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Abstract. Ferroelectric materials exhibit a strong coupling between strain and electrical11

polarization. In epitaxial thin films, the strain induced by the substrate can be used to12

tune the domain structure. Substrates of rare-earth scandates are sometimes selected for the13

growth of ferroelectric oxides because of their close lattice match, which allows the growth of14

low-strain dislocation-free layers. Transmission electron microscopy (TEM) is a frequently15

used technique for investigating ferroelectric domains at the nanometer-scale. However, it16

requires to thin the specimen down to electron transparency, which can modify the strain and17

the electrostatic boundary conditions. Here, we have investigated a 320 nm thick epitaxial18

layer of BaTiO3 grown onto an orthorhombic substrate of NdScO3 with interfacial lattice19

strains of -0.45% and -0.05% along the two in-plane directions. We show that the domain20

structure of the layer can be significantly altered by TEM sample preparation depending on21

the orientation and the geometry of the lamella. In the as-grown state, the sample shows an22

anisotropic a/c ferroelastic domain pattern in the direction of largest strain. If a TEM lamella23

is cut perpendicular to this direction so that strain is released, a new domain pattern is24

obtained, which consists of bundles of thin horizontal stripes parallel to the interfaces. These25

stripe domains correspond to a sheared crystalline structure (orthorhombic or monoclinic)26

with inclined polarization vectors and with at least four variants of polarization. The stripe27

domains are distributed in triangular-shaped 180◦ domains where the average polarization28

is parallel to the growth direction. The influence of external electric fields on this domain29

structure was investigated using in-situ biasing and dark-field imaging in TEM.30
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1. Introduction35

Epitaxial thin layers of ferroelectric metal oxides have different applications in non-volatile36

memories [1] and micro-electro-mechanical systems (MEMS) [2]. The piezoelectric and37

ferroelectric properties of the layers are related to the nucleation and growth of nanoscale38

domains whose structure depends on multiple parameters such as the crystallography, the39

composition, the geometry, the mechanical and electrostatic boundary conditions. Domains40

can be classified as purely ferroelectric or ferroelastic depending on their sensitivity to an41

external stress. For instance, thin layers of tetragonal Pb(ZrxTi1-x)O3 can exhibit purely42

ferroelectric 180◦ domains, where the polarization is oriented in antiparallel directions [3–5].43

Their role is to minimize depolarization fields induced by charges located at the interfaces, in44

the absence of sufficient screening charges (grounded electrodes). The layer can also contain45

90◦ ferroelastic twin domains (a/c domains), where the polarization alternates between out-46

of-plane and in-plane directions [6–8]. These domains play a role in the relaxation of the47

interfacial strain induced by the epitaxial growth onto a lattice mismatched substrate [9, 10].48

The ferroelastic domain structure can be tuned to some extent by strain engineering i.e. by49

choosing a substrate with an appropriate structure and lattice parameters with respect to50

those of the layer [11, 12].51

Different techniques can be used to study ferroelectric domains such as optical52

microscopy [13], scanning electron microscopy (SEM) [14, 15], piezoresponse force microscopy53

(PFM) [16, 17] or X-ray diffraction [3, 18]. Transmission electron microscopy (TEM) allows54

the investigation of ferroelectric domains at the atomic-scale [19–21] and in the presence55

of external stimuli [22–24]. However, it requires to thin the material down to electron56

transparency (approximately 100 nm in thickness), which can modify the domain structure57

in different ways. First, elastic relaxation at the free surfaces of a TEM cross-section lamella58

is a long-known and inevitable problem [25, 26]. It modifies the strain fields in epitaxial59

samples and its significance depends on the thickness of the TEM slab with respect to the60

thickness of the layer. Second, ferroelectric domains have a tendency to shrink in size when61

the material is thinned down to the nanoscale. It has been reported that the size of 90◦
62

twin domains in single crystal BaTiO3 depends significantly on the thickness of the TEM63

slab [27]. This phenomenon is usually associated to the law of Kittel, which states that the64

width of the domains is proportional to the square root of the thickness of the lamella [28].65

This law was initially proposed for ferromagnetic samples but was later demonstrated for 180◦
66



4

ferroelectric domains [29] and ferroelastic domains [9]. Third, the three-dimensional geometry67

of the sample also influences the domain structure. For instance, in nanowires of BaTiO368

prepared by focused ion beam (FIB), the orientation of the 90◦ domains is influenced by69

depolarization fields, which are minimized when the non-axial polarization is perpendicular70

to the smallest surface [30, 31]. In nanodots of BaTiO3, the domains form a quadrant field-71

closure arrangement and each quadrant is divided in 90◦ stripe domains [32]. Finally, a fourth72

problem in TEM is that ferroelectric oxides are electrical insulators and the accumulation73

of charges in the area illuminated by the electron beam produces an electric field, which74

can induce domain switchings [33–36]. On the one hand, these different phenomena can75

modify the domain structure with respect to the as-grown samples, which can be a problem76

if one wants to correlate the TEM observations to the bulk properties of the materials. On77

the other hand, these phenomena provide different pathways for the manipulation and the78

understanding of ferroelectric domains at the nanoscale.79

Here, we have investigated an epitaxial layer of BaTiO3 grown onto a [110]-oriented80

NdScO3 substrate using TEM. BaTiO3 is a classical lead-free ferroelectric with a particularly81

rich phase diagram [37, 38]. The closely-matched lattice of the NdScO3 substrate provides82

a low strain, which avoids the formation of misfit dislocations and allow the stabilization of83

intermediate crystalline phases of low symmetry at room temperature [39, 40]. First, we have84

investigated the influence of TEM sample preparation on the ferroelectric and ferroelastic85

domain structure. Second, domain switching mechanisms in the presence of external fields86

have been studied in-situ TEM using a dedicated specimen holder equipped with an electrical87

microprobe.88

2. Methods and conditions89

The sample is a 320 nm thick BaTiO3 layer with a 7 nm thick SrRuO3 bottom electrode grown90

by pulsed layer deposition (PLD) onto a [110]ortho-oriented orthorhombic substrate of NdScO391

[39]. The deposition has been carried out using a Lambda Physik COMPex PRo 205 KrF92

(λ = 248 nm) excimer ultraviolet laser and a Twente Solid State Technology reflection high-93

energy electron diffraction (RHEED) vacuum system. The target was a BaTiO3 single crystal94

(MaTecK GmbH) and the deposition parameters were a background pressure of 10-7 mbar,95

a substrate temperature of 700-800◦C, a laser energy of 2 J.cm-2, a spot size of 2.6 mm2, a96

target-substrate distance of 50 mm, a repetition rate of 5 Hz and a PO2 of 0.15 mbar. After97
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the growth, the cooling rate was 5◦C/min at 300 mbar PO2 . The NdScO3 substrate (CrysTec98

GmbH) was pre-treated to obtain single termination for 4 hours at 900◦C in an oxygen flow99

and subsequently submerged in 12 M NaOH and 1 M NaOH for several hours followed by100

water/ethanol cleaning step.101

Cross-section thin foils were prepared using a focused ion beam and a scanning electron102

microscope (FIB-SEM) FEI Helios platform. The surface of the sample was protected with103

three different layers of platinum. First, the surface was covered with a ≈ 100 nm thick104

Pt layer using physical vapor deposition (PVD) prior insertion into the FIB. Then, another105

≈ 100 nm thick Pt layer was deposited locally using electron beam-induced deposition (EBID)106

and a ≈ 3 µm thick Pt layer was deposited on top using ion beam-induced deposition (IBID).107

The role of the two first layers is to prevent the implantation of ions in the BaTiO3 layer108

during the third deposition step. 20×2×5 µm3 pieces of samples were cut, lifted out from109

the bulk using a nanomanipulator, attached to a 3 mm copper grid using Pt IBID deposition110

and thinned to electron transparency. In the last steps of the thinning, the energy of the111

ion beam was decreased from 30 kV to 5 kV to minimize surface damage. Lamellas were112

prepared along the two perpendicular crystallographic directions of the substrate i.e. the113

[001]ortho and [1-10]ortho directions.114

High resolution TEM (HRTEM) and scanning TEM with a high angle annular dark-115

field detector (HAADF STEM) were carried out using an FEI Titan TEM equipped with116

a 300 kV field emission gun, a CEOS image aberration corrector and a Gatan K2 4k×4k117

camera. Conventional dark-field TEM, dark-field electron holography and in-situ biasing118

were carried out using a Hitachi HF-3300 TEM equipped with a 300 kV cold field emission119

gun, a CEOS image aberration corrector, multiple electron biprisms and a Gatan OneView120

4k×4k camera.121

Conventional dark-field TEM imaging was used to image ferroelectric domains. The122

sample was oriented a few degrees out of zone-axis to enhance the intensity of a diffracted123

beam. The incident illumination was tilted to bring the diffracted beam onto the optical124

axis and a small objective aperture was used to isolate the diffracted beam. Under kinematic125

approximation, the Friedel’s law states that the intensity of two opposite diffracted beams of126

reciprocal lattice vectors g⃗ and −g⃗ is equal (Ig = I−g) even in non-centrosymmetric crystals.127

However, this law fails if the sample is sufficiently thick due to dynamical effects [41, 42].128

By acquiring dark-field images with different diffracted beams, it is possible to identify the129

direction of the local polarization vector P⃗ as the dark-field contrast is related to the scalar130
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product g⃗.P⃗ [43–45].131

Dark-field off-axis electron holography was used to measure lattice deformations [46, 47].132

The imaging conditions were similar to those used for dark-field imaging (see previous133

paragraph). An electron biprism was used to overlap the electron wave diffracted in the134

layer (object wave) with the wave diffracted in the substrate (reference wave). An elliptical135

illumination was formed using the condenser stigmators to improve the coherence in the136

direction perpendicular to the biprism. The fringe spacing was 2 nm and the hologram137

width was 400 nm. Phase images were reconstructed from the holograms using Fourier138

transform operations in the Digital Micrograph software (Gatan). Lattice deformation and139

rotation maps were calculated from the gradient of the phase in the directions parallel and140

perpendicular to the selected g⃗ vector, respectively. Deformations and rotations are defined141

in percentages and degrees with respect to the substrate’s lattice. The spatial resolution in142

the reconstructed maps is 8 nm (determined by the size of the aperture in Fourier space).143

Ferroelectric domain switching in the presence of external electric fields was investigated144

using a Hysitron PI 95 Picoindenter TEM holder equipped with a B-doped (1021 cm-3) cube-145

corner-shaped diamond probe. The probe was moved inside the microscope using micrometer146

screws for the coarse motion and piezoelectric motors for the final approach until a contact147

was established with the Pt capping layer of the TEM lamella (acting as a top electrode).148

The nanoECR mode (nanoscale Electrical Contact Resistance) was used to apply different149

voltages up to ±40 V. Videos were recorded using the HD video module of the Digital150

Micrograph software (Gatan) with a frame rate of 5 images per second and an image size of151

approximately 800×800 pixels. The speed of the videos provided in Supplementary Materials152

was increased several times to reduce the size of the files.153

3. Results154

3.1. Description of the crystalline and ferroelectric domain structures155

Fig. 1(a) is an overview Z-contrast HAADF STEM image of the sample, which156

shows a uniform contrast inside the BaTiO3 layer. The crystalline quality of the157

interfaces was investigated using HRTEM. Fig. 1(b,c) shows HRTEM images of the158

BaTiO3/SrRuO3/NdScO3 bottom interfaces, in two different lamellas cut parallel to the two159

in-plane directions [001]ortho and [1-10]ortho, respectively. The insets in the top-right corners160

are the corresponding Fourier transforms, which show sharp and regularly spaced peaks. In161
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NdScO3 (orthorhombic)

aNdScO3 bNdScO3 cNdScO3

0.5575 nm 0.5776 nm 0.8003 nm

d
(110)
NdScO3 d

(002)
NdScO3

0.4014 nm 0.4002 nm

BaTiO3
acubic

BaTiO3 atetra
BaTiO3 ctetra

BaTiO3

0.4000 nm 0.3992 nm 0.4036 nm

(aBaTiO3 − d
(002)
NdScO3)/d

(002)
NdScO3 -0.05% -0.25% +0.85%

(aBaTiO3 − d
(110)
NdScO3)/d

(110)
NdScO3 -0.45% -0.55% +0.55%

Table 1. From top to bottom: Bulk lattice parameters of orthorhombic NdScO3 [48] as
well as (110) and (002) d-spacings corresponding to the lattice parameters of a primitive
perovskite unit cell ((001) and (100) d-spacings). Bulk lattice parameters of cubic and
tetragonal BaTiO3 [49, 50]. Corresponding lattice mismatches between NdScO3 and BaTiO3.

both directions, the crystalline quality and the epitaxial alignment of the lattices of the layers162

and the substrate were found to be excellent. No misfit dislocations were observed at the163

interfaces.164

In the absence of stress, BaTiO3 is expected to be tetragonal at room temperature and165

cubic at the growth temperature (the Curie temperature being Tc ≈ 120◦C). In order to166

understand the lattice match between the substrate and the layer, the theoretical lattice167

parameters of orthorhombic NdScO3, cubic and tetragonal BaTiO3 are indicated in Table 1.168

The corresponding values of lattice strain in the two orthogonal in-plane directions are also169

indicated. For cubic BaTiO3, there is nearly no strain (-0.05%) in the [001]ortho direction and170

there is a small tensile strain (-0.45%) in the [1-10]ortho direction. For tetragonal BaTiO3, if171

the a-axis is assumed to be in-plane, it leads to slightly larger tensile strains (respectively172

-0.25% and -0.55%). If the c-axis is in-plane, it leads to compressive strains (respectively173

+0.85% and +0.55%). Therefore, at room temperature, the c-axis could be oriented either174

out-of-plane or in-plane along the [1-10]ortho direction, but probably not along the [001]ortho175

direction to avoid large strains. This description is valid for the as-grown bulk sample. After176

thinning, the strain should be maintained along the direction that is parallel to the lamella177

and to the interface, but it could be partially relaxed along the electron beam direction.178

In order to investigate the ferroelectric domain structure, dark-field TEM images were179

acquired using two different diffracted beams associated to −→g vectors that are perpendicular180

or parallel to the interfaces. Fig. 2(a,b) show (220)ortho and (004)ortho dark-field images181
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Figure 1. (a) HAADF STEM image of the 320 nm BaTiO3 layer with a 7 nm thick SrRuO3
bottom electrode grown onto a [110]-oriented NdScO3 substrate. (b,c) HRTEM images of the
NdScO3/SrRuO3/BaTiO3 interfaces in two different lamellas cut parallel to the [001]ortho
and [1-10]ortho crystallographic directions of the substrate, respectively. The insets in the
top-right corner are the corresponding Fourier transforms (scale bar is 2 nm-1).

obtained in the lamella cut parallel to the [001]ortho direction, where the contrast is related to182

the vertical and horizontal components of the ferroelectric polarization, respectively. In (a),183

triangular-shaped domains with a bright contrast are visible in the top part of the BaTiO3184

layer. They most likely correspond to 180◦ domains with vertical polarization vectors (either185

up or down) and whose triangular shape reduces the density of charges at the domain walls186

[51]. They are not visible in (b) because the polarization has no horizontal component in187

these domains. Fig. 2(c) shows a simplified schematic of the ferroelectric domain structure188

where the direction of the polarization vectors is indicated with arrows.189

Fig. 2(d,e) show the corresponding vertical (220)ortho and horizontal (2-20)ortho dark-field190

images obtained in the lamella cut parallel to the [1-10]ortho direction. Again, triangular-191

shaped 180◦ domains are visible in (d), in the top part of the BaTiO3 layer. However the192

triangular shape of the domains is slightly different as they are roughly isosceles in (a) and193

rectangle in (d). This difference is related to the presence of 90◦ domains (or a/c twins)194

with domain walls at 45◦ to the interfaces (parallel to the <110> planes of the BaTiO3).195

These twin domains can be seen in both (d and e) because the polarization alternates between196
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Figure 2. (a) Vertical (220)ortho and (b) horizontal (004)ortho dark-field images of a cross-
section lamella cut along the [001]ortho direction. The contrast is related respectively to
the vertical and horizontal components of the polarization. (c) Corresponding schematic
of the ferroelectric domain structure and polarization directions (the sign of the indicated
polarization vectors was not determined and could be the opposite). (d) Vertical (220)ortho
and (e) horizontal (2-20)ortho dark-field images in a cross-section lamella cut along the [1-
10]ortho direction. (f) Corresponding schematic of the ferroelectric domain structure.

vertical and horizontal directions in the image plane. Fig. 2(f) is the corresponding schematic197

of the domain structure. The 90◦ domains form an obstacle for the 180◦ domains and the198

a/c boundaries can become charged because of the tail-to-tail or head-to-head configuration199

of the polarization at the domain walls (interactions between 90◦ and 180◦ domains have200

been described in [22, 23]). The contrast of the a/c domains appears gradually along the201

growth direction because the tetragonality increases as the epitaxial strain is relaxed away202

from the bottom interface. Lattice deformation measurements, shown in Supplementary203

Information 1 and in Ref. [40], confirm the progressive increase of the tetragonality along the204

vertical direction.205

In summary, the BaTiO3 layer shows purely ferroelectric 180◦ domains in both206

perpendicular cross-section lamellas. The zig-zag 180◦ domain walls are located primarily in207

the top part of the film and so the bottom domain covers a larger area in the image compared208

to the top domains. a/c twin domains are visible only in one of the two perpendicular209

cross-sections, which indicates that the ferroelastic domain pattern is anisotropic. This210

is also confirmed by a PFM image of the surface of the sample shown in Supplementary211
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Information 2. This anisotropy is related to the orthorhombic structure of the substrate212

and the fact that the strain is slightly different in the [1-10]ortho direction and the [001]ortho213

direction. It is difficult to determine if the a/c domains observed in Fig. 2(d,e) exist in the214

TEM sample of Fig. 2(a,b) because the domain walls would then be inclined at 45◦ to the215

electron beam direction and may not produce sharp variations of contrast. However, because216

of the absence of crystallographic defects to pin the a/c domains and because of a possible217

strain relaxation at the free surfaces of the lamella, the ferroelastic domain pattern could218

also be altered in this geometry. In order to obtain more information about the influence of219

the lamella geometry on the domain structure, a TEM lamella with varying thickness was220

prepared.221

3.2. Influence of the thickness and the geometry of the TEM lamella on the ferroelectric222

domain structure223

Fig. 3(a) shows a low magnification TEM image of a staircase-shaped lamella with different224

thicknesses, which was cut parallel to the [001]ortho direction (same cut as in Fig. 2(a-c)).225

The thickness of the lamella along the electron beam direction was measured by SEM and is226

approximately 140, 110 and 80 nm (±20 nm) in the three different regions. The thickness of227

the Pt capping decreases with the thickness of the lamella. Part of the capping was inevitably228

milled away when the lamella was thinned down because of the Gaussian shape of the incident229

ion beam [52]. Fig. 3(b-d) shows vertical (220)ortho dark-field images acquired in the three230

different regions, which exhibit a continuous distribution of triangular-shaped 180◦ domains231

in the top part of the layer. The size of the domains decreases with the thickness of the232

lamella as they are approximately four times smaller in (d) than in (b). As a consequence,233

the bottom apex of the triangular domains is located near the middle of the film in (b) and234

closer to the top electrode in (d). It can also be noticed in (b-d) that the contrast is brighter235

in the bottom part of the BaTiO3 layer, over a distance of ≈ 50 nm to the interface with236

the SrRuO3. This could be attributed to strain relaxation at the free surfaces of the lamella,237

which leads to a bending of the horizontal lattice planes along the electron beam direction238

and thus to local variations of the dark-field intensity close to the interface. Fig. 3(e-g) show239

the corresponding (004)ortho horizontal dark-field images. Interestingly, narrow horizontal240

domains can be noticed in (g), as indicated by arrows in the image. These domains are 10 to241

20 nm large in the vertical direction and a few hundreds of nanometers long in the horizontal242

direction. On close inspection, it seems possible that such horizontal domains also exist in243
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(e,f), but with lower contrast.244

The decrease in size of the 180◦ domains could be related to the thickness of the TEM245

lamella and/or the thickness of top Pt electrode. Previous studies have reported that the246

periodicity of 180◦ domains decreases with the thickness of the crystal [3, 53]. Other studies247

have reported that the thickness of the top electrode can influence the ferroelectric imprint248

(horizontal shift of the hysteresis curve) and so modify the polar ground state [40, 54]. The249

presence of horizontal stripes is quite unusual in titanate thin films. In first impression, they250

could be attributed to tetragonal 90◦ domains with domain walls at 45◦ to the electron beam251

direction, as observed in Ref. [30]. Previously, such domains were observed in nanowires of252

BaTiO3, in which the non-axial polarization is perpendicular to the smallest surface of the253

wire to minimize depolarization fields. However, in the case of a lamella, the polarization254

should rather stay in the plane of the lamella to minimize depolarization fields and should255

not point directly towards the free surfaces. In addition, such 90◦ domains would be visible256

in the vertical dark-field images and not in the horizontal images, which is the opposite to257

what is observed here. Since the domains are only visible in the horizontal dark-field images,258

it can be deduced that there is only a change of the horizontal component of the polarization.259

A more detailed analysis of these stripe domains is shown in Fig. 4. Previously, thick260

regions of sample were left on the sides of the lamella. Here, the lamella was also cut on261

the left and right sides as indicated by arrows in the horizontal (004)ortho dark-field image in262

Fig. 4(a). The top and bottom electrodes are then disconnected from the grounded Cu grid263

and only the insulating NdScO3 substrate remains connected to the grid. These additional264

cuts are made to avoid current leakage in later electrical biasing experiments. However,265

these cuts also change the electrical and mechanical boundary conditions, which can in turn266

modify the domain structure. Fig. 4(b) is a magnified image of the BaTiO3 layer, which267

shows horizontal stripes with alternating bright/dark contrast, similar to those observed in268

Fig. 3(g) but with a larger density. The region indicated by a dashed rectangle in Fig. 4(b) is269

further magnified in Fig. 4(c). The presence of a triangular-shaped 180◦ domain is indicated270

by a red solid curve and a bundle of horizontal stripe domains is indicated with red dashed271

horizontal lines. It can be observed that the contrast of the horizontal stripes is inverted when272

they cross the 180◦ domain wall as the bright stripes become dark and vice versa. Strain273

measurements were carried out to obtain more information on the crystalline structure of274

these stripes. Fig. 4(d,e,f,g) show a (004)ortho dark-field electron hologram, the reconstructed275

εxx horizontal deformation map, the ωxy rotation map, and profiles extracted from the maps276
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Figure 3. (a) Low magnification TEM image of a staircase-shaped lamella with three
distinct regions of 2 to 3 µm large and different thicknesses (t = 140 nm, 110 nm and 80 nm)
cut parallel to the [001]ortho direction. (b,c,d) Vertical (220)ortho and (e,f,g) horizontal
(004)ortho dark-field TEM images obtained in the three different regions as indicated by
dashed rectangles in (a). The contrast is related respectively to the vertical and horizontal
components of the polarization.

along the growth direction, respectively. No significant deformation was observed in the277

stripes but an alternating positive and negative tilt of the vertical planes of at most ±0.1◦
278

was measured.279

Based on the previous observations, a schematic of the domain structure is proposed280

in Fig. 4(h) where the angles have been purposely exaggerated. The stripes are associated281

to a tilt of the polarization vectors with respect to the vertical direction, which is related282

to a shear distortion ω of the unit cell. The presence of this shear indicates that the283

crystal structure is not tetragonal but could be for instance orthorhombic or monoclinic284

(see discussion in Supplementary Information 3). The orthorhombic cell can be described as285

pseudo-monoclinic with polarization vectors along the <011> directions. The direction of286

the horizontal component of the polarization vector (left or right) is related to the sign of287

the shearing angle, which alternates between negative and positive values (+ω or −ω) along288

the growth direction. The polarization vectors projected in the image plane can point for289
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example down-left/down-right in the horizontal stripes located in the bottom domain (shown290

in blue in Fig. 4(h)) and up-left/up-right in the stripes located in the triangular domains at291

the top (displayed in yellow). Stripes that show the same contrast in horizontal dark-field292

images have the same horizontal polarization component but the vertical component can293

differ. There are at least four variants of polarization and there might be more than four294

if the polarization vectors have an additional component along the electron beam direction,295

but this can hardly be determined experimentally. Each 180◦ domain is populated with296

at least two variants of polarization but the average polarization over the total area of a297

180◦ domain should be vertical, either up or down. The 180◦ domains can be considered298

as superdomains similarly to 180◦ superdomains composed of tetragonal stripes, which were299

previously described in single crystals of BaTiO3 [55]. Finally, the horizontal stripes are not300

present everywhere in the film, which indicates that this sheared phase coexists with the301

usual tetragonal phase with out-of-plane c-axis.302

3.3. Ferroelectric domain switching using in-situ biasing303

In-situ biasing was carried out in TEM to understand the influence of external electric fields304

on the 180◦ domains and the horizontal stripes. Again, observations were carried out using305

dark-field imaging and the experiment was conducted twice using vertical (220)ortho dark-field306

and subsequently horizontal (004)ortho dark-field. Fig. 5(a) is a low magnification image that307

shows the NdScO3/BaTiO3/Pt stack and the conductive (B-doped) diamond probe. The308

probe was placed in direct contact with the Pt capping layer and care was taken so that the309

probe does not apply a significant mechanical stress to the sample. Fig. 5(b) is a schematic310

of the electrical setup. A bias voltage was applied between the top Pt electrode and the311

supporting Cu grid, which was located below the substrate in this experiment, to produce312

an electric field that is primarily vertical in the BaTiO3 layer.313

3.3.1. Vertical polarization contrast (180◦ domains)314

Fig. 5(c) is a series of vertical (-2-20)ortho dark-field images that shows the evolution of the315

180◦ domains in the presence of different applied electric fields. Images were extracted from316

the video 1 provided in Supplementary Materials. The voltage was increased progressively317

with regular steps of 12 V. In the initial situation (at 0 V), small triangular-shaped domains318

are visible in the top part of the layer with a darker contrast compared to the rest of the layer.319

The dark-field contrast is inverted with respect to Fig. 3(b-d) because the opposite diffraction320
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Figure 4. (a) Horizontal (004)ortho dark-field TEM image of a lamella cut parallel to
the [001]ortho direction. Additional cuts were made on the left and right sides of the
lamella as indicated by arrows. (b) Magnified image of the region indicated by a dashed
rectangle in (a). (c) Magnified image of the top region of the layer as indicated by a
dashed rectangle in (b). Red solid curve indicates a 180◦ domain wall and horizontal dashed
red lines indicate stripe domain walls. (d) (004)ortho dark-field electron hologram. (e,f)
Corresponding εxx deformation and ωxy rotation maps reconstructed from the hologram
using Fourier transforms. (g) Deformation and rotation profiles extracted from the images
in (e,f) along the vertical arrows and averaged horizontally according to the rectangles. (h)
Corresponding schematic of the ferroelectric domain structure where +ω and −ω denote the
shear angle of the crystalline structure. Angles have been exaggerated on purpose.

spot was selected ((-2-20) instead of (220)) with the objective aperture. The distribution and321

the shape of the 180◦ domains is also slightly different compared to the domains observed in322

Fig. 3(b-d). Here, the distribution of the domains is not continuous along the top interface323

as it shows gaps between them and their shape is narrower in the horizontal direction. These324

differences can be related to the fact that the top and bottom electrodes are not connected325

to the electrically grounded Cu grid as in Fig. 3. If interfacial charges are not compensated326

then the depolarization fields favor the alternation of antiparallel domains (oriented up and327

down) along the interface. The application of positive voltages (+12 V and +24 V) leads328

to the progressive growth of the dark domains towards the bottom interface. During the329

vertical growth, the domains maintain a tapered shape to reduce the density of charges at330

the domain wall. Once the apex of the domains has reached the bottom interface, they331
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Figure 5. (a) Overview dark-field image of a lamella cut parallel to the [001]ortho direction
and the probe (indicated by a dashed line) used to apply an electric field. (b) Corresponding
schematic of the electrical setup. DC voltages were applied between the Pt top electrode and
the supporting Cu grid at the bottom. (c) Series of (-2-20)ortho dark-field images showing the
motion of the 180◦ domains when applying different positive voltages indicated in the figure.
Images were extracted from the video 1 provided in Supplementary Materials. Schematics on
the right side represent the domain structures in the regions indicated by dashed rectangles.
(d) Series of dark-field images obtained when applying different negative voltages indicated
in the figure. (e) Hysteresis curve that shows the evolution of the area occupied by the darker
domains (in percentage) with respect to the area occupied by the whole BaTiO3 layer in the
images as a function of the applied voltage.
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start to expand horizontally until adjacent domains merge together (+36 V). During this332

horizontal expansion, the domain walls are oriented nearly perpendicular to the interfaces,333

to remain charge neutral. When the voltage is decreased (see Supplementary video 1), the334

domain walls move in the opposite way, first horizontally, then vertically towards the top335

electrode. When applying negative voltages, as shown in Fig. 5(d), the triangular domains336

shrink progressively towards the top electrode until they are almost completely erased at -337

36 V. Fig. 5(e) is an hysteresis loop which was plotted by measuring the area occupied by the338

darker domains with respect to the total area occupied by the layer in the image. The curve339

shows a bias (horizontal shift) towards positive voltages, which is related to the preferential340

location of the domains near the top interface at zero-field. It shows also a vertical shift341

because the electric field used was not large enough to fully saturate the layer at positive342

voltages.343

3.3.2. Horizontal polarization contrast (stripe domains)344

Fig. 6(a) is a series of horizontal (004)ortho dark-field images showing the evolution of the345

horizontal stripe domains when different positive voltages are applied. Images were extracted346

from the video 2 provided in Supplementary Materials. In the initial situation (see image at347

0 V), the stripe domains seem to be disorganized as the layer shows different small groups of348

stripes, in particular in the top part of the layer where the triangular-shaped 180◦ domains349

are located. When the voltage is increased (+20 V and +30 V), a reorganization of the stripes350

occurs as the 180◦ domain walls move across the layer to reach the bottom electrode. At351

the largest voltage (+40 V), the layer exhibits long and regularly spaced horizontal stripes,352

which indicates that the 180◦ domains have reached a nearly saturated configuration. When353

the voltage is decreased back to zero (see top image in Fig. 6(b)), the 180◦ domain walls354

reappear in the layer and the stripe domains are again disorganized. The application of355

negative voltages lead to a qualitatively similar behavior, with an initially disordered state356

consisting of small groups of stripes, which turns progressively into to a well ordered state357

with long stripes (at -30 V). This new organized state is reached at a lower voltage compared358

to the positive series in (a) because of the bias of the hysteresis curve described in the previous359

section. The two saturated states obtained with positive and negative voltages (+40 V and360

-30 V) show a similar density of stripes (approximately 9 black/white repetitions can be361

counted through the thickness of the layer).362



17

0V

+20V

+30V

+40V

BaTiO3

NdScO3
100nm

0V

-10V

-20V

-30V

[001]ortho[1
1
0
] o
rt
h
o

(a) (b)

g

Figure 6. Series of (004)ortho dark-field images acquired while applying different (a) positive
and (b) negative voltages indicated in the figure. Images were extracted from the video 2
provided in Supplementary Materials. Red curves indicate the position of a 180◦ domain
wall. Schematics on the right side illustrate the domain structure in the regions indicated
by dashed rectangles.

4. Discussion363

We have investigated in TEM a 320 nm thick BaTiO3 layer grown onto a NdScO3 substrate364

with a 7 nm thick SrRuO3 bottom electrode and a Pt capping electrode. The orthorhombic365

structure of NdScO3 leads to anisotropic epitaxial strains. In the as-grown state, the366

BaTiO3 layer shows anisotropic a/c ferroelastic domains that form gradually along the367

growth direction, and purely ferroelectric triangular-shaped 180◦ domains located in the368

top part of the film. This domain pattern can be modified in different ways depending on369

the orientation and the thickness of the TEM lamella. If the lamella is cut parallel to the370

largest strain direction (parallel to the [1-10]ortho direction), the a/c ferroelastic domain371

pattern is preserved. However, if the lamella is cut perpendicular to the largest strain372

direction (parallel to the [001]ortho direction), the layer shows thin horizontal stripe domains373
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whose density increases when the edges of the lamella are released. These horizontal stripes374

exhibit a sheared crystalline structure with inclined polarization vectors and with at least375

four variants of polarization. Each 180◦ domain is populated with at least two variants and376

can be considered as a superdomain where the average polarization is vertical, either up or377

down. The shape and distribution of the 180◦ domains in the layer depends on the thickness378

of the lamella, the thickness of the top electrode and the connection of the electrodes to the379

ground.380

The formation of bundles of ferroelastic stripe domains is a phenomenon frequently381

observed in thin slabs of BaTiO3 single crystals [27, 56, 57]. It was suggested in a previous382

study that such stripe domains minimize stresses related to surface tension at the free edges383

of the lamella [58]. It was also shown that ≈ 10 nm thick damaged surface layers induced384

by implantation of gallium ions during FIB thinning do not have a significant influence on385

ferroelastic domains. The domain structure remains nearly the same after thermal annealing386

to repair damaged surfaces [58]. However, in previously cited studies, the stripe domains387

were tetragonal a/c twins, which do not correspond with the sheared domains observed388

here. This can be explained by the special boundary conditions provided by the substrate389

and the geometry of the lamella. In the bulk state, the anisotropic a/c domains form to390

relax the interfacial strain of -0.45% along the [1-10] direction. This boundary condition391

is partly released when creating a thin lamella perpendicular to this direction. The release392

can be significant because of the aspect ratio since the lamella is thinner than the layer393

(approximately 100 nm thick and 320 nm thick respectively). In addition, new electrostatic394

boundary conditions appear at the free surfaces of the lamella, which are not favorable to395

this a/c pattern as the polarization in the a domains would point directly towards the free396

surfaces and induce depolarization fields. The formation of new domains with polarization397

vectors oriented in the plane of the lamella is more favorable and their ferroelastic structure398

is then influenced by the weak remaining strain of -0.05% along the [001]ortho direction. This399

strain is probably too small to induce a/c domains in this direction and the layer prefers to400

balance it by forming horizontal stripes where the structure and the polarization show an401

inclination alternating between the left and right directions. The density of stripes increases402

when additional cuts are made on the sides of the lamella, which also show that free edges403

play an important role in the formation of the stripes. These domains could possibly be404

90◦ orthorhombic (or monoclinic) twins whose polar vectors are inclined with respect to405

the interfaces. In bulk BaTiO3, the tetragonal-to-orthorhombic phase transition occurs quite406
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close to room temperature (5◦C to 15◦C) [59]. In addition, previous investigations of lamellas407

cut parallel to the [1-10]ortho direction have shown that the layer exhibits an orthorhombic408

symmetry close to the bottom interface [40].409

In the presence of an external electric field, the 180◦ domain walls move vertically410

and maintain a tapered triangular shape to minimize charges. Once they have reached the411

bottom interface, they move laterally until adjacent domains merge. The movements of the412

180◦ domain walls do not seem to be influenced by the ferroelastic stripe domains. Unlike413

tetragonal twins, which can slow down and influence the growth of 180◦ domains [22, 23],414

the horizontal stripes are able to quickly redistribute themselves as the 180◦ domain walls415

move through the layer. Nearly perfect bundles of horizontal stripes are obtained when a416

large voltage is applied so that the 180◦ domain structure is saturated either up or down.417

180◦ domains were found to be also sensitive to electric fields generated at the edges of the418

TEM illumination (see Supplementary Information 4). They can be switched by shifting the419

illumination on the specimen and therefore care should be taken when focusing and shifting420

the beam.421

5. Conclusion422

Ferroelectric domains in a low-strain BaTiO3 thin film grown onto NdScO3 substrate were423

investigated using transmission electron microscopy. It was observed that the purely424

ferroelectric domain structure, consisting of triangular-shaped 180◦ domains, is sensitive425

the thickness of the lamellas and the grounding of the electrodes. The ferroelastic domain426

structure, consisting of a/c tetragonal twins, is sensitive to the thinning direction. When427

the lamella is cut perpendicular to the largest strain direction, the a/c twins are replaced by428

thin stripes parallel to the interfaces. These stripes have a sheared structure and can form429

bundles that populate the 180◦ domains. In the presence of external electric fields, these 180◦
430

superdomains grow along the vertical direction and subsequently the horizontal direction.431

The motion of 180◦ domain walls is not hindered by the horizontal stripe domains, which432

can quickly redistribute themselves. These different observations show that the geometry433

and the boundary conditions in a TEM lamella have the ability to alter the ferroelastic and434

ferroelectric domain structure of an epitaxial thin film.435
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