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Ferroelectric switching in 
ferroelastic materials with rough 
surfaces
Guangming Lu1,2, Suzhi Li1*, Xiangdong Ding1*, Jun Sun1 & Ekhard K. H. Salje1,2*

Electric switching of non-polar bulk crystals is shown to occur when domain walls are polar in 
ferroelastic materials and when rough surfaces with steps on an atomic scale promote domain 
switching. All domains emerging from surface nuclei possess polar domain walls. The progression of 
domains is then driven by the interaction of the electric field with the polarity of domain boundaries. 
In contrast, smooth surfaces with higher activation barriers prohibit effective domain nucleation. We 
demonstrate the existence of an electrically driven ferroelectric hysteresis loop in a non-ferroelectric, 
ferroelastic bulk material.

Ferroelastic materials are defined by their ferroelastic hysteresis1 in analogy with ferroelectric and ferromagnetic 
materials and their relevant hysteresis behavior. Additional ferroic properties often emerge when ferroelastic 
materials show polarity inside their domain boundaries while no such polarity exists in their bulk2–14. Non-polar 
bulk materials like SrTiO3 and LaAlO3 show strong local dipoles inside twin walls15–20. These polar properties 
do almost cancel in complex domain patterns21 but slight biases lead to an overall polar behavior of the material 
even while the bulk of the material remains strictly non-polar22. Electric fields may hence influence such domain 
structures23,24 and the question arises whether hysteretic behavior itself can be induced by electric fields. This 
would mean that ferroelastic materials are indeed also (weakly) ferroelectric due to polar domain boundaries. 
The same question arises for ferromagnetic domain walls, namely whether magnetic fields can switch ferroelastic 
materials if domain walls contain ferromagnetic properties? A simple answer is found when we consider simple 
ferroelastic needle domains. These domains can be propagated and retracted by electric fields, which constitutes 
ferroelectricity25 although the ferroelectric, switchable polarization is very small. In addition, an electric field can 
switch the spontaneous strain so that a ferroelastic/ferroelectric hysteresis is observed.

A more stringent test is the switchability of uniform samples. In this case, the switching needs an additional, 
less obvious mechanism: domains with different elements of the strain tensor need to nucleate in order to switch 
domains. Here we focus on the nucleation and growth of ferroelastic domains under an applied electric field. 
In order to explore this effect we follow previous work and simulate the switching by molecular dynamics tech-
niques26. We distinguish the current models according to their treatment of free surfaces. We take into account 
a single ferroelastic domain with two kinds of surfaces, namely (i) a charge-free smooth surface with no excess 
net charges at surface layers with an equal number of A and B atoms25–27 and (ii) rough surface with excess net 
charges at surface steps. Electric fields are then applied to study the evolution of domain patterns and generate a 
polarization hysteresis loop.

Results
We start from a single domain configuration with {11}-type smooth surfaces, which is cut from a bulk containing 
A and B sublattices with orientation of x-[10] and y-[01], as shown in Fig. 1(a). The free surfaces are charge-free 
with an equal number of A and B atoms in the surface layer. The dipoles are induced by the surface relaxation in 
the surface layers with around ~7 lattice unit thickness. The dipoles are perpendicular to their respective surfaces 
and disappear in the inner part of the sample due to the inversion symmetry of the bulk material (see Fig. 1(b)). 
The orientations of the surface dipoles on the left surface point outward while pointing inward on the nearby top 
surface, which differs from the unsheared ‘cubic’ structure from where all surface dipoles point inward (see Fig. S1 
in Supplementary Material).
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We first explore the domain nucleation at smooth surfaces by an electric field, which is applied along the [11] 
direction (upwards) and retraced back (downwards). Figure 1(c) shows the variation of macroscopic polarization 
density along y direction (Py) under the external field. The change of polarization density along the x axis (Px) 
behaves similarly to that of Py. The insets show the typical snapshots at different states as marked in e1-e5. As the 
electric field increases, the new domains nucleate near the corner (e2) and propagate by kinks movement (e3). 
The domain switching is only limited to a very thin layer (~3 lattice units) near the surface. When the electric field 
is retraced, the new domain switches back. Similar surface nucleation (e4) and kink movements (e5) are observed 
near another surface as the field is applied in the opposite way ([-1-1] direction). The polarization hysteresis loop 
is hardly observable in Fig. 1(c). The driving forces for domain nucleation in the corners stems from the large 
coupled strains induced by these corners under the applied electric field.

We now explore the influence of surface roughness on domain nucleation. The rough surface was constructed 
with randomly distributed steps. These steps have net charge due to the breaking of AB stacking at surfaces. 
Figure 2(a) shows the configuration of single domain with nano-scale steps at free surfaces. These steps con-
tain charges and are similar to classic charged defects (vacancies, holes etc.) seen in many ferroic materials28. 
Figure 2(b) shows the dipole configuration in the local area near the free surface. The surface roughness adds local 
“noise”,and polarization, which is stronger at rough surfaces than at smooth surfaces (Fig. 1(b)). The thicknesses 
of the polarized surface areas in the two systems are basically the same (~7 lattice units). These locally surface 
steps break the macroscopic inversion symmetry, producing a net polarization density even without electric field 
as Px = −0.373 C/m2 and Py = 0.187 C/m2.

We then apply the electric field in a [11] (upwards)/[-1-1] (downwards) cycle. Figure 2(c) shows the variation 
of polarization density along y direction (Py) as function of the external field. We observe a typical ferroelectric 
hysteresis loop during field cycling. The insets illustrate the configuration of domain patterns at different states 

Figure 1.  (a) Fully relaxed single domain configuration with smooth charge-free surfaces. (b) The dipole 
configuration near the surfaces in the area indicated by the black frame in (a). Dipole displacements are 
amplified by a factor of 200 for clarity. (c) The variation of polarization density along y direction (Py) as a 
function of external electric field applied along the [11] direction with smooth surfaces. Virtually zero hysteresis 
is observed during the field cycle. The insets show the typical microstructures at different states as indicated 
in e1-e5. The black arrows in e1-e5 indicate the direction of the external electric field. The colors in the atomic 
images are coded by the atomic-level shear strain (ɛxy).
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as indicated by e1-e8. Starting from a single domain with a very small net polarization (e1), the new domains 
initially nucleate at surface steps and corners as the electric field increases (e2). The movement of the twin walls 
then progresses by nucleation and propagation of kinks (e3). Besides the two-oriented stable domains (red and 
blue areas), we also find that some areas near the surface stay in the intermediate state after the transition (green 
areas in e3). Reducing the field leads to domain back-switching. When the field is further applied in the [-1-1] 
direction (downwards), a similar process of domain nucleation and propagation is observed (e4-e5). The switch-
ing is reversible and reproducible during the hysteresis loop (e6-e8). Since the switchable polarity is only gen-
erated from free surfaces and domain boundaries (see Fig. 2(d)), the ferroelectric hysteresis loops are very thin. 
Nevertheless, they are sufficient to generate ferroelectricity while the bulk material remains centro-symmetric 
and purely ferroelastic.

Figure 3 shows the surface nucleation and wall movements in ferroelastic domain switching. The initial 
domain nucleation occurs near the corner and steps at the left surface. We observe the formation of stable new 
domain (marked ‘1’ in Fig. 3(a)) and also unstable patches in the transition state (marked ‘2’ in Fig. 3(a)). As the 
field increases further, these unstable patches switch to the new domain (marked ‘4’ in Fig. 3(b)). Simultaneously, 
the needle domain nucleated from the step sites with relatively low energy barrier (marked ‘3’ in Fig. 3(b)). 
Domain switching progresses by the nucleation and growth of needle domains mediated with the kink mech-
anism (marked ‘5’ in Fig. 3(c)). Driven by the electric field, the rough surfaces emit kinks and the new domains 
grow by kink propagation (marked ‘6’ in Fig. 3(d)).

Our results show that it is much easier to initiate domain nucleation at rough surfaces compared with smooth 
surfaces. The corners and steps in the rough surface are the primary nucleation sites. We calculated the activation 
barrier for domain nucleation by using the climbing image nudged elastic band (CINEB) method29. Figure 4(a) 

Figure 2.  (a) Fully relaxed single domain configuration with rough surfaces (containing locally nanoscale 
steps). (b) The dipole configuration near surfaces in the area indicated by the black frame in (a). (c) The 
variation of polarization density along y direction (Py) as function of the external electric field along the [11] 
direction with rough surfaces. A small ferroelectric hysteresis was observed during field cycling. The insets show 
typical microstructures at different states as shown in (e1)-(e8). The black dashed arrows in (e1)-(e8) indicate 
the direction of the external electric field. The colors in the atomic images are coded by the atomic-level shear 
strain (ɛxy). (d) The dipole configuration at state e6 in (c). The nucleated domains are polarized near the domain 
boundary. Dipole displacements are amplified by a factor of 200 for clarity.
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shows the optimized path for nucleation at smooth surface and surface steps. The nucleation at smooth surfaces 
needs to overcome a barrier of ~0.45 eV. This barrier is reduced to ~0.35 eV once the surface contains steps. 
The surface roughness effectively reduces the barriers for domain nucleation at free surfaces driven by external 
electric fields, as that shown in ferroelectrics30. We also calculate the barrier for kink propagation inside twin 
boundaries. These barriers are very weak (~0.004 eV) and are identical for both systems (Fig. 4(b)). Thus, once a 
kink is nucleated, it is very easy to move the kink to facilitate domain switching under the external electric field.

Figure 3.  The evolution of domain pattern driven by the external electric field. (a) Nucleation of new domains. 
Site 1 shows the switched domains. Site 2 shows the intermediate state during transition. (b) Growth of new 
domain and nucleation of needle domain. Site 3 shows the transient nucleation state of needle domain from 
the rough surfaces. Site 4 shows the stable new domain after switching. (c) The propagation of needle domains 
nucleated from site 3. (d) The propagation of domain wall via the moving kink, as marked in site 6.

Figure 4.  The activation barrier for (a) domain nucleation and (b) kink propagation in systems with smooth 
and rough surfaces. The atomic images are coded with the atomic-level shear strain (ɛxy).
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Discussion
The observation of an electric hysteresis in purely ferroelastic materials is related to the polarization of domain 
walls and is greatly facilitated by rough sample surfaces. The movement of ferroelastic domains in materials like 
SrTiO3 is further enhanced by dielectric pressure because the dielectric parameters are highly anisotropic and 
favor or disfavor specific domain orientations24. In our model, the polarization is entirely localized inside domain 
walls and near the rough sample surfaces, which agrees with earlier results by phase field modelling31. The applied 
electric field rotates the polarization and stabilizes (or destabilizes) domain walls because their polarization vector 
is no longer compatible with the adjacent bulk material. The rough surfaces carry relatively large and randomly 
distributed polar vectors. The (de-) stabilization effect is much stronger than that for smooth surfaces where 
all surface dipoles are orientated perpendicular to the surfaces and only the corners act as nucleation sites. The 
polarization hysteresis is hence a result of the nucleation of interfaces near surfaces and the subsequent evolution 
of domain pattern. The magnitude of polarization strongly depends on the twin boundary density. In realistic 
cases, the concentration of interfacial atoms is rather small, namely in the order of 1 ppm (part per million). This 
explains why the ‘parasitic’ hysteresis is very slim. Nevertheless, we have shown that interfacial ferroelectricity is 
a physically viable proposition that explains previous observations32–35.

Methods
The molecular dynamics simulations are implemented based on a two-dimensional toy model consisting of two 
base charged atoms (A and B)21,36. The twin structure is constructed by the anion sublattice A whose interaction 
contain anharmonic elastic interactions (Landau springs) while the interactions between atoms of the B sublattice 
and between A and B atoms are purely harmonic. Flexoelectricity is caused by strain gradients and is therefore 
restricted to generate polarity near twin walls and surfaces21. The parameters for A-A and B-B interactions are 
illustrated in our previous paper21. However, the coupling coefficient between A and B sublattices is modified to 
be stronger ( = . −( )V 3 5 rAB

2
2

2
) in order to strengthen the coupling effect between strains (ɛ) and charges 

(q = 1.60 × 10−19 C)15,18,37. The model parameters and potential form are summarized in Table I in the 
Supplementary Materials. The dielectric constant is chosen to be isotropic, and set to 1000 in order to avoid the 
additional effect of dielectric pressure on the domain wall movements. The boundary condition is ‘open’ (free 
boundary condition) in both two dimensions, i.e. the surface atoms are specified to be stress-free (Neumann 
condition). We construct two kinds of surfaces. (i) The surface is smooth containing the same number of A and B 
atoms. Such smooth surface has no excess charge except at four corners. (ii) Roughness is added at the surface. 
The depth of surface steps is around three atomic distances. These steps contain excess charges because the charge 
balance between A and B atoms is not conserved locally (but globally where we have an equal number of A and B 
atoms). Our more extended simulations were conducted at low temperature at T = 0.001 K to avoid thermal 
effects38,39. The electric field is applied stepwise along the [11] direction. For each step, the system relaxes for 
100 ps and the snapshots within the last 50 ps were averaged to show the microstructure and the polarization. All 
calculations were carried out by using the LAMMPS code40.

Data availability
All data supporting the results of this study are available within the paper and Methods.

Received: 26 August 2019; Accepted: 5 October 2019;
Published: xx xx xxxx

References
	 1.	 Salje, E. K. H. Ferroelastic Materials. Annu. Rev. Mater. Res. 42, 265–283, https://doi.org/10.1146/annurev-matsci-070511-155022 

(2012).
	 2.	 Salje, E. K. H. Multiferroic Domain Boundaries as Active Memory Devices: Trajectories Towards Domain Boundary Engineering. 

ChemPhysChem 11, 940–950, https://doi.org/10.1002/cphc.200900943 (2010).
	 3.	 Van Aert, S. et al. Direct Observation of Ferrielectricity at Ferroelastic Domain Boundaries in CaTiO3 by Electron Microscopy. Adv. 

Mater. 24, 523–527, https://doi.org/10.1002/adma.201103717 (2012).
	 4.	 Warwick, A. R., Íñiguez, J., Haynes, P. D. & Bristowe, N. C. First-Principles Study of Ferroelastic Twins in Halide Perovskites. J. Phys. 

Chem. Lett. 10, 1416–1421, https://doi.org/10.1021/acs.jpclett.9b00202 (2019).
	 5.	 Viehland, D. D. & Salje, E. K. H. Domain boundary-dominated systems: adaptive structures and functional twin boundaries. Adv. 

Phys 63, 267–326, https://doi.org/10.1080/00018732.2014.974304 (2014).
	 6.	 Salje, E. K. H. et al. Direct observation of polar tweed in LaAlO3. Sci. Rep. 6, 27193, https://doi.org/10.1038/srep27193 (2016).
	 7.	 Goncalves-Ferreira, L., Redfern, S. A. T., Artacho, E. & Salje, E. K. H. Ferrielectric Twin Walls in CaTiO3. Phys. Rev. Lett. 101, 

097602, https://doi.org/10.1103/PhysRevLett.101.097602 (2008).
	 8.	 Goncalves-Ferreira, L., Redfern, S. A. T., Atacho, E. & Salje, E. K. H. The intrinsic elasticity of twin walls: Ferrielectric twin walls in 

ferroelastic CaTiO3. Appl. Phys. Lett. 94, 081903, https://doi.org/10.1063/1.3089690 (2009).
	 9.	 Zykova-Timan, T. & Salje, E. K. H. Highly mobile vortex structures inside polar twin boundaries in SrTiO3. Appl. Phys. Lett. 104, 

082907, https://doi.org/10.1063/1.4866859 (2014).
	10.	 Salje, E. K. H., Graeme-Barber, A., Carpenter, M. A. & Bismayer, U. Lattice parameters, spontaneous strain and phase transitions in 

Pb3(PO4)2. Acta Cryst. B 49, 387–392, https://doi.org/10.1107/S0108768192008127 (1993).
	11.	 Kim, Y., Alexe, M. & Salje, E. K. H. Nanoscale properties of thin twin walls and surface layers in piezoelectric WO3−x. Appl. Phys. 

Lett. 96, 032904, https://doi.org/10.1063/1.3292587 (2010).
	12.	 Zubko, P., Catalan, G. & Tagantsev, A. K. Flexoelectric Effect in Solids. Annu. Rev. Mater. Res. 43, 387–421, https://doi.org/10.1146/

annurev-matsci-071312-121634 (2013).
	13.	 Van Aert, S. et al. Functional twin boundaries. Phase Transit. 86, 1052–1059, https://doi.org/10.1080/01411594.2012.748909 (2013).
	14.	 Yokota, H., Matsumoto, S., Salje, E. & Uesu, Y. Polar nature of domain boundaries in purely ferroelastic Pb3(PO4)2. investigated by 

second harmonic generation microscopy. Phys. Rev. B 100, 024101 (2019).

https://doi.org/10.1038/s41598-019-52240-3
https://doi.org/10.1146/annurev-matsci-070511-155022
https://doi.org/10.1002/cphc.200900943
https://doi.org/10.1002/adma.201103717
https://doi.org/10.1021/acs.jpclett.9b00202
https://doi.org/10.1080/00018732.2014.974304
https://doi.org/10.1038/srep27193
https://doi.org/10.1103/PhysRevLett.101.097602
https://doi.org/10.1063/1.3089690
https://doi.org/10.1063/1.4866859
https://doi.org/10.1107/S0108768192008127
https://doi.org/10.1063/1.3292587
https://doi.org/10.1146/annurev-matsci-071312-121634
https://doi.org/10.1146/annurev-matsci-071312-121634
https://doi.org/10.1080/01411594.2012.748909


6Scientific Reports |         (2019) 9:15834  | https://doi.org/10.1038/s41598-019-52240-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

	15.	 Pesquera, D., Carpenter, M. A. & Salje, E. K. H. Glasslike Dynamics of Polar Domain Walls in Cryogenic SrTiO3. Phys. Rev. Lett. 121, 
235701, https://doi.org/10.1103/PhysRevLett.121.235701 (2018).

	16.	 Kustov, S., Liubimova, I. & Salje, E. K. H. LaAlO3: A substrate material with unusual ferroelastic properties. Appl. Phys. Lett. 112, 
042902, https://doi.org/10.1063/1.5017679 (2018).

	17.	 Frenkel, Y. et al. Imaging and tuning polarity at SrTiO3 domain walls. Nat. Mater. 16, 1203, https://doi.org/10.1038/nmat4966 
(2017).

	18.	 Salje, E. K. H., Aktas, O., Carpenter, M. A., Laguta, V. V. & Scott, J. F. Domains within Domains and Walls within Walls: Evidence for 
Polar Domains in Cryogenic SrTiO3. Phys. Rev. Lett. 111, 247603, https://doi.org/10.1103/PhysRevLett.111.247603 (2013).

	19.	 Scott, J. F., Salje, E. K. H. & Carpenter, M. A. Domain Wall Damping and Elastic Softening in SrTiO3: Evidence for Polar Twin Walls. 
Phys. Rev. Lett. 109, 187601, https://doi.org/10.1103/PhysRevLett.109.187601 (2012).

	20.	 Yokota, H., Matsumoto, S., Salje, E. K. H. & Uesu, Y. Symmetry and three-dimensional anisotropy of polar domain boundaries 
observed in ferroelastic LaAlO3 in the complete absence of ferroelectric instability. Phys. Rev. B 98, 104105, https://doi.org/10.1103/
PhysRevB.98.104105 (2018).

	21.	 Salje, E. K. H., Li, S., Stengel, M., Gumbsch, P. & Ding, X. Flexoelectricity and the polarity of complex ferroelastic twin patterns. Phys. 
Rev. B 94, 024114, https://doi.org/10.1103/PhysRevB.94.024114 (2016).

	22.	 Garten, L. M. & Trolier-McKinstry, S. Enhanced flexoelectricity through residual ferroelectricity in barium strontium titanate. J. 
Appl. Phys. 117, 094102, https://doi.org/10.1063/1.4913858 (2015).

	23.	 Lu, G., Li, S., Ding, X. & Salje, E. K. H. Piezoelectricity and electrostriction in ferroelastic materials with polar twin boundaries and 
domain junctions. Appl. Phys. Lett. 114, 202901, https://doi.org/10.1063/1.5092523 (2019).

	24.	 Casals, B. et al. Low-Temperature Dielectric Anisotropy Driven by an Antiferroelectric Mode in SrTiO3. Phys. Rev. Lett. 120, 217601, 
https://doi.org/10.1103/PhysRevLett.120.217601 (2018).

	25.	 Lu, G. M., Li, S., Ding, X. D., Sun, J. & Salje, E. K. H. Electrically driven ferroelastic domain walls, domain wall interactions and 
moving needle domains. Phys. Rev. Mater. (in press) (2019).

	26.	 Salje, E. K. H., Ding, X., Zhao, Z., Lookman, T. & Saxena, A. Thermally activated avalanches: Jamming and the progression of needle 
domains. Phys. Rev. B 83, 104109, https://doi.org/10.1103/PhysRevB.83.104109 (2011).

	27.	 Zhao, Z. et al. Interaction of low-energy electrons with surface polarity near ferroelastic domain boundaries. Phys. Rev. Mater. 3, 
043601, https://doi.org/10.1103/PhysRevMaterials.3.043601 (2019).

	28.	 Whyte, J. R. et al. Sequential injection of domain walls into ferroelectrics at different bias voltages: Paving the way for “domain wall 
memristors”. J. Appl. Phys. 116, 066813, https://doi.org/10.1063/1.4891347 (2014).

	29.	 Henkelman, G., Uberuaga, B. P. & Jónsson, H. A climbing image nudged elastic band method for finding saddle points and 
minimum energy paths. J. Chem. Phys. 113, 9901–9904, https://doi.org/10.1063/1.1329672 (2000).

	30.	 Ahluwalia, R., Ng, N. & Srolovitz, D. J. Surface morphology effects on polarization switching in nanoscale ferroelectrics. 
Nanotechnology 20, 445709, https://doi.org/10.1088/0957-4484/20/44/445709 (2009).

	31.	 Morozovska, A. N., Eliseev, E. A., Glinchuk, M. D., Chen, L.-Q. & Gopalan, V. Interfacial polarization and pyroelectricity in 
antiferrodistortive structures induced by a flexoelectric effect and rotostriction. Phys. Rev. B 85, 094107, https://doi.org/10.1103/
PhysRevB.85.094107 (2012).

	32.	 Durán, A., Martínez, E., Díaz, J. A. & Siqueiros, J. M. Ferroelectricity at room temperature in Pr-doped SrTiO3. J. Appl. Phys. 97, 
104109, https://doi.org/10.1063/1.1903100 (2005).

	33.	 Golovenchits, E. I., Sanina, V. A. & Babinskii, A. V. Nonlinear dielectric susceptibility in SrTiO3 and possible nature of the low-
temperature phase. J. Exp. Theor. Phys. Lett. 63, 674–679, https://doi.org/10.1134/1.567134 (1996).

	34.	 Itoh, M. et al. Ferroelectricity Induced by Oxygen Isotope Exchange in Strontium Titanate Perovskite. Phys. Rev. Lett. 82, 3540–3543, 
https://doi.org/10.1103/PhysRevLett.82.3540 (1999).

	35.	 Jang, H. W. et al. Ferroelectricity in Strain-Free SrTiO3 Thin Films. Phys. Rev. Lett. 104, 197601, https://doi.org/10.1103/
PhysRevLett.104.197601 (2010).

	36.	 Salje, E. K. H., Li, S., Zhao, Z., Gumbsch, P. & Ding, X. Polar twin boundaries and nonconventional ferroelectric switching. Appl. 
Phys. Lett. 106, 212907, https://doi.org/10.1063/1.4922036 (2015).

	37.	 Kityk, A. V. et al. Low-frequency superelasticity and nonlinear elastic behavior of SrTiO3 crystals. Phys. Rev. B 61, 946–956, https://
doi.org/10.1103/PhysRevB.61.946 (2000).

	38.	 Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. Chem. Phys. 81, 511–519, https://doi.
org/10.1063/1.447334 (1984).

	39.	 Hoover, W. G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 31, 1695–1697, https://doi.org/10.1103/
PhysRevA.31.1695 (1985).

	40.	 Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys 117, 1–19, https://doi.org/10.1006/
jcph.1995.1039 (1995).

Acknowledgements
X.D. and J.S. are grateful to NSFC (51320105014, 51621063) and the 111 project (BP 2018008) for financial 
support. E.K.H.S. is grateful to EPSRC (EP/P024904/1) for support. S.L. acknowledges the support from 
NKRDPC (2019YFA0307900).

Author contributions
E.K.H.S. conceived and designed the project. G.L. and S.L. performed molecular dynamics simulations. G.L., S.L., 
X.D., J.S. and E.K.H.S. wrote the paper. All authors contributed to discussions of the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52240-3.
Correspondence and requests for materials should be addressed to S.L., X.D. or E.K.H.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-52240-3
https://doi.org/10.1103/PhysRevLett.121.235701
https://doi.org/10.1063/1.5017679
https://doi.org/10.1038/nmat4966
https://doi.org/10.1103/PhysRevLett.111.247603
https://doi.org/10.1103/PhysRevLett.109.187601
https://doi.org/10.1103/PhysRevB.98.104105
https://doi.org/10.1103/PhysRevB.98.104105
https://doi.org/10.1103/PhysRevB.94.024114
https://doi.org/10.1063/1.4913858
https://doi.org/10.1063/1.5092523
https://doi.org/10.1103/PhysRevLett.120.217601
https://doi.org/10.1103/PhysRevB.83.104109
https://doi.org/10.1103/PhysRevMaterials.3.043601
https://doi.org/10.1063/1.4891347
https://doi.org/10.1063/1.1329672
https://doi.org/10.1088/0957-4484/20/44/445709
https://doi.org/10.1103/PhysRevB.85.094107
https://doi.org/10.1103/PhysRevB.85.094107
https://doi.org/10.1063/1.1903100
https://doi.org/10.1134/1.567134
https://doi.org/10.1103/PhysRevLett.82.3540
https://doi.org/10.1103/PhysRevLett.104.197601
https://doi.org/10.1103/PhysRevLett.104.197601
https://doi.org/10.1063/1.4922036
https://doi.org/10.1103/PhysRevB.61.946
https://doi.org/10.1103/PhysRevB.61.946
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1038/s41598-019-52240-3
http://www.nature.com/reprints


7Scientific Reports |         (2019) 9:15834  | https://doi.org/10.1038/s41598-019-52240-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52240-3
http://creativecommons.org/licenses/by/4.0/

	Ferroelectric switching in ferroelastic materials with rough surfaces

	Results

	Discussion

	Methods

	Acknowledgements

	Figure 1 (a) Fully relaxed single domain configuration with smooth charge-free surfaces.
	Figure 2 (a) Fully relaxed single domain configuration with rough surfaces (containing locally nanoscale steps).
	Figure 3 The evolution of domain pattern driven by the external electric field.
	Figure 4 The activation barrier for (a) domain nucleation and (b) kink propagation in systems with smooth and rough surfaces.




