to χ1 (or Q). In plagioclase, tMpr is parallel to [101]. (F) View of D parallel to χ1. The t
vectors lie out of the plane of distortion.
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plane. Fig. 5C is a 3D portion of the DP for a general type III
twin. Consistent with Figs. 2F and 4F, the origin o0 for P is
displaced from the nearby lattice site origin o. In Fig. 5D, the
projection of the 3D DP, like that in Fig. 4C, is normal to the
(010) glide plane, and the tM and tT vectors do not in the
plane of distortion. The displacement of origin of P is empha-
sized in the enlargement in Fig. 5E, analogous to Fig. 4E. The
vector bg subtends an angle δ with ½010�Mpr and is irrational, so
the twin is type III. Fig. 5F is the special case of type III where
the vector n0 is parallel to the low-index direction 100½ �M so
that β¼ 0 In general, therefore, β and δ are determined from

β¼ cos�1ðn � n0Þ: [5]

Since both β and δ rotate by the same amount relative to the
reference state, the angle δ for the general case is given by

δ¼ β � β1, [6]

an alternative to Eq. 4.
Fig. 5 also applies for the TD glide that is the first stage in

forming types II and IV twins. A key point is that the partition-
ing in Fig. 5C entails only displacements in the plane of distor-
tion. Consequently, if the first stage glide is the same as for a
type I twin, the t vectors lie in the plane of distortion and the
twin is type II. Analogously, if the first stage glide is for a type
III twin, there will be no rational t vectors after partitioning
either. Thus, the twin is type IV. In the monoclinic limit that

the lattice parameter γ0 is 90°, all triclinic twins with precursors
oriented as in Fig. 3 become type II. In monoclinic crystals,
twins on (010) are type IV, but for other twin planes such as
(100) or (110), type I is probable because the lattice parameters
α0 and β0 are 90°. While rarer in higher symmetry structures,
type IV is possible.

SI Appendix, Table 1 summarizes the lattice parameters (28)
and SI Appendix, Tables 2 and 3 summarize the TD parameters
and the angles α, β, and δ for plagioclase twins of varying com-
positions. Because there is no experimental evidence for the
general case where β ≠ 0, we assume that the implied case
where β¼ 0, Fig. 5D, applies. The values for the β¼ 0 case
are likely upper bounds for δ. The atomic arrangements near
the twin plane suggest that the actual value of β may be inter-
mediate between these two extremes. Aside from compositions
near labradorite, the differences between the type I/II approxi-
mations and the type III/IV values are quite marked, with δ
values ranging up to 33°.

Symmetry for Type I/III Twins. Type I twin planes were recognized
as crystallographic mirror planes in the earliest descriptions (1, 23).
Pond (29), in the topological theory, formalized this concept for
type I and II twins by highlighting symmetry operations (denoted
with apostrophes in the symbols) that are not those of the matrix
crystal lattice but are added symmetry elements in the DP that
help in envisioning the interface as a twin. The symmetry of the

Fig. 5. (A) 3D DP for a generic triclinic crystal e-cell (or elementary transformation volume) (6), showing bg , n, tM ¼ ½010�M, and tT ¼ ½010�T for a type III twin.
The three large balls sites represent sites like those in Fig. 4A. (B) Projection of the type I DP normal to P, showing bg ¼ bgM þ bgT ¼ bM þ bT and n. The small
red balls represent sites in (010) plane that are displaced in the -P direction. (C) Projection of the type III DP normal to n with the Burgers vector bg subtend-
ing an angle δ with the trace tMpr ¼ ½010�Mpr of the ½010�M direction on the glide plane. (D) View normal to P on the f010g glide plane showing the special
case where b0

g is normal to n0 ¼ �100
� �

. (E) The enlargement of D, showing n with the Burgers vector bg subtending an angle δ with the trace tMpr = [010]Mpr

of the [010]M direction on the glide plane. (F) View normal to P on the f010g glide plane showing the special case where n is parallel to [100]M and β = 0.
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pattern is the union of the symmetries of the two crystals and
many of the single crystal symmetry operations, such as translation,
are broken in the DP used as a reference for any twin (29). At the
same time, with the broken symmetry as a basis, the DP can
acquire some elements such as a twofold axis 20. The TM model
applies only when the terrace plane, here the twin plane, is com-
mensurate or, equivalently, if the dividing surface in the DP is
commensurate. Therefore, for type I twins in both the classical
model and the topological theory, the dividing surface in the DP
is always a mirror plane m0 as is the twin (composition) plane.
Correspondingly, there is always a rotation axis 20 parallel to the
direction P. This is true if triclinic crystals have a center of symme-
try and for all other crystal systems. In special high-symmetry crys-
tals, Q jjχ 1 can also be a rotation axis 20. For example, Q is a 20
axis because χ 1 is parallel to [10�11] in a hexagonal close packed
structure (30, 31). In most twins, χ 1 is irrational. Other symmetry
elements can be present is special cases. Hence, in the TM, the
type I interface is always a mirror plane in the DP. As mentioned
previously, when p ≠ 0, the m0 and 20 symmetries are broken in
the SDP and in the twin p is rarely known, so this has little impact
in practice. More details are presented in SI Appendix, Matrix
description of the twin in the TM.
Because twins in most metals and simple compounds are

type I or II, the conventional expectation was that all twins,
including growth twins, had mirror symmetry. Yet, there is no
m0 symmetry for type III twins. As an example, for most tri-
clinic crystals such as the plagioclase considered here, principle
1 is not satisfied and the crystallographic symmetry is reduced
from the type I/II case as shown in Fig. 4. There is no m0 sym-
metry but P remains a 20 axis. Misleadingly, the twinning dis-
placements u have tilt-like symmetry as in Fig. 2F, but there is
no crystallographic m0 symmetry. The false symmetry implied
by Fig. 3F would not be present in 3D. Only if χ 1 was parallel
to the tMp direction would a triclinic twin be type I with (001)
being a m0 plane. As far as we know, no triclinic crystals have
this topology. Yet, the mechanism for types III and IV, includ-
ing TDs with partial dislocation Burgers vectors, is analogous
to the general behavior for type I or II twins. Because the
mechanism is similar, we retain the twin terminology but
define types III and IV to emphasize the differences from types
I and II. The resultant symmetry is consistent with the general
treatment of possible twins in refs. 21 and 22. These symmetry
concepts all apply only to perfect twin planes or terraces and
only to type I to IV twins.
When the t0 vector is normal to the glide plane, the tM and

tT vectors both always lie in the plane of distortion. This con-
dition is met in many high-symmetry materials so the twins for
such crystals are always type I/II as defined here. The macro-
scopic orientation relationship, denoted generally as the OR, is
2α for any among the types I to IV.

The Physical Model for Type II/IV Twinning

A mechanism for type II twinning entailing TD glide on a
plane k1, equivalent to K2, was suggested in ref. 9 and devel-
oped in detail in terms of the TM in refs. 10, 12, and 13. A
hypothetical reversible path demonstrating the type II/IV
mechanism for any crystal undergoing deformation twinning is
presented in Fig. 6. As indicated in Fig. 6A, a single crystal is
cut into what will become the matrix and twin. Disconnection
glide in the twin produces plastic engineering strains and offsets
of the surfaces (Fig. 6B). If the shear was not accommodated by
rotation, there would be a large incompatibility with accompa-
nying stresses. As shown in refs. 12 and 15, the incompatibility

is removed by partitioning the displacements, occurring by a
rotation of the interface by α, relative to both twin and matrix,
resulting in the total symmetrical rotation of the twin in Fig.
6C by 2α The true physical process (15, 18, 19) is shown in
Fig. 6 E–G, which relate the model to the twinning elements.
Fig. 6E shows the precursor glide on k1, with a resultant
stressed array of edge dislocations on a nonequilibrium inter-
face. The nonpartitioned angle between k1 and k 01 is the simple
shear angle 2α0. Also depicted is the partitioning rotation R,
achieved by interface rotation, that creates the equilibrium twin
boundary k2, presented in Fig. 6F. Because the plastic strain is
partitioned, the state of strain is different and α differs from α0
(15, 19). If the tilt wall terminates, incompatibility stresses are
present at the tip. These can be removed by emissary disloca-
tions creating a stress-free boundary k2 rec normal to k1 rec
shown in Fig. 6G. This entails the antirotation Rrec ¼�α. The
result for a cuboidal twin with one set of TDs is three orthogo-
nal twin interfaces, k2 rec, k1 rec, and a twist boundary, with a
uniform orientation relationship equal to 2α (17) for all three
boundaries.

In a hypothetical process, e could directly partition into two
symmetrical portions e=2¼ tanα, as in Fig. 6B. In an actual
process, this might not be possible. As an example, for unit
TDs, the physical engineering shear e cannot partition in this
way because this would require a TD partial on every other
plane, resulting in profuse stacking fault formation. Yet, the
final configuration for the hypothetical partitioned process,
shown in Fig. 6C, corresponds to the real twin in Fig. 6D. The
effect of partitioning is that the final configuration is such that
the true engineering strains are partitioned as in the hypotheti-
cal process. Hence, the final twin has partitioned engineering
strains, crystal structure, and rotations.

For TDs with multiple step heights, e could partition physi-
cally in plagioclase or any other crystal. For example, in face
centered cubic structure the unit TDs have b of the type
1=6<112>, while those bounding extrinsic faults have
h ¼ 2h0. The latter TDs could have a net b = 1=6[112] but
locally split into two different Burgers vectors such as 1=6½2�11�
and 1=6½�121� (e.g., figure 10.8 in ref. 27).

The details of the type II/IV twinning model in any crystal
are depicted in Fig. 7. The TDs nucleate and glide on k1, accu-
mulate in a planar array, and then rotate to form a tilt wall cor-
responding to a type II or IV k2 interface.

The Topological Model for Type II/IV Twinning

Fig. 8A is similar to the diagrams in Fig. 4. Fig. 8B is a portion
of the DP for a type II twin in any crystal. A useful reminder is
that the DP in Fig. 8B, the TM extension of Fig. 6F, comprises
an extension of the twin lattice sites into the matrix and vice
versa. For type II, tM and tT initially coincide in the plane of
distortion. With partitioning, they rotate oppositely by ± α
into the matrix and twin and their vector sum yields the tilt
Burgers vector (Fig. 8C). Thus, Fig. 8B, along with Fig. 6F,
reveals that neither t vector resides in the interface; they are
both rotated from the interface by the angle α As a conse-
quence, χ 2 is irrational, and the type II TM result almost never
agrees with the classical result. While it is true that this result
would agree with the classical result in the limit α! 0, there
would be no twin in that limit. The only exception is when α
is so large that another low index plane rotates into the k1
plane; an example is the f111g type II twin in face centered
cubic crystals, where α¼ 35° 160. Therefore, we redefine a type
II twin as follows:
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Principle 3. A type II twin is defined by the rational TD
glide plane k1 ¼ K2 and rational translation vectors tM and tT
vectors in the plane of distortion.
For the case in Fig. 8B, the vectors tM and tT lie in the

plane of distortion and the twin is type II. For the type IV case
in Fig. 8D, the t vectors are rational but their projections tMp
and tTp onto the plane of distortion are irrational and χ 2 is
irrational. Thus, we define a type IV twin by the following:
Principle 4. A type IV twin is defined by the rational TD

glide plane k1 ¼ K2 and t vector projections tMp and tTp that
are irrational in the plane of distortion.
The final TM result is a set of double tilt dislocations spaced

at a distance 2L in the k2 plane. The actual boundary an array
of single tilt dislocations as shown in Fig. 8E.
With the above principles, we can also define conjugate pairs

as follows:

Principal 5. Conjugate pairs, whether I/II or III/IV have the
same α.

Correspondingly, they have the same OR, the crystallo-
graphic description of the relative rotation between twin and
matrix. Only in high-symmetry I/II cases does this imply that
the Miller indices are interchangeable in the sense that direc-
tion/plane becomes plane/direction in the conjugate, as often
observed for compound twins.

Another aspect of the classical analysis of type II, as indicated
for minerals (26–29, 32), is that the normal to the plane of dis-
tortion is thought to be a low index direction, so that the k2
plane has indices fh0kg. The reason for that is that χ 2 is
defined as a conjugate having low-index Miller indices in the
classical model. With the new definition of type II, a low-index
χ 2 is impossible except for high-symmetry cases, which have
not been found for triclinic systems. Here, the k2 plane has

Fig. 6. Hypothetical reversible path to form a type II or IV twin. (A) TDs with Burgers vectors bT glide on the k1 plane in both the twin and matrix. (B) Glide
produces engineering shear of the twin and matrix. (C) The crystals are rotated and form a type II twin. (D) Type II or IV twin, rotated from preceding figures
by 90°. (E) Simple shear portion of the type II mechanism. Rotation to achieve partitioning are shown. (F). Final equilibrium structure. (G) Rotation 2α
removed by emissary dislocations leaving a boundary with no net Burgers vector content.
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indices fh0kg only for the special case in Fig. 5D, and only
type IV twins can have this special orientation of k2. More
commonly, as for the plagioclase crystals in SI Appendix, Table
3, the type IV twins have the form fhklg. Nonetheless, type II
and IV twins share the same k1 plane and form from the same
TDs, respectively, as is the case for types I and III.
For either type II or IV, there are only edge components to

bM and bT The in-plane edge components cancel but the out-
of-plane edge components add to give 2b.

b¼ ðbM þ bTÞ=2, b ¼ bM cos α: [7]

For type IV, the angle α is rotated and larger than for the type
II case, and χ 2 is rotated relative to the type II result. The
twinning elements for types III and IV are k1 rational, and the
other three elements are irrational.

Observations of Type III/IV Twinning

Plagioclase has a triclinic crystal structure with Pericline twins
classically treated as type II. Fig. 1B shows a tilt disconnection
for a Pericline twin in labradorite. The analysis of this twin
indicates that it is instead type IV, with β¼ 0 and δ ≠ 0, as
shown in SI Appendix, Table 3. However, for compositions
near labradorite, the lattice parameter γ0 is so close to 90° that
the structure is nearly monoclinic, and the twins are effectively
type II for any value of β. SI Appendix, Table 3 shows that the
Pericline twins with β¼ 0 in other plagioclase minerals are
definitely type IV, differing significantly from type II. In
bytownite, we have determined α directly by Kikuchi line anal-
ysis and proved unequivocally that the Pericline twins are type
IV with β¼ 0. The values of α and β for Pericline twins are
quite important for examples where the type II or IV plane is
faceted.
The present analysis indicates that they are instead type IV.

The Pericline twins in plagioclase all have values of δ that are
nonzero, so the twins are type IV. However, for compositions
near labradorite, the lattice parameter γ0 is so close to 90° that
the structure is nearly monoclinic, and the twins are effectively
type II. The discrepancies from classical theory could also apply
for some twins in materials with higher symmetry. Albite twins
in plagioclase were identified as type I twins (5, 32). Our earlier
work (9, 23) followed that nomenclature, but in retrospect,

there was a nonzero value of δ. Hence, the present analysis
indicates instead that the Albite twins are type III. The Albite
twins in labradorite, however, are approximately type I because
the crystal structure is effectively monoclinic. When available,
the elements k1 and χ 1 suffice to determine all twinning ele-
ments. There are extensive data for k1, but little data exist for
χ 1. Additional measurements would be valuable.

Another example is one type of twinning in NiTi, analyzed
as type II (18, 19, 23). In refs, 18 and 19, the TM analysis
properly used the symmetrical structure shown in Fig. 2E
rather than the classical structure shown in Fig. 2B, but the
small nonlinear corrections in ref. 23 were not included. Thus,
bg , n, h, and α are the values in ref. 23, and essentially those in
ref. 19, based on known experimental results for the twinning
elements (33). Fig. 9A is a 3D DP. Fig. 9B is a portion of the
DP projected normal to the (110) glide plane, the type I pre-
cursor. Fig. 9C, blown up near the origin, clearly shows that
the nearest t vectors, of the [110] type, do not lie in the plane
of distortion; the twin is type IV, not type II. Thus, the
key parameters are α¼ 3:916°, β ¼�7:34°, δ¼ 17:54°, and
b = 0.082 nm. The TD Burgers vector has magnitude of
bg ¼ b sec α¼ 0:086nm It is impossible for the twins in NiTi
to be type II unless o = o’ so that δ¼ 0. With these false val-
ues, δ¼ 0 and b ¼ 0:086 nm, the other key parameters would
be α¼ 3:991° and β¼ 10:21°. Fig. 9D is the view along P
after the partitioned rotations to create type IV have been
imposed. This view defines the plane k2 = (1.00, 0.814,
�0.7594) and χ 2 ¼ 1:00, 0:3213, � 0:3213½ �. While we
have modified the earlier analysis (20) in that the twin is type
IV, the fact that the correct type IV parameters b, n, h, and α
were presented reinforces the finding that the TM and Fig. 2E
always yield the correct results, knowing bg and h. The present
TM analysis gives the proper twinning elements, orientation
relationships, and TD in agreement with ref. 26 and nominally
with ref. 19. The classical type II analysis would give inaccurate
results for these quantities and would complicate the analysis of
faceting when it is present.

A preliminary consideration indicates that the twins in tri-
clinic devitrite (34), a Na2Ca3Si6O16 silicate (35), are type IV
twins, while those in trigonal mercury (36) are type II. Possibly,
other observations of twinning modes cited as type I or II may
be type III or IV when analyzed in the present version of the
TM.

Differing from those discussed here, there are other situa-
tions where several elements are irrational, reviewed in ref. 15.
One example is the formation of irrational k1 and k2 planes by
double twinning. Another is that the twinning direction
becomes irrational when two TDs with different bg vectors
operate on the same glide plane. An example is ð10�11Þ twin-
ning of type I in hexagonal close packed crystals (37). This case
could still be treated as in section The Physical Model for Type
II/IV Twinning, but with bg replaced by the average <bg>
parallel to χ 1.

Discussion

There are two major thrusts in this work. First, the simple shear
of the classical model yields the disconnection parameters b and
h. These suffice to describe type I twins in either the classical or
TM models. However, for type II, the distortion is a simple
shear plus a partitioned rotational distortion (15, 18, 19), and
the classical model only applies in a linear plastic description
(19, 23). To include the symmetrical partitioned distortion, the
use of the symmetric displacement description in Fig. 2E, as

Fig. 7. TDs with vector bg nucleate at A, glide, and accumulate. The Bur-
gers vector rotates into the tilt configuration b at B, eventually creating the
type II or IV twin boundary k2.
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done in the TM, is imperative. Second, when the unit cell axis
normal to the twinning plane is inclined obliquely, as in many
low symmetry crystals χ 1 can be irrational, so accompanying
twins are types III and IV.
Hence, we have introduced definitions of type I twins, con-

sistent with the classical model, and type II twins, which differ
from the classical model. In addition, we have described type
III and IV twins that differ from types I and II. The tables in
SI Appendix, Matrix description of the twin in the TM verify
principle 3, as follows: the classical definition of a rational χ 2
for a type II twin is impossible. Type II requires that δ¼ 0,
but then β ≠ 0. Also, if β¼ 0 and then δ ≠ 0. Incorrect Bur-
gers vectors for TDs and the twinning direction χ 1 would be
predicted. Thus, compilations of twinning elements with both
angles zero can at best only be approximate. With this defini-
tion, type II is possible and applies to a fair approximation for
labradorite since γ0 is close to 90°.
With reported χ 1 values, SI Appendix, Table 3, δ values

range up to 33° so the difference between types I/II and III/IV
can be substantial. Specifically, Albite twins in plagioclase are
shown to be examples of type III twins. Pericline twins in pla-
gioclase and (0�11) twins in NiTi are shown to be type IV
twins. If type III twins are assumed to be types I, the wrong
Burgers vectors for TDs and twinning direction χ 1 would be
predicted. If type IV twins are assumed to be type II, the incor-
rect parameters would be TD Burgers vector, k2, χ 2, and e.
With either assumption, there would be imprecision in the
twin description and in the analysis of the contribution of twin-
ning to plastic deformation.

A major difference for type III/IV twins is the absence of m0
and 20 symmetry. This is contrary to expectation for twins in
simple high-symmetry crystals. Still, there is a logical basis for the
lack of symmetry. The twinning direction χ 1 is determined by
the minimum activation energy path. In metals with high sym-
metry, central forces dominate the energy of the twin plane and
activation path. The saddle point often lies in a symmetrical
direction as does the TD Burgers vector, e.g., [112] for face cen-
tered cubic structure. The result is mirror symmetry for the twin.
In contrast, minerals have strong directional bonding and many
atoms per lattice site with only c 0 point symmetry. As an exam-
ple, there are 26 atoms per lattice site for plagioclase. Hence,
there is no reason for either the minimum on a gamma surface or
the activation path to lie in a low index direction. Therefore,
there is no fundamental reason why b or χ 1 should always lie in a
low index direction, so that type III/IV twins are not unexpected.
Also, these III/IV twins cannot have m0 and 20 symmetry. We
emphasize that the absence of mirror symmetry is consistent with
the general analysis of possible twinning elements (19, 22). The
analysis of the Albite–Carlsbad twins in plagioclase (7) is a spe-
cific example of rotation indicating the absence of 20 symmetry.

Other than modifying the definition of type I and introducing
type III, there is no mechanistic significance of the present analy-
sis for type I. For type I in conjugate systems, the prediction that
the conjugate is type II is valid only with the definition of type II
introduced here. Type III is of critical importance, however, in
describing the precursor for types II and IV twinning. These con-
cepts are also important in understanding faceting of twin planes
and large steps or disconnections on twins. After the details are

Fig. 8. (A) View normal to the plane of distortion for a type II or IV twin. Engineering strains with partitioned rotations produce a type II or IV twin with a
rotation angle α. (B) Initially, for type II, tM and tT coincide in the plane of distortion. With partitioning, they are rotated symmetrically into the matrix and
twin. The resultant k2 plane is irrational the twin is type II with tilt Burgers vector 2b. (C) View showing the partitioned Burgers vectors that sum to the tilt
vector 2b of tilt dislocations separated by the distance 2L on the twin plane. (D) If the t vectors are not in the plane of distortion, the twin is type IV with tilt
Burgers vector 2b. The angle α is determined by the components of the t vectors projected onto the plane of distortion. (E) Relaxation to single defects by
the rigid shift of the twin by p with magnitude L.
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established, one need not study the DPs such as those in Fig. 5
in detail. A simple procedure is to construct Figs. 3E or Figs. 4 C
and D and calculate α, β and δ from Eqs. 1 and 2 as in the pla-
gioclase example. Many twins are type I or II in high-symmetry
crystals. In low-symmetry structures such as triclinic, type III or
IV twins are more likely.
The earlier TM analyses (17, 18, 23) for the examples pre-

sented here are correct only in the type II approximation that
tM lies in the plane of distortion. They also were described by
the classical definition of type II instead of the definition here
in principle 2. They do differ from the classical theory because
both the topological theory (29) and the TM (38) included the
symmetric configuration in Fig. 3E rather than the asymmetri-
cal Fig. 3B. The present version of the TM model removes the
approximation and results in different twins of types III and
IV. The differences essentially arise from the dual mechanism
of engineering shear plus rotational partitioning for type II/IV
twins. Specific differences from the earlier work include modi-
fied α values; the I, III or II, IV nomenclature; the significance
of the n direction; and the addition of the angles β and δ.
The introduction of these concepts provides ways to interpret

the microstructural evidence for plastic deformation preserved in
plagioclase at different geologic conditions. In general, the activa-
tion of twinning provides a way to accommodate the von Mises
strain compatibility criterion at lower homologous temperature
conditions where limited slip systems are active. The variation of
twinning parameters with composition (and therefore symmetry)
in plagioclase suggests that the activation energy for twinning

could also change with composition, leading to variations in yield
strength at conditions near the brittle-plastic transition in the
crust. As plagioclase is a dominant phase in the crust of the Earth,
Moon, Venus, and Mars, further work in this area could improve
our understanding of deformation mechanisms in the litho-
spheres of all these planetary bodies. Twinning can accommodate
low strain deformation in the lithosphere associated with flexural
loads or off-fault plasticity associated with the propagation of
earthquake rupture at the base of the seismogenic zone. Kink
bands are common in highly anisotropic minerals such as micas
and clays, as well as olivine, the dominant mineral in Earth’s lith-
ospheric mantle, deformed at low homologous temperature. The
kink bands can be treated like the type I to IV twins using the
above TM model, with the only difference being that perfect dis-
locations replace partial dislocations in the disconnections.

Transformation disconnections for shear type phase transfor-
mations have b components both in and normal to the habit.
The latter entails rotational partitioning analogous to that
treated here, accounting for differences in the TM from the
classical phenomenological theory. Thus, the applications of
the TM in such cases provide indirect support for the model
presented here, and vice versa.

The results here have implications for constitutive modeling
of deformation of minerals and other low-symmetry crystals,
e.g refs. 39–42. The differences in α between SI Appendix,
Tables 2 and 3 indicate that the strain tensor for a twin could
be inaccurate if types I/II are assumed when types III/IV are
appropriate.

Fig. 9. (A) 3D DP for NiTi. (B) Projection of the DP normal to the glide plane. The small red and blue circles represent lattice sites in the layer below the ori-
gin, and the big red and blue circles are in the layer above the origin. (C) Detail of B showing the origin displaced from a lattice site as in Fig. 4D. The dashed
lines indicate that only the components tMpr and tTpr lie in the plane of distortion. The angle β is also shown. (D) Projection of the type I DP normal to P.
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Summary

In triclinic and some monoclinic crystals, because of the
reduced symmetry, type IV twins form that are analogous
mechanistically to type II twins. Similarly, type III twins form
that are analogous to type I twins. The resultant twinning ele-
ments are determined by the topological model. The twinning
mechanism is described in the topological model for type III as
the glide of TDs on the k1 plane and for type IV as the same
glide plus the formation and relaxation of a tilt wall. Pericline
twins in plagioclase are shown to be an example of type IV
twins, and Albite twins are found to be type III. These type IV
and III twins are characterized by irrational directional elements
χ 1 and χ 2 and an irrational twin plane, fhklg.
The TM type II twin never agrees with the classical description

and we redefine a type II twin. The type I TM twin only agrees
approximately with the classical result in the small twin angle
limit. The crystallographic symmetry for type III/IV twins is
shown to differ markedly from the type I/II cases.
Accounting for the variations in twinning mechanisms with

composition (and therefore symmetry) of plagioclase can improve

our understanding of plastic deformation of these important min-
erals at low homologous temperatures in the crust of planetary
bodies.

Twins in known triclinic systems (4, 5, 26) are types III/IV,
although twins in labradorite are approximately types I/II. For
all known triclinic systems and some monoclinic systems, there
is tilt-like symmetry of the displacements in forming the twin,
but there is no crystallographic mirror symmetry across the
twin plane.

Twinning is prevalent in many minerals, where slip is limited
because Burgers vectors tend to be large. Hence, the same type
IV mechanism may apply to other twin cases in such minerals
and possibly in simpler structures such as metals, where there
are some type II twins. The limitation would be that the χ 2
direction is irrational.

Data Availability. All study data are included in the article and/or SI Appendix.
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