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Multiferroics often show significant elastic fluctuations even when the transition is strongly
stepwise. Molecular dynamics simulations of a generic toy model show the appearance of tweed
nanostructures (cross hatched patterns) in the paraelastic phase just above the transition point. This
tweed lowers the elastic modulus C12 when approaching the transition temperature. The spatial and
temporal correlations of the tweed structure follow the Vogel-Fulcher relationship, and the VogelFulcher temperature is slightly below the transition temperature Ttrans, preventing this glassy state
to freeze completely. Spatial correlations of shear strain show that the size of tweed patches reaches
about eight lattice spacings near Ttrans. Cross- and rod-shaped diffuse scattering, similar to that in
relaxors, emerges around {hh0}* and {h00}* Bragg reflections. The viscosity of the sample
increases dramatically at the transition point with a significant precursor increase in the tweed
regime. Published by AIP Publishing. https://doi.org/10.1063/1.5006034

Tweed (cross hatched pattern) is often found as a precursor to ferroic1 and martensitic phase transitions.2–7 It was
studied extensively8–10 and related to fluctuations of the ferroelastic order parameters.11–14 Two approaches have been
taken previously to describe the precursor tweed. The first
relates the dynamics of tweed to spin-glass dynamics,14 and
the second shows that the precursor tweed is strongly
pinned.15 Our work differs greatly from these approaches
because we do not consider ground-state properties14 but
thermal fluctuations in the parent phase. We also avoid
defects as agents for stabilizing nanostructures and deal with
the dynamics of a defect free matrix. The only sources for
tweed formation are the thermal elastic fluctuations of the
strain order parameter, which grows when the transition
point is approached. We show that such fluctuations are
strong even in first order transitions and that the dynamic
tweed has all the hallmarks of glass dynamics.
In general, nanoscale fluctuations in the martensitic or
ferroelastic phase lead to complex strain patterns such as
domain glasses3,7,16,17 and highly twinned structures in the
ferroelastic phase.7 Previous computer simulations18–20
showed the formation of a twin pattern is an a-thermal process
at low temperatures, which follows the power law or
Vogel–Fulcher (VF) statistics at high temperatures. This thermally activated VF behavior is one typical feature of glass
dynamics but is also found in materials that are conventionally
not described as “glass”. Their “glass” dynamics is then intrinsic and does not require extrinsic defects. If extrinsic defects
are present, the dynamics of complex strain patterns in martensitic or ferroelastic state is different: the transition can
either be suppressed21–26 or a transformation from fine-scale
tweed to a coarser chessboard pattern occurs during spinodal
decomposition.27 For weaker disorder, the ferroic state may
contain fluctuations of the order parameter which typically
lead to relaxor type behavior.28,29 Glassy behavior appears
also without the contribution of extrinsic defects. For instance,
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non-Debye relaxations appear in LaAlO3 due to the jamming
and pinning of domain walls.30 Glass-like frequency dispersion was found in KMn1xCaxF3 and attributed to a broad distribution of domain wall lengths and orientations.31 The
elastic moduli of cubic BaTiO3 follow a thermally activated
Vogel–Fulcher (or power law) relaxation with DC / exp
½Ea =kB ðT  TVF Þ.32,33 The Vogel–Fulcher temperature, TVF,
is slightly below the cubic to tetragonal transition, and the
activation energy, Ea, may correspond to the typical hopping
energy of intrinsic “defects” such as disordered Ti positions in
cubic BaTiO3.33–36
About 30 years ago, Sokoloff and collaborators34 found a
central mode (CM) in BaTiO3 as indication of eight-site hopping of Ti. More recently, relaxor-type behavior in BaTiO3
was found with the formation of polar nanoregions (PNRs),35
which are widely assumed to cause the frequency dispersion
of relaxor ferroelectrics36 and tweeded LaAlO3.37 It appears
that order-disorder systems stabilize tweed strain patterns
more effectively than displacive materials. Nevertheless, following Refs. 16 and 38, we show that tweed is indeed
expected to be a common feature in displacive ferroelastic
systems.
We simulate the glassy behavior of tweed by a wellestablished model for ferroelastic transitions based on
spring-mediated interactions.18–20,39–42 The potential energy
2
U(r) contains first-nearest atomic interactions
20(r 
pﬃﬃ1)
ﬃ 4,
pﬃﬃﬃ 2
second-nearest interactions 10(r  2) þ 8000(r  2) ,
4
,ﬃﬃﬃ and forth-nearest interthird-nearest interactions
8(r  2)p
pﬃﬃﬃ 2
actions 10(r  5) þ 5100(r  5)4, where r is the atomic
distance. The first-nearest atomic interactions and thirdnearest interactions define the elastic background. The
second-nearest interactions and forth-nearest interactions
define the Landau double-well potential of the ferroelastic
phase transition. Specifically, these non-convex interactions
reduce the symmetry of the square or cubic unit cell to
monoclinic and hence generate a tweed structure and glassdynamics. We tested the potential for a wide range of parameters that cover a typical elastic behavior of ferroelastic
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FIG. 1. Atomic configuration at 150 K
(a), 109.5 K (b), and 109 K (c). At
109.5 K, the system shows a tweed
structure. (d) Temperature evolution of
the order parameter.

materials (such as SrTiO3) and found that the tweed formation is a very robust phenomenon. The equilibrated unit cell
above Ttrans and below Ttrans has the shape of the square and
the parallelogram with the shear angle of 2 . The equilibrium
lattice constant is a ¼ 1 Å and atomic mass M ¼ 100 amu
with 250 000 (500  500) atoms.18–20,39–42 Periodic boundary conditions were used to avoid surface effects. We relax
the structure between 200 K and 109.5 K for 200–500 ps.
Subsequently, another relaxation for 100 ps is performed to
collect fluctuation data using isothermal-isobaric ensemble
and Berendsen thermostat.43–45
The temperature dependences of the atomic configuration and the strain order parameter are shown in Fig. 1.
Atoms are colored according to their shear angles, which
are defined as e ¼ ever þ ehor . ever and ehor measure the local
shear angle in the vertical and horizontal directions and are
calculated over chains of three atoms.18–20 At 150 K [Fig.
1(a)], well above the transition point, nanodomains are distributed randomly without tweed. At 109.5 K [Fig. 1(b)],
the nanostructure is very different with tweed fairly well
displayed with its horizontal and vertical domains. The size
of the largest nanodomains reaches a few tens lattice constants.8 Nano-domains merge and form large stripes at the
transition temperature Ttrans [Fig. 1(c)] to form the typical
ferroic twin domain structure. Above Ttrans  109 K, the
macroscopic order parameter is zero and changes abruptly
at Ttrans [Fig. 1(d)].
Figure 2(a) shows the slowing-down of the P
time
autocorrelation of the local shear angle CðtÞ ¼ N1 Ni¼1
hei ð0Þei ðtÞi, where N and ei are the atom number in the system and the shear angle of atom i, respectively. <> denotes
the thermal average. This indicates that before the phase transition, the dynamics of atoms slows down when approaching
the transition temperature. This acoustic softening differs
from results in multi-atom systems like 0.75PbMg1/3Nb2/3O3–
0.25PbTiO3 relaxors with typical optical soft modes.46 In our
model, we have no optical soft mode, and all dynamical interactions are related to acoustic or tweed excitations.

We derive the acoustic loss47 S00 ðvÞ ¼ ph ð1  ehv=kB T Þ
Ð1
0
i2pvt
dt and S0 ðvÞ ¼ p2 0 S00 ðv0 Þ v02vv2 dv0 to calcu1 CðtÞe
late the elastic constant C12 at zero frequency (where h, kB,
and v are the Planck constant, the Boltzmann constant and
the frequency, respectively47). This value is then checked
against the value determined by direct strain-stress simulations. The agreement is excellent and proves that the slow
time relaxation of the correlation function is indeed due to
elastic softening. The quantitative temperature evolution of
the elastic response beyond the phonon branch was already
predicted by Born and Huang.48 The elastic constant C12 follows the power law49 at T > Ttrans as C12 ¼ A (T  Ttrans)/
Ttrans  DC12 with DC12  (T  Ttrans)–j. The predicted
exponent j varies from 0.5 for dimension ¼ 3, via 1 in the
two-dimensional case, to 1.5 in dimension ¼1.50,51 Figure 3
shows the good agreement between the analytical shape and
simulation results.
We now focus on the temperature evolution of the frequency spectra of the shear strain distribution. As shown in
Fig. 4(a), the elastic anomaly appears as central mode (CM)
excitation. This excitation shows the typical “slowing down”
from 5 THz at 200 K to ca. 0 at 109.5 K when approaching
Ð1

FIG. 2. Time evolution of the time autocorrelation of the local shear angle.
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FIG. 3. (a) The softening of elastic constant C12 from 200 K to 110 K. The
red line is the linear fitting for the 6 highest temperatures. (b) The nanostructure related softening is seen as the deviation between the actual value and
the fitted value in (a). The red line is the power-law fitting using DC/
C200K ¼ D[(T  Ttrans)/Ttrans]–j, with D ¼ 0.0036, Ttrans ¼ 103.6 K, j ¼ 1.

Ttrans. The peak frequency shows again the decrease from a
dynamic excitation to a static deformation. The zerofrequency intersection occurs near Ttrans ¼ 109 K [Fig. 4(b)].
This temperature is well above the extrapolated temperature
for the elastic fluctuations of 103.6 K.
Figure 5(a) shows the evolution of the diffuse scattering
around the (220)* Bragg reflection with temperature.52 The
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typical crosses (or stars) of the tweed structure appear at
125 K. The cross extends in [100]* and [010]* directions
according to the geometrical extension of the tweed structure. This is confirmed by the diffuse scattering of (200)*
and (020)* with streak along [010]* and [100]* directions
[Fig. 5(b)], respectively.
Spatial correlations
P of atomic shear angles are calculated
as Cðr1 ; r2 Þ ¼ N1 h x;y eðx; yÞeðx þ r1 ; y þ r2 Þi, and its
Fourier transform is the correlation in reciprocal space:
^ x ; ky Þ. Tweed shows a correlation in the form of a cross,
Cðk
and so, we show data along the arms of the cross. The lines
in Fig. 4(c) show the fit using Voigt distributions. The peaks
become narrower when approaching Ttrans. The correlation
length (black circles) in Fig. 4(d) is the inverse of the full
width at half maximum (FWHM) of the curves in Fig. 4(c),
which increases to over 7 lattice spacings when the temperature approaches Ttrans. The temperature evolution follows the
Vogel-Fulcher law l ¼ l0 exp ½E=kB ðT  TVF Þ, with l the
correlation length. The fitted Vogel-Fulcher temperature TVF
is 105.7 K. It is lower than the transition temperature of
109 K, and so, the tweed freezing point cannot be reached.
Figure 4(d) shows that the trend in time correlation mirrors that in space when correlations between atoms become
stronger near the transition point, while the system needs
more time to accommodate these larger atomic shifts. This is
analogous to the relaxation behavior in polymer glass.53
The correlation
Ð 1 length influences strongly the shear viscosity g ¼ kVB T 0 hPxy ð0ÞPxy ðtÞi dt, where g, V, T, kB, and Pxy
are the shear viscosity, the volume of the simulation cell,
the temperature, Boltzmann constant, and the off-diagonal
component of the pressure tensor, respectively. The temperature evolution of the viscosity fits the Vogel-Fulcher law g
¼ g0 exp ½E=kB ðT  TVF Þ very well (Fig. 6). This phenomenon is already known from fragile glasses, whereas strong
glasses show a typical Arrhenius dependence.54 It shows that
viscosity measurements may be a useful way to investigate
subtle transitions in ferroelastic and ferroic materials.
The onset of the fluctuations in the transition regime is
clearly visible ca. 20 K above the transition point. The

FIG. 4. (a) Fourier transform of the
atomic shear angle at variable temperatures. The central mode (CM) tweed
peak shifts to lower frequencies when
approaching Ttrans, while the frequency
of the phonon peak remains constant.
(b) Temperature dependence of the central mode frequency. (c) Space correlation of atomic shear angles in reciprocal
space along the y direction. The black
lines are the Voigt fittings. (d) Space
correlation (black circles) and time correlation (blue dots) evolution with temperature. The black line is the VogelFulcher fitting for space correlation with
TVF ¼ 105.7 K and E/kB ¼ 5.25 K. The
blue line is the Vogel-Fulcher fitting for
time correlation with TVF ¼ 107.8 K and
E/kB ¼ 6.44 K.
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FIG. 5. (a) Simulated diffuse scattering
around the (220)* Bragg reflection. (b)
Diffraction pattern along the [001]
zone axis at 109.5 K.

fluctuations are highly correlated and lead to the formation
of fluctuating geometrical patterns where each “snapshot”
reveals a tweed structure. Several physical parameters
change in the tweed regime when the transition point is
approached, namely, the slowing down of the central peak
frequency and its intensity increase. The diffraction patterns
change from sharp Bragg reflections to star-shaped crosses.
The correlation lengths increase as reflected by the diffuse
scattering. Simultaneously, the viscosity of the sample
increases and shows a step-wise transition at Ttrans. All these
features are compatible with glass-like behavior as postulated in the concept of “domain glasses” as no extrinsic
defects are required to generate this dynamic tweed.
Furthermore, in contrast to previous simulations of tweed,
we do not introduce components of order/disorder dynamics
and show that purely “displacive” ferroelastics and martensites are able to produce tweed, while the central peak frequency converges to zero at the transition point.
The results shed a light on the observation of dynamic
tweed in ferroic systems. As an example, we may consider
the precursor tweed in BaTiO3 in its cubic phase. While it
appears straightforward to relate the tweed to the hopping of
Ti between multiple octahedral sites, it appears that such
tweed would also appear within a fully displacive picture of

FIG. 6. Temperature dependence of the viscosity. The red line is fitted by
the Vogel-Fulcher relation with g0 ¼ 4.72  107, TVF ¼ 103.1 K, and E/
kB ¼ 10.66 K. The green line is the guide for the eye.

the transition. It is now possible to speculate that the hopping
component simply enhances the correlations that are seeded
by the tweed structure or, alternatively, play a much more
important role as driving force for tweed formation.
Furthermore, tweed will tend to generate polar patterns by
flexoelectricity or bi-linear coupling between order parameters. These different scenarios can now be explored quantitatively by resonant piezoelectric spectroscopy32 or Brillouin
scattering techniques.
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