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Twin growth is commonly thought to be bounded by the velocity of shear waves Cr at which the
information about this mechanical process travels in the material. Here, we report on experimental
evidence of twin growth faster than the material’s speed of sound. Driven by an electric field, needle twins

in a ferroelectric crystal grew at intersonic speed, with an estimated average velocity close to \/§CT. These

results strengthen recent theoretical indications of intersonic dislocation motion, and contribute to the
understanding of several twin motion-related processes.
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Common sense implies that the velocity of a propagating
material defect that is accompanied by mechanical defor-
mations should be smaller than the velocity at which the
information about this defect travels in the material. The
latter is the velocity of elastic waves, which depends on the
directions of mechanical displacement and wave propaga-
tion. Similarly to the theory of relativity, linear elasticity
predicts that when a crystal defect such as a dislocation
moves at the shear wave speed, its energy, effective mass,
and core thickness become infinitely large. However, re-
cent theoretical predictions and experimental observations
indicate that several shear-dominated material defects,
described in Table I, may propagate at intersonic speeds,
i.e., speeds that exceed the material’s shear wave velocity.

The most studied shear process in this respect is the
propagation of intersonic cracks. Classical fracture me-
chanics theory predicts that for all crack modes, the energy
release rate at the crack tip vanishes if the crack velocity
reaches the Rayleigh velocity, Cg, which is the speed at
which elastic waves propagate along the crack surfaces.
Nevertheless, it can be shown that for mode II cracks,
steady state motion is allowed at velocities between the
shear and longitudinal wave speed (Cy and C;, respec-
tively) [1], in particular, around V2Cr [2,3]. Experimental
evidences of natural intersonic shear waves first arose from
seismographic data of several geological events (see, for
example, Refs. [17,18]), in which the estimated rupture
velocity approached \2C; of the Earth’s crust.

On a laboratory scale, Rosakis et al. [7-9] clearly
showed intersonic cracks in a homogeneous brittle poly-
mer, reaching speeds close to V2Cr at steady state.
Peterson et al. [10] measured crack velocities in stretched
rubber that exceeded the shear wave velocity of the mate-
rial by 10-20%. The existence of intersonic shear cracks is
supported by several theoretical works, based both on
continuum elastodynamics solutions [4,5] and molecular
dynamics [4,6].

From the elasticity point of view, cracks and dislocations
are both stress singularities. It is therefore not surprising
that theoretical analysis of dislocation motion yields simi-
lar results to that of cracks. That is, at Cy, the energy
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needed to propagate the dislocation diverges, but intersonic
steady state motion is allowed under specific conditions
and, in particular, at \/_Z—CT, which is a stable solution [19].
Using atomistic simulations, Gumbsch et al. [11] showed
that dislocation velocities may exceed Cy if the dis-
locations are created at supersonic speeds and sufficient
stresses are continuously supplied to preserve these high
speeds. Similar results were obtained in Ref. [12] by
means of augmented Peierls model. The obtained kinetic
relation between the applied shear stress and the disloca-
tion velocity predicts both steady state motion around
\/ECT and regions of unstable motion at speeds close to
Cr and C;. Recently, supersonic dislocations in a two-
dimensional plasma crystal have been experimentally pre-
sented [13].

Dislocation models can be used to describe the structure
and motion of planar material defects, such as twin walls
[20,21] and martensite-austenite interfaces [22]. There-
fore, intersonic propagation may also appear in twinning
and martensitic transformations. Using a continuum model
for dynamic twinning in crystals, Rosakis [16] predicted
that above a critical stress value, the forward growth of a
needlelike twin may be intersonic. Recently, it was shown
both analytically and by numerical simulation that super-
sonic motion of steps along a martensite phase boundary is
permitted [14,15]. Until now, however, measured velocities
of twin and martensite growth have all been subsonic (see,
for example, Refs. [23-25]). In Ref. [26], transonic twin
growth has been conjectured, but no experimental evidence
has been provided.

In this work, we report on intersonic twin growth in
ferroelectric BaTiO; under an electric field. BaTiO; is
considered to be a prototypical ferroelectric crystal, and
its structure is similar to that of tetragonal PbTiO; and lead
zirconate titanate (PZT). In these crystals, spontaneous
polarization is restricted to lie along one of the (100)
crystallographic directions. Thus, two adjacent domains
can have a polarization difference of either 180 or 90 de-
grees. The former involves no strain change between do-
mains and is the basic mechanism in ferroelectric memory
devices [27]. Ninety degree domains, which are actually
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TABLE I. Current data on intersonic motion of shear-dominated materials defects.
Intersonic Phenomena Theoretical predictions and simulations Experimental observations
Cracks Yes [1-6] Yes [7-10]
Dislocations Yes [11,12] Yes [13]
Martensitic transformation Yes [14,15] N.A.
Twins Yes [16] Reported in this Article

twins, are associated with strain change and have a critical
role in transducer and actuator applications [28].

The dynamics of individual twins is investigated by
means of a unique experimental system that allows for
the application of a tunable twinning driving force during
a tunable time interval, by means of an electric pulse with
amplitude of up to 10 kV and a rise/fall time as low as
0.1 us. The motion of twin walls is tracked by observing
their position before and after the pulse application. This
concept has been applied in numerous studies of disloca-
tion dynamics and 180° domain walls (see, for example,
Refs. [29,30]) and is based on the evaluation that the inertia
of these crystal defects is negligible, and hence, there is a
fundamental relationship between their velocity and the
driving force for their motion. Indeed, a back-of-the-
envelope calculation shows that the distance that a needle
twin grows forward after the electric field is turned to zero
is less than 1 wm. This estimation is based on the consid-
eration that the forward growth takes place by a collective
motion of twin-wall steps. These steps are linear crystallo-
graphic defects similar to a dislocation with a Burgers
vector of b = g,a [31] (where a is the relevant lattice
spacing and g, is the strain difference between the two
domains) and a mass per unit length of 1/2pb? [32].

BaTiO; single crystals cut along the {001} planes to di-
mensions of 5 X 5 X 1 mm? and polished on both surfaces
(MTI Crystals Inc.) were tested. The crystals were initially
polled to a single domain having a polarization along one
of the in-plane (100) directions. Ti electrodes, 20-30 nm
thick, were deposited on each of the 5 X 5 mm? surfaces
such that the electric field is perpendicular to the initial po-
larization. An insulating sample holder, having a slot
slightly larger than the crystal dimensions, was used to pro-
tect the wired crystal without imposing mechanical con-
straints.

An illustration of the sample’s crystallographic direc-
tion, the electric field, and the resulting new needle domain
is presented in Fig. 1. The interfaces of the new 90 degrees
domains are twin walls, and they are associated with a
jump in the crystal displacement u along the [101] direc-
tion as illustrated in Fig. 1. The forward growth of the
needle domain along the [010] direction, which is perpen-
dicular to the displacement vector u, is associated with a
shear deformation propagating at the same velocity. The
appropriate shear wave speed Cr for these crystallographic
directions is given by [33]

2pC3 = Cyy + Cos + €5/ (D

where p is the density, and C, e, and & are the elastic

stiffness modulus, piezoelectric and dielectric tensors, re-
spectively. A substitution of p = 6020 g/cm?, Cy =
56.2 GPa, Cg4 = 127 GPa, and e3;/e;; = 60.8 GPa in
accordance with [33] provides C; = 4500 m/s.

The new twins are visualized by observing the 5 X
5 mm? sample surfaces under an optical microscope (see
illustration in Fig. 1) with a differential interference con-
trast (DIC), which provides different colors to different
inclination angles of the surface. The small angular incli-
nation of the {001} lattice planes on different sides of the
twin wall, which appears due to shear strain jump across
the wall, is sufficient to form a strong DIC contrast. We
verified that this contrast is a result of out-of-plane polar-
ization domains by comparing images taken under DIC
and under the cross-polarized transmission mode.

The obtained images exhibit all subprocesses that are in-
volved in twinning, including the nucleation of new twins
with a needle shape, the forward growth of needle twins,
and the sidewise motion of twin walls. We observed that
nucleation occurs at the edge of the crystal and forms new
twins with a needle shape as illustrated in Fig. 1. Subse-
quent pulses of the same amplitude, even with longer dura-
tion, do not cause nucleation of new twins. Only the appli-
cation of a pulse with higher amplitude results in new
domains. This behavior can be understood by considering
the typical expression for nucleation rate [34], which in our
case depends on exp(—&62/E?), where E is the electric field
and 0 is a constant related to the energy barrier for nuclea-
tion at room temperature. An evaluation of the energy bar-
rier of a critical nucleus in defect-free BaTiO; provides
(8/E)* ~ 10°~10*. This means that nucleation can occur
only in defected regions in which the twin-wall energy is
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FIG. 1 (color). Schematic view of twin growth under an elec-
tric field E applied perpendicular to the initial polarization axis
of a BaTiOs single crystal. The new twin grows at a speed V
along the [010] direction, while its displacement vector u is
along the [101] direction.
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significantly smaller than its value in an ideal crystal.
Further, if we denote the critical field for nucleation E
as the field that induces a nucleation rate of one twin per
pulse duration (about 1 us), we see that the ratio (8§/Ey)?
is about 65 and the exponential term has an order of mag-
nitude of 10723, Therefore, it is reasonable to assume that
for a specific 5" value, which exists in a specific defected
region (7) in the crystal, either nucleation occurs immedi-
ately after E> E, ) or no nucleation occurs if E<E,.

A typical series of images is presented in Fig. 2 and the
electric pulses which were applied between the images are
presented in Fig. 3. The amplitude of pulse #1 between
images 2(a) and 2(b) was sufficient to nucleate two new
twins (marked by a and b), which grew forward until they
crossed the entire crystal width of 5 mm. Pulse #2 between
images 2(b) and 2(c) had a higher amplitude, and hence, it
induced nucleation of several other twins (marked by
letters ¢ to g), some of which grew forward until they
crossed the entire crystal width. During pulse #2, twins a,
b, ¢, d, and e also grew sideways.

A lower limit for the forward velocity V; can be calcu-
lated by dividing the distance that the twin propagated, i.e.,
Ax =5 mm, by the overall duration A¢ = 0.96 us for
pulse #2, between the two points at which £ = 0 (see
Fig. 3). The actual time which it took for the twin to cross
the crystal is equal or shorter than Af, and hence, Vf>
Viin = Ax/Az.  This calculation provides Vi, =
5200 m/s = 1.16C7.

It has been shown that there is a critical distance, d,
between the twin tip and the crystal edge; below it, the twin

I
500 um

—
500 um

FIG. 2. Optical microscope images showing the twinning pro-
cess in single crystal BaTiO5 (a) Prior to application of the
electric field. (b) After pulse #1; the new twins are marked by
letters “a’” and “‘b.” (c) After pulse #2; the new twins are marked
by letters “c—g”.

can grow to the opposite edge even under zero driving
force [35,36]. The origin for this effect is the attraction of
twin-wall steps to the free surface, similarly to the effect of
“image force” on dislocations [36]. Experimental results
showed that this critical distance is about 0.85-0.9 of the
crystal thickness [36] and a theoretical model estimated it
to be 0.63 of the crystal thickness [35]. Because of this
effect, there is a possibility that the twin reached the
critical distance at the end of the pulse and then continued
to grow spontaneously. In this case, the actual twin length
at the end of the pulse is Ax = 5 mm — d > 4.1 mm, and
the lower limit for the twin velocity is V,;, = 0.95C7. This
scenario is less likely to occur since part of the twins
formed during pulse #2, e.g., twins ¢, d, and e, grew
sideways after they crossed the entire crystal. This means
that they finished crossing the crystal before the pulse was
ended. Theoretical and experimental studies of both cracks
and dislocations show that there is a range of forbidden
velocity values between Cyp and Cr [1,7,12,29]. If this rule
holds for twins too, then the result V, > 0.95C; practically
means that V; > Cy.

A more realistic evaluation of the electric fields in which
the forward growth begins and ends can provide an esti-
mation of the average forward velocity. Since pulse #1
exposed the crystal to £ = 13 kV/cm for a duration of
0.4 ws, we assume that the new twins which appeared after
pulse #2 nucleated at a critical field larger than 13 kV/cm.
Therefore, we take the time at which E = 13 kV/cm
(marked as ¢, in Fig. 3) as the beginning of the forward
growth. Estimation of the threshold field, which is required
for the forward growth, comes from the condition that the
energy released due to the growth should be positive.
Assuming a semi-infinite twin lamella with a constant
width d such that only the needle tip propagates in a piece-
wise constant manner, as in [16], the free energy associated
with an advancement of the tip by Ay is given by

AU = (—EP,hd + 2\2ypwh)Ay 2)

where P; is the spontaneous polarization, 4 is the crystal
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FIG. 3 (color). Electric pulses that induced the twin configu-
rations in Fig. 2. The terms Az, ¢,, and t; are marked on pulse #2,
where Ar is the overall pulse duration and 7, Iy are the cutoff
times denoting the beginning of nucleation and the end of
growth, respectively.
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thickness, and yryw is the energy per unit area of the twin
wall. The first term in Eq. (2) represents the difference
between the energy per unit volume of the polarization P
under the external field E, where P and E are perpendicular
in the untwined region and parallel within the twin [37,38].
The condition that JAU/9dAy < 0 results in

Ethresh = 2\/57TW/Psd' (3)

A substitution of P, = 0.265 C/m? [39], yrw = 7 mJ/m?
[40] and d = 4 pm (according to our obtained images)
results in Ey, g, = 0.18 kV/cm. This value is very close to
the threshold field necessary for 90° domain switching as
reported in Ref. [30]. We take the time at which E becomes
smaller than Ey,..q, (marked as 7, in Fig. 3) as the ending of
the forward growth.

An estimation of the average forward velocity as Vf =
Ax/(ty —1,), with Ax=35mm, provides V,=
6670 m/s = 1.48C;. This value is very close to V2Cy,
around which theoretical end experimental studies of
cracks and dislocations [2,7,11,12,19] show that there is
a stable solution.

The possibility of intersonic twin growth may have
several important implications. From the application point
of view, insight about the dynamics of the twinning process
is important since it is responsible for the actuation mecha-
nism in a variety of active materials including ferroelec-
trics, shape memory alloys (SMA), and ferromagnetic
SMA. From a general perspective, the twin’s forward
growth takes place by a collective motion of twin-wall
steps which are linear crystallographic defects similar to
dislocations. Therefore, our results strengthen the possibil-
ity of intersonic plasticity and intersonic martensitic trans-
formation, which are considered in Table I. Twinning is
also the main mechanism of deformation in numerous
natural ferroelastic crystals [41], and hence, intersonic
twinning may play a role in geological processes, such as
attenuation of seismic waves in the Earth’s mantle [42].

We thank Mr. Robert Gal and Mr. Yossi Abu for the
development of the electric pulser and the experimental
system.
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