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A B S T R A C T

The elastic properties of ferroelectric materials at the nanoscale are intricate, with domains and domain walls 
each having their own distinct elasticity – a property which can be exploited for tailoring materials performance. 
In this study, we report on the elastic response of the ferroelectric domain structure of a (K0.5Na0.5)NbO3 single 
crystal, measured using an atomic force microscopy-based techniques. Before mapping the elastic properties, the 
domain structure was characterized using piezo-response force microscopy and transmission electron micro
scopy. The average measured reduced elastic modulus was ~130 GPa. The 90◦ domain walls exhibit a 20 % 
difference in the reduced modulus, appearing elastically harder on one side of the domain and elastically softer 
on the other. In contrast, 60◦ domain walls showed no mechanical contrast with the neighboring domains. 
Anisotropy in elasticity was also observed between domains with different piezoelectric activity.

1. Introduction

Distinct properties of domain walls (DWs) in ferroelectric materials 
are one of the key aspects driving their research for use in nano
technological applications [1]. The structural differences between these 
quasi-2-D defects and the domains they separate give rise to a variety of 
properties that differ in bulk, such as altered electrical properties like 
increased conductivity [2,3].

A far less investigated property are DWs’ mechanical characteristics. 
The nanometric width of DWs, poses a challenge in mechanical testing, 
and limits the number of techniques to a selected few, possessing high 
enough spatial resolution and the ability to measure mechanical prop
erties. Most commonly used are atomic force microscopy (AFM)-based 
techniques, i.e., ultrasonic AFM, acoustic AFM, force-distance curves, 
offering non-destructive measurements of elastic properties at the 
nanoscale level, as well as the study of stress induced nanoscale phe
nomena [4].

DWs separate domains of different direction of the ferroelectric polar 
order called spontaneous polarization (Ps

→). Depending on the symmetry 
of the ferroelectric phase, several different types of DWs can be found in 

the material, which can be classified by the angle formed between the Ps
→

vectors in two neighboring domains, and can have different elastic 
properties. 180◦ DWs were reported to be elastically softer, i.e. have a 
lower elastic modulus, than the adjacent domains in periodically poled 
lithium niobate, BaTiO3 and PbTiO3 [5–7]. The elastic softening of 
10–20 % was found to be independent of the morphology and compo
sition of the samples. Interestingly, elastic softening was only observed 
for 180◦ DWs separating domains with out-of-plane Ps

→, i.e. domains with 
Ps
→ perpendicular to the sample’s surface, while 180◦ DWs separating 
domains with in-plane Ps

→, domains where Ps
→ lies parallel to the sample 

surface, showed no elastic contrast. In addition, anisotropy between 
different domains was reported in BaTiO3 and PbTiO3. The in-plane 
domains exhibited higher elastic modulus compared to the 
out-of-plane domains, which highlights the importance of the absolute 
direction of Ps

→ [7,8].
90◦ DWs in PbTiO3 which are, in addition to being ferroelectric, also 

ferroelastic, with valley and ridge topography were observed to have a 
higher or a lower modulus than the adjacent domains. The variations of 

the modulus occured only when the Ps
→ of one of the neighboring 
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domains was pointing out-of-plane (a-c DWs) [8,9].
The cause for the distinct mechanical DW behavior is still not clear. 

Some proposed contributions include defects segregated at the DWs [6, 
9], topography changes associated with twinning [8,9], DW tilt [8], 
strain states at different DWs [8], depolarization fields created by AFM 
tip pressure at the DW [7] and local DW movements at the surface under 
the AFM tip of both ferroelectric and ferroelastic DWs that result in 
elastic softening of the material [7]. The latter contribution can be 
especially concerning, as it can mask the intrinsic elastic hardening due 
to DW motion [9].

The different elastic properties of DWs have already attracted in
terest and suggestions have been made as to where this phenomenon 
could be exploited, for example they could be utilized to modulate 
thermal conductivity through the bulk [7,9–11]. At the surface, these 
properties could enable the mechanical detection of DWs in highly 
conductive materials where traditional probing methods are ineffective 
[7]. Additionally, in life sciences, the ability to control surface elasticity 
could influence bacterial adhesion, which is known to depend on the 
elastic properties of the surface [9]. Furthermore, domain engineering 
can be used to produce a material with a favorable modulus of elasticity 
by exploiting the elastic anisotropy of the differently oriented domains.

(K0.5Na0.5)NbO3 (KNN) and KNN-based compositions are investi
gated as potential lead-free alternatives to Pb(Zr, Ti)O3-based ferro
electrics, not only due to the comparable piezoelectric activity and 
higher Curie temperature of 420 ◦C [12], but also because of the higher 
elastic modulus, which makes KNN and its derivatives more suitable for 
ultrasonic applications [13].

Here we look at the local elastic properties of domains and DWs in a 
KNN single crystal prepared by solid-state crystal growth [14,15] using 
Peak Force Quantitative NanoMechanical mapping (PF-QNM). Prior to 
mapping the elastic properties, the domain structure was characterized 
using a combination of off-resonance vector piezo-response force mi
croscopy (PFM), cross-sectional transmission electron microscopy 
(TEM) and crystallographic orientation mapping.

2. Methods

The KNN sample prepared by solid-state crystal growth [14,15] was 
cut, polished with SiC grading papers and 3-μm and 0.25-μm diamond 
paste. To achieve a mirror-like surface finish and remove near-surface 
defects caused by mechanical polishing, the sample was additionally 
polished with colloidal silica for 2 hours. The polished surface was 
determined to be close to the (100) plane according to electron back
scattered diffraction (EBSD) (Supplementary Materials, S1). EBSD and 
transmission Kikuchi diffraction (TKD) were performed in a scanning 
electron microscope Apreo 2 S (Thermo Fischer Scientific, Waltham, 
MA, USA) equipped with an EBSD analyzer C-Swift (Oxford Instruments, 
Abingdon, UK) at 30 kV. For EBSD, the sample was tilted at 70◦, while 
for TKD the transparent sample was tilted for − 20◦. The diffraction 
patterns were indexed with the space group Bmm2 [16] in the AZtec
Crystal program (Oxford Instruments, Abingdon, UK). The difference in 
orientation between two neighboring domains were determined by 
rotation of the coordinate system of one domain to the coordinate sys
tem of the neighboring domain using the transposed rotation matrix [17, 
18].

The off-resonance vector PFM mappings were done with a Bruker 
Dimension Icon (Bruker Nano Surfaces, Santa Barbara, CA, USA) using a 
DDESP-V2 probe coated with doped diamond (Bruker Nano Surfaces, 
Santa Barbara, CA, USA) with a nominal radius of 100 nm and a canti
lever spring constant of 80 N/m. The driving voltage and frequency 
were 2 V and 15 kHz, respectively, while the scan rate was set to 0.3 Hz.

The PF-QNM was performed in a Bruker Dimension Icon (Bruker 
Nano Surfaces, Santa Barbara, CA, USA) with a diamond AFM probe 
DNISP-HS with a cube-corner geometry having a nominal tip radius of 
40 nm and a cantilever spring constant of 353 N/m (Bruker Billerica, 
MA, USA). To gain a quantitative reduced elastic modulus, the deflection 

sensitivity and the effective tip radius were calibrated on sapphire and 
fused silica, respectively. The force applied during the measurement was 
3 μN. PF-QNM is a tapping technique that makes a force-distance curve 
at each pixel of the image, allowing the extraction of the elasticity 
modulus [19].

After PFM and PF-QNM, a transparent lamella was prepared from the 
region of interest using a gallium source focused ion beam Helios 
Nanolab 650 HP (Thermo Fischer Scientific, Waltham, MA, USA). The 
bright field TEM images and the selected area electron diffractions 
(SAED) were acquired on a JEM 2100 (Jeol, Tokyo, Japan) operated at 
200 kV.

3. Results and discussion

The 12 possible directions of Ps
→ in KNN along [110]pc can give rise to 

four types of DWs, 180◦, 120◦, 90◦ and 60◦ DWs [20]. The domain 
structure can thus be fairly complex, composed of herringbone [21–24], 
watermarks [21–23] and zig-zag [23–25] patterns.

Fig. 1 presents the domain structure in the region of interest, probed 
using vector PFM, with a measured surface roughness of 1.6 nm 
(Fig. 1a). The domain structure consists of larger lamellar domains of 
approximately 2–2.5 μm in width (Fig. 1b-e, yellow arrows) with a 
substructure of smaller lamellar domains of less than 1 μm in width 
(Fig. 1b-e, white arrows) that extend over the larger domains.

Fig. 1b-e shows two components of the Ps
→, the out-of-plane compo

nent (Pz) and one in-plane component (Py), revealing a complex piezo
electric activity. The in-plane signal (Fig. 1b, c) of the larger domains 
appears to change the polar direction over the DW (marked with yellow 
arrows), while the out-of-plane component of Ps

→ (Fig. 1d, e) does not 
change neither amplitude nor direction, which is indicative of non-180◦

DWs.
The smaller domains (marked with white arrows), however, have no 

PFM in-plane phase signal and zero in-plane amplitude signal (Fig. 1b, 
c). Once the smaller domains cross DWs separating the larger domains 
(marked with yellow arrows), the out-of-plane amplitude and phase 
change (Fig. 1d, e), indicating that the out-of-plane component of Ps

→

changes directions, but not for 180◦ as the out-of-plane amplitude is 
different in the neighboring domains.

In cross-section, i.e., in the direction roughly perpendicular to the 
sample’s surface, the regions of interest’s domain structure appeared to 
have a zig-zag pattern (Fig. 2a). We have identified the domains that are 
inclined by about 10◦ with respect to the surface (Fig. 2a) as the larger 
domains highlighted with yellow arrows in Fig. 1. The smaller domains, 
marked with white arrows in Fig. 1, were observed to intersect the larger 
domains in a zig-zag-like fashion.

According to TEM and TKD (Fig. 2a, b, respectively), the DWs 
separating larger domains parallel to (100)pc planes are 90◦ DWs 
(Fig. 2a, yellow arrows), while DWs separating smaller domains (Fig. 2a, 
white arrows), are either 60◦ or 120◦ DWs, which cannot be separated 
during orientation indexing [17]. In addition, the DWs confining the 
smaller domains are not parallel to one of the expected (110)pc planes, 
suggesting their type is either uncharged 60◦ DW or charged 120◦ DWs, 
as they can occupy a random plane defined by the piezoelectric and 
electrostatic coefficients of the material [26].

The results are in line with the PFM analysis (Fig. 1). Assuming the 
favorable formation of neutral DWs, we conclude that the larger do
mains are thus separated by 90◦ DWs, while the smaller domains are 
separated by 60◦ DWs. This conclusion is further supported by 
comparing experimental SAED patterns over these DWs with the simu
lated ones, with the domain structure sketch provided in the Supple
mentary Materials (Supplementary Materials, S2).

Fig. 3 shows the map of the reduced elastic modulus for the same 
region of interest as in Fig. 1, obtained using PF-QNM, a technique based 
on the same principles as those previously used to probe the elastic 
properties of both domains and DWs [8]. The average value of the 

K. Žiberna et al.                                                                                                                                                                                                                                 Journal of the European Ceramic Society 45 (2025) 117566 

2 



reduced modulus obtained from the image is ~130 GPa, which agrees 
well with the reduced elastic modulus determined using nano
indentation (Supplementary Materials, S3). The three line profiles of the 
reduced modulus, along with the height profile, were extracted to see 
the correlation between the reduced modulus and changes in polarity 
direction in KNN (Fig. 1). One line profile was taken over a larger 
domain separated by 90◦ DWs (Fig. 3, labeled I) and two taken 
perpendicular over smaller domains separated by 60◦ DWs (Fig. 3, 
labeled II and III).

The line profile taken perpendicular to the 90◦ DWs separating larger 
domains (Fig. 3, label I) shows a significant variation in the reduced 
modulus on DWs separating larger domains. The variation of the 
modulus measured in between the DW of ± 4 % is regarded as noise. 
Interestingly, on one side of the domain, the DW exhibits a reduced 
modulus which is lower than that measured within domains, while on 
the opposite side, the DW shows a higher reduced modulus (Fig. 3, 
yellow arrows). The difference in the elastic modulus between the do
mains and DWs is approximately ± 20 %, which aligns well with other 
experimental measurements where differences up to ~28 % were 
observed between domains and DWs [8]. Additionally, the elastic soft
ening and hardening effects were observed to extend over ~100 nm into 
the domain, likely due to the interactions between DWs and the surface, 
which may alter the stress/strain states and result in widening of the DW 
at the surface [27]. The widening can also be explained by the inclina
tion of the DW relative to the surface, i.e., the DW not being measured 
edge on.

Based on the literature, the measured elastic contrast at the DWs can 
result from a combination of intrinsic elastic properties of DWs and 
extrinsic contributions. First, we rule out topographical effects, as in our 
case, surface variations are minimal, with gradual, non-abrupt changes 
ranging from 0.5 nm to 1.5 nm (Fig. 3 and Supplementary Materials, 
S4). Second, we exclude DW motion as a contributing factor, since such 

motion would uniformly soften the elastic response of all DWs, regard
less of their intrinsic properties [7,9].

The intrinsic elastic response of 90◦ DWs is likely linked to variations 
in strain states at the as suggested by He et al., who, using molecular 
dynamics simulation, observed a slight variation (± 0.7 %) in the elastic 
modulus at ferroelastic 90◦ DWs with ridge and valley topography. [9]. 
As our material is ferroelectric, the 90◦ DWs investigated are in addition 
to being ferroelastic, also ferroelectric in character. The continuous 
change of Ps

→ across the DWs may contribute to the measured elasticity 
through electromechanical effects triggered by the inhomogeneous 
stress fields under the AFM probe. Additionally, the favorable orienta
tion of the surrounding domains plays a crucial role in detecting the DWs 
elastically. Specifically, when the adjacent domains have an 
out-of-plane Ps

→ component, the DWs can be observed in elasticity 
measurements. In contrast, if the DWs were confined between purely 
in-plane Ps

→domains, their elastic contrast would not be detectable [7,8].
For the smaller domains (Fig. 3, labels II and III), a decrease in the 

reduced modulus of approximately 10–20 % was observed compared to 
the neighboring domains. The difference is likely due to a different di
rection of Ps

→ within domains, similarly to what has been observed in 
ferroelectrics with a structure of higher symmetry, namely tetragonal 
BaTiO3 and PbTiO3. In these materials, the direction of Ps

→ was directly 
correlated with the elastic modulus, where domains with out-of-plane Ps

→

exhibit a lower elastic modulus than those with in-plane Ps
→ [7,8,28]. 

However, due to the lower symmetry of the orthorhombic structure 
compared to the tetragonal structure, the elastic anisotropy of KNN is 
more complex, as shown in Figure S5 [29]. This complexity is especially 
pronounced when measurements are taken along non-low-zone axes, 
making it challenging to interpret the Ps

→ direction solely based on the 
reduced elastic modulus.

Fig. 1. PFM of the region of interest in the KNN single crystal: a) topography, b) in-plane PFM amplitude, c) in-plane PFM phase, d) out-of-plane PFM amplitude, e) 
out-of-plane PFM phase. Yellow and white arrows point to domain with similar morphology.

Fig. 2. a) TEM image of the KNN domain structure in cross-section. The yellow and white arrows mark the same types of domain as in Fig. 1; b) Filtered TKD 
orientation map of a part of the image in a and the corresponding inverse-pole figure legend. The TKD patterns were indexed with the space group Bmm2 [16] in the 
orthorhombic metric, which was then converted into pseudocubic notations.
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The 60◦ DWs confining these smaller domains show no distinct 
elastic contrast. Although for 90◦ DWs mainly stress and strain are dis
cussed as the main causes of their pronounced elastic response [8,9], in 
reality many properties such as structure and morphology, in addition to 
strain, contribute to their elastic response through electromechanical 
and mechanical contributions and are needed to determine the origin of 
the particular elasticity at the DWs.

4. Conclusions

In summary, this work shows the complex elastic response of KNN at 
the nanoscale. For the first time, the elastic properties in KNN were 
measured over 90◦ and 60◦ DWs, where 90◦ DWs show an increase in 
elasticity from the average reduced modulus of 130 GPa on one side of 
the domain and a decrease on the other side, while 60◦ DW shows no 
elastic contrast. Furthermore, anisotropy of the reduced elastic modulus 
was observed across domains with different piezoelectric activity. The 
orthorhombic symmetry does not allow for a straightforward interpre
tation of the Ps

→direction based on the elastic modulus, as is possible with 
tetragonal ferroelectrics.
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Fig. 3. Map of the reduced elastic modulus with line profiles taken over a larger domain (I) and smaller domains (II, III) accompanied by the height profiles. The 
positions of the DWs in the line profiles were determined from the PFM images in Fig. 1 and are marked by grey dashed lines.
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nanomechanical mapping of starch/kaolin film surfaces by peak force afm, 
Polymers 13 (2021) 244, https://doi.org/10.3390/polym13020244.

[20] S. Mantri, J. Daniels, Domain walls in ferroelectrics, J. Am. Ceram. Soc. 104 (2021) 
1619–1632, https://doi.org/10.1111/jace.17555.

[21] F. Rubio-Marcos, A. Del Campo, R. López-Juárez, J.J. Romero, J.F. Fernández, 
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F. Mercader-Trejo, J. González-Hernández, O. Auciello, Anisotropic behavior of 
mechanical properties for the a- and c-domains in a (001) BaTiO3 single crystal, 
J. Phys. Condens. Matter 35 (2023) 355703, https://doi.org/10.1088/1361-648X/ 
acda08.

[29] Z. Tan, Y. Peng, J. An, Q. Zhang, J. Zhu, Intrinsic origin of enhanced 
piezoelectricity in alkali niobate-based lead-free ceramics, J. Am. Ceram. Soc. 102 
(2019) 5262–5270, https://doi.org/10.1111/jace.16365.
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