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Electromechanics of Domain Walls in Uniaxial Ferroelectrics

Haidong Lu, Yueze Tan, Leonie Richarz, Jiali He, Bo Wang, Dennis Meier,

Long-Qing Chen, and Alexei Gruverman*

Piezoresponse force microscopy (PFM) is used for investigation of the electro-
mechanical behavior of the head-to-head (H-H) and tail-to-tail (T-T) domain
walls on the non-polar surfaces of three uniaxial ferroelectric materials with
different crystal structures: LINbO3, PbsGe;0;;, and ErMnOs. It is shown that,
contrary to the common expectation that the domain walls should not exhibit
any PFM response on the non-polar surface, an out-of-plane deformation of
the crystal at the H-H and T-T domain walls occurs even in the absence of
the out-of-plane polarization component due to a specific form of the piezo-
electric tensor. In spite of their different symmetry, in all studied materials, the

a vertical displacement of the cantilever
due to the sample extension/compression
associated with the out-of-plane polari-
zation (vertical PFM), or a twisting
motion of the cantilever due to the shear
strain resulting from the in-plane polari-
zation (lateral PFM).’) PFM allows pre-
cise control and manipulation of the
ferroelectric domain walls (DWs) along
with a deeper insight into their physical
properties.®” In particular, recent experi-

dominant contribution comes from the counteracting shear strains on both
sides of the H-H and T-T domain walls. The finite element analysis approach
that takes into account a contribution of all elements in the piezoelectric
tensor, is applicable to any ferroelectric material and can be instrumental for
getting a new insight into the coupling between the electromechanical and
electronic properties of the charged ferroelectric domain walls.

1. Introduction

Piezoresponse force microscopy (PFM) is a surface charac-
terization technique widely used in the ferroelectric research.
It is based on the detection of the electromechanical sample
oscillations induced via the converse piezoelectric effect by an
ac field applied using a sharp probing tip in contact with the
sample surface.' The PFM response is usually interpreted as
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ments on non-polar surfaces of ferroelec-
tric materials—where the polarization P
is fully in-plane—revealed intriguing
electronic properties associated with the
polarization discontinuity at charged
head-to-head (H-H) and tail-to-tail (T-T)
DWs.B19 In addition, spatial variations of
the electric order and strain can occur in
close proximity to these DWs, giving rise
to unusual polarization configurations and
topological phenomena. Notably, deviation of polarization
from the allowed crystallographic direction should result in
an enhanced piezoelectric effect along the nonpolar direction,
which, in principle, should be detectable by PFM. However, a
complex form of the piezoelectric tensor by itself may introduce
a strong orientation dependence of the piezoelectric strain at
the DWs. In addition, elastic strain in the vicinity of DWs could
make a significant impact on their electronic properties. Thus,
comparative studies of the electromechanical behavior of nomi-
nally charged and electrically neutral DWs on non-polar sur-
faces are highly desirable to better understand the polarization
alignment and strain distribution at different types of domain
boundaries. In this regard, uniaxial ferroelectrics, where only
two antiparallel polarization states can exist, represent an ideal
model system for this kind of studies as they allow preparation
of the well-defined nonpolar sample surfaces.

In this work, we investigate the electromechanical behavior
of the DWs in three uniaxial ferroelectrics with different crystal
structures: lead germanate PbsGe;O0y; (PGO), lithium niobate
LiNbO; (LNO) and erbium manganite ErtMnO; (EMO). PFM
imaging of the nominally charged and electrically neutral DWs
has been carried out on the non-polar surfaces of the crystals
and their electromechanical responses have been simulated by
finite element modeling (FEM) using their full piezoelectric
matrices. Our results reveal that, in spite of different sym-
metry, in all of these materials, the H-H and T-T DWs exhibit
a strong out-of-plane piezoresponse in striking contrast to the
PFM response from the in-plane polarization domains deline-
ated by these DWs. This finding is indicative of a general fact
that the non-trivial electromechanics of the DWs on non-polar
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surfaces is mainly driven by local non-uniformity of the piezo-
electric properties across the H-H and T-T DWs. This local non-
uniformity is a sufficient condition for the out-of-plane strain
at the H-H and T-T DWSs, which does not necessarily require
polarization deviation from the allowed crystallographic direc-
tion. Analysis of the electromechanical behavior based on the
full piezoelectric tensor provides a general method for the inter-
pretation of the PFM signals from the DWs, which is applicable
to any ferroelectric material.

2. Results

The in-plane and out-of-plane electromechanical responses of
the nominally charged and neutral DWs have been recorded
on non-polar surfaces by means of lateral PFM (LPFM) and
vertical PFM (VPFM), respectively, employed in the resonance
enhanced mode (see Methods for details). Schematics of the
PFM imaging geometry for the H-H, T-T, and neutral DWs are
shown in Figure 1a,d,g. The PFM phase signal is calibrated fol-
lowing procedures in Ref. [12].

2.1. Lithium Niobate

LPFM and VPFM images of the H-H, T-T and neutral DWs
in the x-cut LNO crystal (P || ¢) are shown in Figure 1. In
the LPFM images (Figure 1b,eh), the DWs appear in a con-
ventional way: they exhibit a low PFM amplitude signal in

H-H wall T-T wall
@ +— d —

- "Tx_,z -

S s o

LPFM amp. = !

www.afm- ]ournal de

comparison to the antiparallel in-plane domains delineated by
these walls. On the other hand, in the VPFM images, the DWs
show an abnormally strong amplitude signal in comparison to
that of the domains (Figure 1cf,i). In addition, in VPFM, there
is a 180° phase difference between the H-H and T-T walls. This
means that the T-T DWSs oscillate in-phase with the ac modu-
lation bias (showing expansion upon positive bias), while the
H-H DWs are out-of-phase (showing contraction upon posi-
tive bias). Interestingly, two parallel electrically neutral 180°
DWs (marked as nw #1 and nw #2 in Figure 1h) separating
antiparallel side-by-side domains, exhibit opposite phase con-
trast in VPFM, which stems from the specific asymmetry of
the +z/-z/+z domain configuration. Cross-sectional analysis of
the profiles of the PFM amplitude signals across the studied
DWs (Figure 1j-1) reveals that all walls exhibit a significant
out-of-plane strain illustrated by a strong VPFM amplitude
signal. Note that we ruled out possible non-piezoelectric para-
sitic sources of the observed signal (see Note S1, Supporting
Information).l3-13

2.2. Lead Germanate

To verify that the above observations are of general nature,
the same experiments have been carried out using the y-cut
PGO single crystals (P || ¢), where nominally charged H-H,
T-T, and neutral DWs are routinely present after crystal growth
(Figure 2). The LPFM measurements yield results similar to the
x-cut LNO (Figure 2a,c,e). The VPFM images of the H-H and
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Figure 1. a—i) Experimental geometry and PFM images of the DWs on the non-polar surface of x-cut LNO: H-H (a—c), T-T (d—f), and neutral (g—i)
DWs. Black and white arrows indicate the polarization directions in the adjacent domains. The cantilever orientation and a fast scanning direction
are indicated in (c,fi). j-I) Cross-sectional profile of the LPFM and VPFM amplitude signals across the H-H (j), T-T (k), and neutral (I) DWs along the

dashed blue lines in (b—i).
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Figure 2. PFM images of the DWs on the nonpolar surface of y-cut PGO: H-H (a,b), T-T (c,d), and neutral (e,f) DWs. Black and white arrows indicate
the polarization directions in the adjacent domains. g—i) Cross-sectional profile of the LPFM and VPFM amplitude signal across the H-H (g), T-T (h),

and neutral (i) DWs along the dashed blue lines in (a—f).

T-T DWs acquired in PGO also appear to be similar to those
observed in the x-cut LNO, i.e., these DWs exhibit strong ampli-
tude signals and opposite phase signals (Figure 2b,d). However,
no clear VPFM signal has been measured on the neutral 180°
DWs in PGO (Figure 2f).

2.3. Erbium Manganite

Results of the VPFM imaging of an x-cut EMO crystal (P||c) are
shown in Figure 3. At first glance, the H-H and T-T DWs in this
material exhibit a different electromechanical behavior: while
the VPFM amplitude signal at the T-T DWs is stronger than the
background signal, it is significantly weaker at the H-H DWs
(Figure 3b,d). This effect can be attributed to the background
signal (see cross-sectional profiles in Figure 3g—i), typically
caused by the tip-sample potential mismatch."®! An impor-
tant point here is that the vertical piezoresponse signal from
the H-H and T-T DWs is different from that of the domains.
At the same time, no discernible VPFM signal (other than the
uniform background signal) is detected at the neutral DWs
(Figure 3f) similar to the case of PGO.

3. Modeling of the Domain Wall
Electromechanical Response

To understand the origin of the observed out-of-plane strain
at the DWs on the non-polar surfaces, we simulate their elec-
tromechanical response using the FEM following the work by

Adv. Funct. Mater. 2023, 33, 2213684 2213684 (3 of 8)

Lei et al.”l There, a quasistatic approach within a decoupled
approximation framework was adopted. Specifically, the electro-
static potential distribution due to a biased tip located at a fixed
point on the DW is first calculated. Then, the strain induced by
converse piezoelectric effect is computed with the anisotropic
piezoelectric tensors. Finally, the displacement field is obtained
by solving the mechanical equilibrium equation. A hemispher-
ical tip geometry is used in the calculation with a fixed tip-
sample contact radius of 25 nm and a constant tip bias of +5 V.
Details can be found in Experimental Section.

3.1. Lithium Niobate

LNO belongs to the point group 3m and its piezoelectric tensor
contains four independent piezoelectric components: d;s, d,,,
ds3;, and dj3 in Voigt notation. Details of the piezoelectric coef-
ficient values are given in Experimental Section. Figure 4
shows the modeling results of the electromechanical response
of the DWs in the x-cut LNO sample. The calculated 2D out-
of-plane displacement maps (Figure 4b,e) and the cross-sec-
tional analysis of displacement (Figure 4c,f) reveal negative
out-of-plane strain at the H-H DWs as well as at one of the
neutral DWs (nw #2 in Figure 1h). The cross-section profiles
across the DWs through the tip-sample contact also show
sample contraction (Figure 4g,i) in agreement with the experi-
mental data in Figure 1. The computed out-of-plane surface
displacement maps for the T-T DW and for the other neutral
DW (nw #1 in Figure 1h) are shown in Figure S2 (Supporting
Information).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. PFM images of the DWs on the non-polar surface of ErMnOs: H-H (a,b), T-T (c,d), and neutral (e,f) DWs. Black and white arrows indicate
the polarization directions in the adjacent domains. g—i) Cross-sectional profiles of the LPFM and VPFM amplitude signals across the H-H (g), T-T (h),
and neutral (i) DWs along the dashed blue lines in (a—f). Note that there is a background signal in the VPFM mode.

To investigate the relative contribution of each piezoelectric
coefficient to the VPFM signal, we use a modified piezoelectric
tensor, which includes only specific piezoelectric coefficients
related to the out-of-plane strain by symmetry (see Experimental
Section for details). The calculated contributions of each inde-
pendent piezoelectric component, i.e., ds, dy,, d3;, and ds;, to
the out-of-plane displacements at the H-H and neutral DWs are

plotted in Figure 4 h,j as line profiles across the walls. It can
be seen that the shear piezocoefficient, dys, plays a dominant
role in the out-of-plane strain at the H-H and T-T DWs in the
x-cut LNO sample. Due to this coefficient, the out-of-plane com-
ponent of the electric field (E,) induces the piezoelectric shear
strain (disE,) in the xz-plane in the domains on both sides of
the DW.PP! Since the dipole moments of these domains are
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Figure 4. Modeling of the out-of-plane displacement of the of x-cut LNO surface (induced by a biased tip sitting at the domain wall). a—f) Polarization
configuration (a,d) and the out-of-plane displacements observed on the yz-plane (b,e) and the cross-sectional xy-plane (c,f) for the H-H (a—c) and the
neutral (d—f) DWs. The circles in (a—f) indicate the tip position. g—j) Cross-sectional profiles of the out-of-plane displacements across the DWs (along
z-axis for the H-H (g,h) and y-axis for the neutral (i,j) DWs, respectively): due to the full piezoelectric tensor contribution (g,i) and the individual con-

tributions from each piezoelectric coefficient (h,j).
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antiparallel, the shear strain flips its sign across the H-H and
T-T DWSs. This effectively results in a non-zero net out-of-plane
strain and cancellation of the in-plane strain. Due to the mechan-
ical compatibility conditions, unit cell volume conservation,
shear strain in the antiparallel domains results in an upward
surface displacement at the T-T DW forming a ridge, while
the same mechanism leads to the downward surface displace-
ment and formation of a valley at the H-H DW. In VPFM, this
behavior will be manifested by a strong amplitude signal both
for the H-H and T-T DWSs and a 180° difference between their
phase signals, consistent with the experimental data in Figure 1.

For the neutral 180° DWs, the d,, piezocoefficient is mainly
responsible for the out-of-plane displacement through two con-
tributions: i) a shear strain (digE, = —2dj,E,) in the xy-plane
(normal to the neutral DW) with the opposite sign across the
wall, and ii) an out-of-plane transverse strain (d,E, = —dy,E,)
that has the same sign across the wall since both the piezo-
electric tensor and the tip-induced in-plane electric field, E,
have opposite signs across the DW.

3.2. Lead germanate

PGO belongs to the point group 3 with the piezoelectric matrix
containing six independent piezoelectric components: dy;, dy,

H-H wall

H-H wall

dys, dyy, d3;, and ds; (see Section Methods for details). Similar to
LNO and in agreement with the experimental data in Figure 2,
the FEM modeling of the surface displacements at the DWs in
the y-cut PGO reveals negative out-of-plane strain at the H-H
DWs (Figure 5a,c) and positive out-of-plane strain at the T-T
DWs (not shown). The out-of-plane displacement at the T-T and
H-H DWs is due to shear strain deformation in the yz-plane
dominated by d;s (dy4E; = di5Ey) (similar to the charged DWs
in LNO). In addition, there is a contribution due to the out-of-
plane transverse strain (d;,E, = d3;E,) that maintains its sign
across the wall. Both these contributions lead to a downward
out-of-plane displacement at the H-H wall (Fig. 5d) and upward
out-of-plane displacement at the T-T wall (not shown).

In the vicinity of the neutral DWs, the calculations show
a gradual transition from negative to positive strain across
the DW with the strain being cancelled out right at the wall
(Figure 5b,e) in agreement with the data in Figure 2. This
behavior is due to the major contribution from the discontin-
uous out-of-plane longitudinal strain (d,,E), which yields an
out-of-plane displacements of the opposite sign across the DW.
It is likely that the gradual change of strain has not been picked
up by VPEM because the actual tip-sample contact area is larger
than was assumed for the calculations. The shear strain in
the xy-plane (dysE, = —2d;1E;) and the out-of-plane transverse
strain (dy,E; = —dy Ey), which also may induce an out-of-plane
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Figure 5. Modeling of the out-of-plane displacement of the y-cut PGO surface (induced by a biased tip sitting at the domain wall). a,b) The out-of-
plane displacement observed on the xz-plane for the H-H (a) and the neutral (b) DWs. c—f) Cross-sectional profiles of the out-of-plane displacements
across the DWs (along z-axis for the H-H (c,d) and x-axis for the neutral wall (e,f) DWs, respectively): due to the full piezoelectric tensor contribution
(c,e) and the individual contributions from each piezoelectric coefficient (d,f).
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displacement, are negligibly small due to a small value of dy;
(~0.1 pm/V).

3.3. Erbium manganite

The EMO crystals with point group symmetry 6mm are charac-
terized by a piezoelectric tensor with the following independent
piezoelectric coefficients: djs, dj;, and d3; (see Experimental
Section for details). In this crystal, the elastic and dielectric
properties are identical along the x- and y-directions. Hence,
the d;5 component dominates the out-of-plane displacement of
the charged DWs through the opposite shear strains (d;5E) on
both sides of the H-H DWs (Figure 6a,b). Analogous results are
obtained for T-T DWs (not shown). On the other hand, sym-
metry forbids any head-on shear strains and transverse strains
of the same sign across the 180° neutral DWs, which results in
zero net out-of-plane displacement at these walls (Figure 6¢,d)
in agreement with the data in Figure 3.

4, Discussion

The experimental results and FEM simulations demonstrate
that symmetry breaking at the domain boundaries induce a
piezoelectric response very different from that of the domains

H-H IwaIII

themselves, which represent regions with continuous sym-
metry. This implies that the VPFM signals observed at the
domain boundaries on the nonpolar surfaces do not neces-
sarily imply the existence of an out-of-plane polarization com-
ponent within the DWs. Note that other interfaces, such as
phase boundaries, also exhibit similar discontinuities, which
may produce a profound electromechanical response. One par-
ticular example is an enhanced VPFM signal at the antiferro-
electric-ferroelectric phase boundary in CulnP,Ses reported
by Dziaugys et al.'™® Thus, PFM measurements alone cannot
provide conclusive evidence in support of the polarization
deviation in the vicinity of the antiparallel domain junctions,!!
thereby necessitating additional high-resolution structural
studies.

In general, depending on the material symmetry and the
specific form of the piezoelectric tensor, out-of-plane strain at
the DWs may be induced on the nonpolar surfaces either by
the shear strain or by an out-of-plane transverse strain that
retains its sign across the wall. In addition, as a secondary
effect, head-on longitudinal strains (ds3E, for the charged
DWs) across the DW may induce an out-of-plane displacement
(similar to the Poisson effect). However, our modeling results
suggest that this effect is typically an order of magnitude lower
compared to the shear strain or out-of-plane transverse strain
assuming the same order of magnitude of the piezoelectric
coefficients.
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Figure 6. Modeling of the out-of-plane displacement on the y-cut EMO surface (induced by a biased tip sitting at the domain wall). a—d) Cross-sectional
profiles of the out-of-plane displacements across the H-H (a,b) and the neutral (c,d) DWs due to the full piezoelectric tensor contribution (a,c) and

the individual contributions from each piezoelectric coefficient (b,d).
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5. Conclusion

In conclusion, we have investigated the origin of the out-of-
plane displacement at the ferroelectric H-H and T-T DWs on
the nonpolar surfaces where the polarization P is fully in-plane.
The obtained results show that symmetry breaking at the DWs
plays the main role in producing a net out-of-plane strain at the
H-H and T-T DWSs. The dominant contribution comes from the
counteracting shear strains on both sides of the H-H and T-T
DWs. Notably, there is no difference between the electrome-
chanical responses of the H-H and T-T DWs in PGO and LNO
despite their completely different inner structure and different
charge screening mechanisms. On the other hand, the electro-
mechanical behavior of the neutral 180° DWs to a large extend
depends on the specific material symmetry. The experimen-
tally observed electromechanical behavior of the DWs has been
simulated by finite element modeling that takes into account
a contribution of all elements in the piezoelectric tensor. We
emphasize that our analysis of the out-of-plane displacement
of the nonpolar surface can be readily extended to ferroelectric
materials with multiple polar axes although the situation could
become more complicated in materials with ferroelastic DWs
due to the additional elastic conditions. In general, it is impor-
tant to analyze the specific electromechanical responses of
these DWs in order to make correct attribution of the obtained
PFM signal to the specific polarization state and electronic
properties of the domain walls.

6. Experimental Section

Sample Preparation: Three hundred-nanometer-thick x-cut LNO
single crystalline films on LNO substrates were prepared by the ion
sliced method (NanoLN, Inc). PGO single crystals were grown by
the Czochralski method and were cut along the (010) plane to obtain
samples with nonpolar surfaces (y-cut). Mechanical polishing was
used to achieve surfaces with optical quality. EMO single crystals
were grown by the floating zone method. The crystals were aligned
by Laue diffraction and cut perpendicular to the hexagonal c-axis to
achieve samples with in-plane polarization (x-cut). The surface was then
chemomechanically polished with silica slurry.

Domain Writing in LNO: The H-H (T-T) walls on the x-cut LNO
non-polar surface were prepared by moving a biased PFM tip at —70 V
(+70 V) perpendicular to the polar direction, while the neutral walls were
prepared by moving the biased tip along the polar direction.?%21 PFM
experiments were done 1 week after poling to allow dissipation of the
injected charges during the poling process. As-grown domain walls were
studied in the PGO and EMO crystals.®?2

PFM Imaging: PFM imaging was performed on commercial AFM
systems (MFP-3D and Cypher, Asylum Research) using Pt-coated Si
tips (PPP-EFM, Nanosensors) and Ti/lr-coated Si tips (ASYLEEC.01-R2,
Oxford Instruments). For reference, on the MFP-3D system, an ac
modulation voltage of 0.8 V in amplitude with frequency around 650 kHz
near torsional contact resonance was applied for LPFM imaging in the
resonant enhanced PFM mode. For the PFM measurements on LNO
and PGO, the ac modulation voltage of 0.8-1.5 V in amplitude with
frequency =350 kHz near deflecting contact resonance was used. The
PFM phase signal was calibrated following procedures in Ref. [12], i.e.,
0° denoted an in-phase signal, and 180° indicated a signal, which is out-
of-phase with the ac driving voltage.

Finite Element Modeling: The finite element modeling (FEM)
simulation was performed in a block with a dimension of
500 x 500 X 150 nm3, where a DW normal (H-H or T-T wall) or parallel

Adv. Funct. Mater. 2023, 33, 2213684 2213684 (7 of8)

(neutral wall) to the polar axis separates the area into two regions with
opposite polarization. Simulation of the electric field distribution was
carried for a biased tip at +5 V DC assuming a circular tip-sample contact
area of 25 nm in radius. The strain components induced by converse
piezoelectricity are computed by &% =dy E; with the anisotropic
piezoelectric tesnors in different domains. The displacement fields u; and
total strain components g = (Viy; + Vi) /2 are solved from the elastic
equilibrium equation VCiu (En—€2)=V; ViCyui—V ;Cjy €3=0to
ensure the mechanical compatibility.

In LNO, which belongs to the point group 3m, the piezoelectric
matrix contains four independent components, i.e., dis, dpp, d3;, and
ds3, with the following values: dis = 69.2 pm V7, dy, = 20.8 pm V7,
dz =-0.85 pm V7', and ds; = 6.0 pm V7224 The piezoelectric tensor in
Voigt notation is given by

i

0 0 0 0 dys —2dy
—dyy dyy 0 dis O 0
dy dy dz 0 0 0

PGO belongs to the point group 3, where the piezoelectric matrix
contains six independent piezoelectric components: dy;, dyy, dis, doy, d3y,
and ds3, with values of di; =0.1 pm V7, d, =0.2 pm V-, djs=3.0 pm V',
dy; = 2.0 pm V7, dy; = 5.2 pm V7, and di3 = 6.2 pm V7' [ and the
piezoelectric tensor is given by

dy —dn 0 dy dis —dp
—dy dy 0 dys —dyy —dn
dn dy dyz O 0 0

)

In EMO, which belongs to the point group 6 mm, the piezoelectric
matrix contains three independent components: d;s, d3;, and d33. Here,
values of dys = 3.726 pm V7', d3; =-0.292 pm V-, and d3;3 = 0.804 pm V'
found from the first-principles calculations were used. The piezoelectric
tensor is given by

0 0 0 0 ds 0
0 0 0 ds 0 0
dyy dy ds O 0 0

©)

The elastic stiffness tensors for LNO and PGO can be found
in Refs. [23] and [25], respectively. The elastic stiffness tensor and
background dielectric permittivity obtained from the DFT calculations
are listed as below:

2412 1337 129.6
133.7 2412 1296
129.6 129.6 342.4
Cemo = GPa 4
EMO 101.8 ()
101.8

53.7

21.693
21.723 )
12.407

r —
€emo =

For the contribution of each piezoelectric coefficient to the out-of-
plane displacement, the dielectric matrix and the elastic tensors were
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kept the same, while modifying the piezoelectric tensor to include
only the specific piezoelectric coefficient and those related to it by
symmetry and eliminate the rest. For example, to calculate the relative
contribution of dy; in the case of PGO, the piezoelectric tensor was
modified to

d]] _d'|'| 0 00 0
0 0 00 0 —dy ©)
0 0 000 0
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