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The ability to reverse or switch the polarization of a ferroelectric thin film through a mechanical force under
an atomic force microscopy (AFM) tip offers the exciting possibility of a voltage-free control of ferroelectric-
ity. One of the important metrics for characterizing such a switching process is the critical force F. required
to reverse a polarization. However, the experimentally measured values of F. display a large uncertainty and
vary significantly even for the same ferroelectric film. Here, using BaTiOs thin films as a model system, we
systematically evaluate F. using a combination of AFM-based experiments and phase-field simulations. In
particular, we study the influence of the AFM tip radius, misfit strain, and film thickness on F. as well as the
interplay between the flexoelectric and piezoelectric effects. This work provides a deeper understanding on
the mechanism and control of mechanically induced ferroelectric switching and thus guidance for exploring
potential ferroelectric-based nanodevices based on mechanical switching.

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

Ferroelectric materials are characterized by the presence of a
spontaneous polarization that can be reversibly switched using an
electric field. Their applications include non-volatile random-access
memories 1], electromechanical transducers [2], and electro-optical
devices [3]. In ferroelectric thin films, polarization can be locally
probed or switched by applying a voltage bias through a probe tip,
which has been utilized to image ferroelectric domain structures [4],
characterize local electromechanical properties [5,6], probe domain
switching kinetics [7,8], and engineer nanodomain structures [9].

Aside from electric fields, other external stimuli can also be uti-
lized to manipulate the polarization direction in ferroelectrics. For
example, magnetic fields have been employed to switch polarization
in several multiferroic materials [10—12]. The chemical environment
of a ferroelectric surface can be utilized to reorient polarization in
ultrathin films [13-15]. Moreover, a nanoscale mechanical force
under an atomic force microscopy (AFM) tip has been shown to write
arrays of nanodomains in ultrathin BaTiOs films [16]. The mechanism
of mechanical switching was primarily attributed to the flexoelectric
effect [16,17], i.e., the electromechanical coupling between polariza-
tion and inhomogeneous mechanical strains [18,19], although other
possible mechanisms were also proposed [20—22].
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Mechanical switching of ferroelectricity has stimulated extensive
research interests, as it offers a possibility of voltage-free control of
polarization and thus avoids undesired side-effects such as leakage,
dielectric breakdown, and charge injection [16]. Many concepts of
nanoelectromechanical devices mediated by mechanical approaches
were proposed, including mechanically enhanced ferroelectric tunnel-
ing junctions [23], mechanically gated transistors [24,25], mechanical
lithography of nanodomains in capacitors [26], mechanically control of
ionic defects [27], mechanically selected multilevel data storage [28],
and mechanically enabled bulk photovoltaic effects [29].

Mechanical switching of polarization by AFM tip pressing has
been demonstrated in various ferroelectric systems including BaTiO5
[16,30,31], PbTiO3 and Pb(Zr,Ti)O; [32-34], BiFeOs; [28,35,36],
TbMH03 [37], BlsFCTlgO]S [38], SrBlszzog [39], and Hf02 [40] thin
films, ferroelectric-based capacitors [25,26], and free-standing ferro-
electric polymers [41,42]. The minimal force required to induce 180-
degree ferroelectric switching, known as the critical force F. (or the
threshold loading force [16,30]), is frequently used to assess the bar-
rier for a ferroelectric thin film to be mechanically switched
[16,30,33], in analogy to the critical bias for electrically induced
switching. In contrast to the critical bias, however, F. is much less
investigated and poorly understood. For instance, reported values of
F. vary significantly in different ferroelectrics, ranging from several
tens of nN [41] to several uN [26,30,33]. Even for the same system, e.
g., a 5 nm-BaTiOs film grown on a SrTiOs substrate, the experimen-
tally measured F. values have a large variation [16,30]. On the other
side, theoretical studies based on numerical simulations reveal that


http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2020.04.032&domain=pdf
mailto:bzw133@psu.edu
mailto:lqc3@psu.edu
https://doi.org/10.1016/j.actamat.2020.04.032
https://doi.org/10.1016/j.actamat.2020.04.032
https://doi.org/10.1016/j.actamat.2020.04.032
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat

152 B. Wang et al. / Acta Materialia 193 (2020) 151-162

the film thickness [17,20,21,43], frictional shear strain [20,28,44,45],
shape of the AFM tip [17], and epitaxial misfit strain [20,46] can dras-
tically affect the mechanical switching process. However, there is a
still a lack of systematic and quantitative analysis on how F, is influ-
enced by these factors.

Here, we performed AFM-based experiments and phase-field sim-
ulations to systematically investigate the effect of tip radius, film
thickness, and epitaxial misfit strain on the F. of mechanical switch-
ing of BaTiO3 thin films with various thicknesses epitaxially grown
on SrTiO3 substrates. The experiments show that F. is sensitive to the
tip radius and varies with the film thickness in a nontrivial way.
Phase-field simulations were performed to theoretically evaluate F..
By evaluating the local polarization P as a function of the loading
force F, we extracted the theoretical critical force and examined it as
a function of the tip radius, misfit strain, and film thickness. The P-F
curves obtained therein also reveal an interplay between flexoelec-
tricity and piezoelectricity during a mechanical loading-unloading
cycle, providing an additional understanding of the mechanism of
mechanical switching. The simulation results compare reasonably
well with present and previous experiments [30] while plausible
explanations for some discrepancies are discussed.

The remnant part of the manuscript is structured as follows. In
Section 2, we specify the details of experimental methods and the
phase-field model of mechanical switching of ferroelectrics. In Sec-
tion 3 we present the experimental results on F. and their dependen-
ces on the tip radius and film thickness. In Section 4, we describe the
computed values of F. based on simulation results and their depend-
ences on the tip radius, misfit strain, and film thickness. In Section 5,
we discuss the discrepancies between the experimentally measured
and theoretically calculated critical forces and elaborated on the non-
trivial effect of the film thickness on F.. Finally, we summarize our
findings and remaining issues to be explored.

2. Methods
2.1. Experiments

Single-crystalline epitaxial ultrathin BaTiOs3 films were grown on
atomically smooth TiO,-terminated (001)-SrTiO5 substrate with a 30-
nm-thick Lagg7S1933Mn0O5 layer acting as a bottom electrode. Both
layers were grown by pulsed laser deposition with in situ monitoring
using high-pressure reflection high energy electron diffraction for
thickness control; details of sample preparation can be found else-
where [16]. The switching experiments were performed on thin films
of various thickness ranging from 4-unit-cell (u.c.) to 48-u.c. (1.6 ~
20 nm). The compressively strained BaTiOs thin films were fully coher-
ent with the substrate and possessed only out-of-plane polarization
[47]. The mechanical switching utilizing the flexoelectric effect was
studied using a commercial AFM system (MFP-3D, Asylum Research).

Polarization switching via mechanical means was performed in
the conventional AFM contact mode by scanning a region with
applied mechanical pressure induced by the AFM tip (PPP-EFM from
Nanosensors), while both the tip and bottom electrode remained
grounded [16,44]. Domain structures were visualized using conven-
tional piezoresponse force microscopy (PFM) mode with ac modula-
tion bias of 0.3 V in amplitude at 350 kHz with a low loading force of
25 nN, which has been shown not to affect the sample surface topog-
raphy and the mechanically-written domains [16].

2.2. Phase-field method

Phase-field method has been extensively applied to predicting
and understanding the formation and evolution of ferroelectric
domains under external stimuli [48,49]. In a phase-field model, the
spontaneous polarization P; is used as the order parameter, the kinet-
ics of which is usually assumed to be linear and relaxational although

dynamic phase-field models have recently been proposed [50], i.e.,
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3P (1)
where L is the kinetic coefficient related to the domain wall mobility.
The total free energy F contains the contributions from the bulk, elas-
tic, electric, gradient, flexoelectric, and surface energies, i.e.,

F= / (fbulk +ﬁalastic +felectric +fgradient +fﬂexo) dV + / fsurf ds (2)
Y S

A detailed description of the first four terms on the right-hand
side of Eq. (2) can be found in Ref. [48]. The flexoelectric energy den-
Sty fhexols expressed as
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where g;; represents the strain tensor and fj; the flexocoupling coeffi-
cient. By taking variational derivatives of Eq. (3) with respect to P,
the flexoelectric energy density produces a driving force read as
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where E,‘}e’“’ stands for the flexoelectric field [19]. The fourth-rank
flexocoupling tensor f; contains three independent components for
the cubic symmetry and are usually denoted using the Voigt notation,
i.e., fi1 = fit11, fiz = fi1z2 and faq = 2f1201. Therefore, the out-of-plane
flexoelectric field responsible for the 180-degree polarization rever-
sal can be expressed as
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On the other hand, the inclusion of flexoelectric energy term Eq.
(3) also gives rise to a contribution from polarization gradients, which
can be incorporated into the eigenstrain as [51],

& = QuaPiP1 —FijaPr 1, (6)

where the first term represents the electrostrictive effect measured
by Q. The second term on the right-hand side of Eq. (6) describes
the deformation induced by polarization gradients through the
inverse flexoelectric strain coefficient Fjy = Sjmnfmni, Where sjj is
the elastic compliance tensor. Notably, the inclusion of the flexoelec-
tric contribution to the eigenstrain in Eq. (6) and the contribution of
flexoelectric field in Eq. (4) to the driving force of polarization evolu-
tion are equivalent to the continuum-based models for flexoelectric
effect in terms of higher-order stress and higher-order local electric
force, respectively [52,53].
The surface energy density can be expressed as [22],

1/(D5 DS
fsurf <551 P1 2 P2 553 PZ) (7)

where §; is the extrapolation length [54] and Df is the surface energy
coefficient related to the gradient energy coefficient. In the presence
of bulk flexoelectric effect term, i.e., Eq. (3), the polarization boundary
condition at the surface of a ferroelectric thin film is modified [22,55].
In this work, we consider two types of polarization boundary condi-
tion, the Neuman boundary condition for polarization, i.e.,

aP; oz = 0, (8)

and the flexoelectric-modified polarization Robin boundary condition
[20,22], ie.,

Dy Py
<5 P +n]gykl + njflmzflm)
i

hs, hy
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Fig. 1. Experimental measurement of the threshold loading force of mechanical switching in 5 nm BaTiO3/Lag 675T0.33Mn03/SrTiO3 heterostructure. PFM (a) phase and (b) amplitude
images of a 1-by-1-um? area (denoted by the dashed frame) after tip scanning with an incremental loading force. The loading force was increasing in the bottom-up direction from
100 to 1000 nN. (c) PEM amplitude as a function of the loading force obtained by cross-section analysis along the white vertical line in (b).

for out-of-plane polarization Ps at the film surface and the film-sub-
strate interface. In Eq. (9), n; the surface normal vector, gj the gradi-
ent energy coefficient, hs the film-substrate interface, and hy the film
surface. The natural boundary condition corresponds to f;,,s = 0, and
is thus adopted for all simulation results in the Section 4 to exclude
the surface effect for the convenience to discuss other influencing
factors. The flexoelectric-modified boundary condition is introduced
in Section 5.2 to explicitly discuss the surface effect on the thickness-
dependent results of the critical force.

The Hertzian contact mechanics of a spherical indenter [56] is
used to model the stress-field from the AFM tip pressing. Accordingly,
the normal stress distribution on the film surface can be written as

i 3F 1 r2 -
o33N =1 "2maz\ " = (10)
0, r>a

where 1, a, and F denote the distance to the contact center, the con-
tact radius, and the magnitude of the loading force, respectively. The
contact radius a is a function of the spherical indenter radius R and
the loading force F as a= (31F)*, where the effective modulus E* is cal-
culated from the Young's moduli and the Poisson ratios of the two
contacting bodies through £ = 13 + 1%, It should be noted that the
analytical solution of the contact mechanic problem for a rigid sphere
indenting a transversely isotropic piezoelectric half-space has been
derived using the potential theory method [57] in which the surface
stress distribution under zero applied electric bias reduces to Eq.
(10). This stress distribution at the surface along with the coherent
clamping condition of the substrate [58] are used as the mechanical
boundary condition for the elastic equilibrium equation.

Eq. (1) is solved using the semi-implicit Fourier spectral scheme
with periodic boundary conditions imposed on the in-plane direc-
tions of a Cartesian coordinate. The entire system is discretized by a
64Ax x 64Ax x 40Az mesh where the lateral mesh size Ax = 1 nm
while the out-of-plane Az varies with film thickness. The film and
substrate take up 19Az and 13Az, respectively, along the vertical
direction. Detailed descriptions of the procedure for solving the elas-
tic and electrical equilibrium equations are provided in the previous
publications [58,59]. The parameters describing the bulk free energy
density, elastic and electrostrictive constants, gradient energy coeffi-
cients, and flexoelectric coefficients of BaTiO5; are adopted from our
previous works [17,60].

3. Experiments
3.1. Determination of critical force
To evaluate the minimal force to induce 180-degree polarization

switching, we started from a pre-poled region with upward polariza-
tion. Mechanical writing was performed by scanning on a square

region (typically 1 x 1 um?) via an AFM tip with incremental
mechanical force from 100 nN up to 1000 nN in the slow scan direc-
tion as the scan moved forward, and the resulting domain structure
was visualized by the consequent PFM scan. The PFM phase and
amplitude maps for a 12-u.c.-thick BaTiOs film are given in Fig. 1a
and 1b, respectively. Following the work by Lu et al. [16], the critical
force is extracted from the corresponding force at the minimum point
in the PFM amplitude versus mechanical load profile, as shown in
Fig. 1c, where it reduces initially with increasing mechanical load due
to the generation of antiparallel domains that are below the PFM res-
olution limit, and the minimum point corresponds to an equal frac-
tion of upward and downward domains. The critical force is
approximately 0.6 N, which agrees with the original work [16].

3.2. Effects of the AFM tip radius

Since the mechanical switching largely depends on the inhomoge-
neous strain within the film caused by an AFM tip pressing, the
geometry of the probe tip can drastically influence the critical force.
We performed mechanical writing similar to the process described in
Fig. 1 with various AFM tips of tip radius ranging from ~9 nm to
~40 nm (AC240TS from Olympus, DPER18 from Mikromasch, PPP-
EFM from Nanosensors, and DPE18 from Mikromasch). The PFM
phase images of the switched domain using different tips are stacked
in Fig. 2a. The critical forces estimated by the method discussed in
Section 3.1 are plotted as a function of tip radius in Fig. 2b. It can be
seen that a roughly linear relation fits well for Fy, with respect to tip
radius Ryp.

3.3. Effects of the film thickness

The film thickness has a profound effect on the critical force
required for mechanical switching, since the mechanical strain gradi-
ent generated by the AFM tip decreases rapidly along the depth of
the film [16]. Here we examine the effect of BaTiOs film thickness
ranging from 2 u.c. to 48 u.c. grown under the same conditions.

The PFM phase images after mechanical switching are stacked in
Fig. 3a, and the extracted critical force dependence on film thickness
is given in Fig. 3b. For ultrathin films, the critical force linearly
increases from as small as 0.2 N in 2 u.c. to 0.6 1N in 12 u.c. sam-
ples. However, a plateau region is observed when the BaTiOs thick-
ness is above 12 u.c. to 24 u.c. where the critical force remains
around 0.6 uN. It even drops slightly to 0.5 uN for thicker films at
48 u.c. (~ 20 nm). However, no appreciable mechanical switching
can be achieved for thicker films above 50 nm. This nontrivial thick-
ness dependence of the critical force from experiments is puzzling
because one may expect a monotonous increment in F. with respect
to the film thickness. In Section 5, we will use results from phase-
field simulations to understand this unexpected trend.
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Fig. 2. Effect of AFM tip radius on mechanical switching. (a) A series of PFM phase images on 12 u.c. BaTiO5 after mechanical writing in the center dashed area using different tips
with radius around 9 nm, 15 nm, 30 nm and 40 nm respectively. (b) The threshold switching load obtained from (a) as a function of tip radius.
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Fig. 3. Effect of film thickness on mechanical switching. (a) A series of PFM phase images after mechanical writing in the center dashed area for BaTiO; film thicknesses from 4 u.c. to
48 u.c. respectively. (b) The threshold switching load obtained from (a) as a function of film thickness.

3.4. Phase-field simulations

In addition to experimental measurements, we also performed
three-dimensional phase-field simulations to quantify the theoretical
critical force F. in BaTiOs thin films and study the effects of the tip
radius, film thickness, and misfit strain on the value of F. In all simu-
lations, we started from a monodomain state with upward polariza-
tion of 0.34 C/m? under a —2.2% biaxial misfit strain. A schematic of
the simulation setup is illustrated in Fig. 4a. An incremental mechani-
cal force F from O up to 6 uN is then applied onto the film surface
with a loading rate of 0.2 N every 2000 simulation timesteps. After-
wards, the loading force is progressively removed with the same
rate, allowing the system to relax to the equilibrium state. The local
polarization is approximated by averaging within a cylindrical region
under the contact with a cutoff radius r.,; = 5 nm and a height equal
to the film thickness. The choice of r., and its influence on the theo-
retical critical force will be discussed in detail in Section 5.

3.5. The theoretical critical force and mechanical switching dynamics

To be consistent with the experiments described in Section 3.1,
we model a 5 nm (~ 12 u.c.) BaTiOs film grown on a SrTiO3 substrate
under a —2.2% biaxial misfit strain. The averaged local polarization as
a function of the applied loading force during a loading-unloading
cycle is plotted in Fig. 4b (thick red curves), from which we can iden-
tify four characteristic regimes labeled as I, II, IIl and IV. We also illus-
trated the three-dimensional distribution of the out-of-plane
polarization representative of each regime in Fig. 4c. For better visu-
alization, we only show a quarter cut of the BaTiOs film under the
contact region.

Initially, when the applied force is moderate (F < 1.2 uN), the
upward polarization decreases linearly, and no polarization reversal

is observed (Regime I). As the applied force increases to a critical
value (~ 1.4 uN), which is defined as the theoretical critical force F,
the local polarization rapidly becomes negative (Regime II). Corre-
spondingly, a cylindrical nanodomain with reversed polarization
nucleates at the center of the contact region (upper panel of Fig. 4c).
Note that the critical force F. defined here is independent of the
choice of the cutoff radius rq, (discussed in Section 5.1). Further
increasing the load results in a suppression of the local polarization
(Regime III) and finally eliminates it (Regime IV). Regime IV suggests
the entrance of a pressure-induced paraelectric state, which has also
been theoretically predicted [20,61] and experimentally demon-
strated [62,63]. It is also worth to note that the curve of the simulated
polarization versus mechanical loads resembles that of the effective
ds3 as a function of applied forces measured by the PFM in a polycrys-
talline PZT sample, though the latter was captured under a much
higher mechanical force (up to 25 uN) [62]. When the applied force
is progressively removed, the ferroelectricity recovers again with
switched, downward polarization with a magnitude of 0.34 C/m.
Therefore, the polarization-force (P-F) relation shows a hysteretic
character. Unlike the P-E loop of electrically-induced switching, how-
ever, the P-F relation exhibits a semi-loop shape with an “open jaw,”
suggesting that the mechanically-induced 180-degree switching is
unidirectional [16]. In other words, the polarization can only be
switched from upward to downward but not the opposite. It is worth
to note that there are a few recent theoretical works suggesting the
possibility for switching the polarization backward by tuning the
temperature and surface screening [22], which has not yet been con-
firmed by experiments.

The mechanism of mechanical switching of ferroelectric polariza-
tion was initially attributed to the flexoelectric effect [16,17], yet a
few alternative mechanisms have also been proposed recently
[20—22]. With the flexoelectric effect, the highly concentrated stress
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field created by the tip pressing is equivalent to a local electric field,
known as the flexoelectric field E"*°, which could reach as high as
108 V/m. Once the local E1°*° exceeds the coercive field of ferroelec-
tricity, polarization reverses. However, under such a high mechanical
pressure, the piezoelectric effect on the polarization is also signifi-
cant. To distinguish the role of flexoelectricity from piezoelectricity,
we repeated the same simulation procedure while artificially “turn-
ing off” the flexoelectric contribution by setting all flexocoupling
coefficients to zero. In this sense, one can isolate the piezoelectric
contribution to the change of polarization [17]. The resulting P-F rela-
tion without considering the flexoelectric effect is plotted in Fig. 4b
with thin black curves. When the force is small, a linear reduction of
polarization is observed, which almost overlaps with the case consid-
ering flexoelectricity, which suggests the dominance of piezoelectric
contribution in Regime I. Keeping increasing the load, however, does
not lead to a polarization reversal, but ending up with a more rapid
drop of polarization magnitude (Regime III) and an earlier entrance
into the paraelectric state (Regime IV). Upon unloading, the system
recovers its the pristine state, as shown in the lower panel of Fig. 4c,
revealing the essential role of flexoelectricity in realizing the
mechanical switching.

We further examined the radius of the switched nanodomain,
Rswt, and the out-of-plane flexoelectric fields, Eﬂe’“’ as a function of
the loading force F in Fig. 5. The force dependence of the local E[*
(averaged within the same region as the local polarization) peaks at F

~ 0.4 wN, reaching as large as ~ 8 MV/m. We define the force at
which Ege’“’ reaches the maxima as F,, which reflects the tunability of
the mechanical switching. It is interesting to see that Fy, is not identi-
cal to F., which suggests the effect of piezoelectricity on modifying
the barrier of polarization switching. Ege’“’ quickly drops with further
increase in the loading force. This can be understood by examining
the Eﬂ‘”‘" distribution under the contact area for F=1.4 uN and F=4.0
N, as shown in Fig. 5b. In both cases, the negative Eﬂe’“’ is concen-
trated near the film bottom while near zero close to the film surface.
The weakening of Eﬂe’“’ adjacent to the surface becomes more striking
under higher loadmg forces, which explains why Eﬂe’“’ peaks at a rela-
tively low mechanical load.

From the force dependence of the radius of the switched domain,
Rswt, one can identify the minimal force responsible for the nucle-
ation of domain switching, i.e., the theoretical critical force, to be
F. = 1.4 uN. Note that F. defined here agrees with the one defined
by the turning point from Regime I to Regime Il in Fig. 4a, suggesting
the self-consistency of these two approaches. It is worth to note that
the area of switched domains (~ sttz) remains to be smaller than
the contact area (~ Reon?) during the entire loading process, indicat-
ing that the mechanically-switched domain is always laterally
confined. This spatial confinement of mechanically-written nanodo-
mains has also been observed in several experiments [16,41], which
contrasts to the electrically-written domain that grows laterally
with longer pulse time [64]. This unique feature of mechanical
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Fig. 5. Results from phase-field simulations of switched domain size and flexoelectric field as a function of the loading force during a mechanical loading process. (a) The contact
radius Reon (thin black solid curve), switched domain radius R (red solid curve), and locally averaged out-of-plane flexoelectric field Ef;m (blue dashed curve) as a function of the
loading force. Note that the absolute values of the negative flexoelectric field are used for plotting. F,,, stands for the force at which the flexoelectric field peaks and F. the critical
force of polarization switching. (b) 3D distributions of the out-of-plane flexoelectric field under 1.4 and 4.0 N loading forces. The film thickness, tip radius, and misfit strain for the
simulation are identical to those in Fig. 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(solid black triangles), the maximal averaged flexoelectric field Ege’“’(solid red circles) and corresponding force F,, (blank blue triangles) as functions of the tip radius. The solid lines

are guides to eyes. In all these simulations, the film thickness is 12 u.c., and the misfit strain is —2.2%. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

switching is beneficial to the ultrahigh-density data storage and the As shown in Fig. 6a, a linear drop of polarization at a low applied
nanoscale engineering of ferroelectric domain and domain walls force (Regime I) occurs with a similar slope independent of the tip
[16,26,34]. radius. The effect of the tip radius is reflected by the fact that the
increase of F. as the tip becomes blunter, which qualitatively agrees

3.6, Effects of the AFM tip radius with the experiments (c.f. Section 3.2). In all cases, the window of
Regime II is narrow (0.2 ~ 0.4 uN), suggesting that the mechanical

We further studied the dependence of the critical force F. on the switching occurs abruptly as IOPg as the load exceeds Fe. Neverthe—
tip radius Ry using the same setup as described in 4.1 while varying less, the Regm}e I.Il"l?ecomes wider for a sharper tip, as manifested
the radius of the spherical indenter of the Hertzian contact model. by the longer “tail” in the P-F curve. This elongation of Regime III

The P-F force curves with Ry, = 8 - 68 nm were calculated and plotted can be understood by examining the force depe?]ggnce of the Eﬂexo
in Fig. 6a, from which F. can be extracted. The force dependences of I Fig. Ob. For a very sharp tip, e.g., Rip = 8 nm, E3™" keeps growing

Eﬂe"" for each case are presented in Fig. 6b from which the force F, up to a releltlvely high force,. e.g. Fm =3.0 uN; therefore, aﬂgg)wn—
correspondmg to maximal E*° can be identified. The tip radius effect ward polarization remains. Fig. Gc also demonstrates that 5™ and
on F,, F,,, and maximal Eﬂexo are summarized in Fig. 6c. the force Fy, are sensitive to the choice of tip radius, indicating an
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Fig. 7. Results from phase-field simulations of the effect of the biaxial misfit strain of the substrate on the critical force of mechanical switching. (a) Locally averaged polarization as a
function of loading force during the loading process with different misfit strains. (b) Locally averaged out-of-plane flexoelectric fields E;*° as a function of loading force with differ-
ent misfit strains. The legend is the same as in (a). Note that the absolute values of the negative flexoelectric field are used for plotting. (c) The critical force F. (solid black triangles),
the maximal averaged flexoelectric field E‘;IEX"(solid red circles) and corresponding force F,, (blank blue triangles) as functions of the tip radius. The solid lines are guide to eyes. In all

these simulations, the film thickness is 12 u.c., and the tip radius is 68 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)
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Fig. 8. Phase-field simulation of the effect of the film thickness on the critical force of mechanical switching. (a) Locally averaged polarization as a function of loading force during the
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enhanced tunability of the mechanical switching by using a sharper
tip.

Fig. 6¢c shows that F. increases linearly with the Ry, when Ryp is
less than ~ 40 nm, which is consistent with our experimental results
in Fig. 2b. When the tip radius further enlarges, the critical forces
grows quadratically, making the mechanical switching more difficult.
This finding explains the worn-out of an AFM tip in experiments, i.e.,
it becomes harder to achieve mechanical switching after numerous
times of usage [16]. Therefore, the blunting of probe tips after repeti-
tive scanning is another challenge to overcome for realizing a robust
mechanical control of ferroelectricity at the nanoscale.

3.7. Effects of the misfit strain

Next, we examined the misfit strain effect on the mechanical
switching by using the 5 nm BaTiOj thin film and Ry, = 68 nm while
varying the biaxial misfit strain. The P-F and Ef*°-F curves under vari-
ous misfit strains are plotted in Fig. 7a and 7b, respectively, and the
extracted values, i.e., F, Fy, and maximal E;*°, as a function of the
misfit strain are shown in Fig. 7c. One can see Regime I becomes nar-
rower and the linear drop of polarization becomes stiffer as the misfit
strain is less compressive, indicating that the out-of-plane polariza-
tion become “softer” and more susceptible to be influenced by the
mechanical stress. An extreme is the case with —0.7% misfit strain in
which the Regime I disappears, and the local polarization directly
drops to a negative value upon a 0.2 uN load. On the other hand, the
misfit strain tends to have negligible influence on the flexoelectric
field, as shown in Fig. 7b and 7c, which suggests that the decline of F,
is due to the lowering of the intrinsic switching barriers rather than
the enlargement of the driving force Ege’“’. This finding supports a
simple thermodynamic analysis in a previous work [30]. However,
unlike the experimental results of Ref. [30], the simulated depen-
dence of F. on the misfit strain shown here is nonlinear . One possible
reason may be due to the choice of tip radius which can significantly
affects F., which was unfortunately not reported in Ref. [30] and
could hardly be kept constant in practice.

The effect of the misfit strain on F. has been experimentally stud-
ied in BaTiOs [30] and PbZrg;Tigg03 [33] thin films. However, when
the compressive epitaxial strain becomes relatively small, other
domain variants with in-plane polarization may appear under a
mechanical pressure [61,65], which has not been captured by previ-
ous experiments [30, 33] or theoretical studies [20]. To gain some
insights on this issue, we plotted the 3D distributions of the in-plane
polarization P; and the out-of-plane polarization P; under 0.2 uN
and 2.0 uN loads in Fig. 7d for the case when the misfit strain is
—0.7%. With a small loading force (0.2 wN), only 180-degree switch-
ing of P5 is observed. However, when the force is large (2.0 uN), sig-
nificant P; appears (~0.3 C/m?) and forms a nanosized domain under

the contact whereas Ps is negligible. In other words, the increment of
the load does not lead to a paraelectric state, as for the case with
—2.2% misfit strain (Fig. 4c); instead, a 90-degree ferroelastic switch-
ing is induced. This in-plane polar domain is unstable after unloading
due to the large biaxial compressive misfit strain. Nevertheless, it is
interesting to test whether a 90-degree domain switching can be
mechanically induced by AFM tip scanning in systems where a/c fer-
roelastic domains are metastable, such as Pb(Zrg,Tigg)Os thin films
[66]. Furthermore, the finding also emphasizes that although reduc-
ing the substrate clamping can reduce F,, it may also result in other
domain variants with in-plane polarization, which may cause fatigue
or retention problems [66]. Very recently, it is predicted that a vortex
polar state can be created by mechanical pressing in BaTiO5 thin films
subject to a reduced misfit strain [67].

3.8. Effects of the film thickness

We finally turned to examine the film thickness effect on the criti-
cal force F.. The film thickness varies from 5 u.c. up to 48 u.c. (~2 —
19 nm) while the misfit strain is maintained to be —2.2% and the
Riip = 49 nm to ease the mechanical switching. The force-dependent
results are summarized in Fig. 8a and 8b, and the extracted quantities
(Fe, Fn, maximal Ef3"""°) are plotted against the film thickness in Fig. 8c.
In all cases, the P-F relations exhibit four characteristic regimes as dis-
cussed in previous sections but the shape of P-F curves changes with
respect to the film thickness in a nontrivial way. F. does not mono-
tonically decrease as the film becomes thinner, as it may be intui-
tively suggested. Instead, the relation is parabolic: F. decreases from
3.0 uN to 0.6 uN for films with a thickness of 48 u.c. to 12 u.c,, but it
increases again when the film becomes ultrathin (= 5 u.c.). In parallel,
the peak value of Ef° is also suppressed for the 5 u.c. ultrathin film
as well as for thicker films (> 24 u.c.) (Fig. 8c). Besides, an enhanced
tunability of Ege’“’ is reflected by the increase of F,. A more in-depth
discussion on these nonintuitive behaviors will be given in the next
section.

4. Discussion

The phase-field simulation results presented in Section 4 agree
with our experimental results presented in Section 3 and with those
from some previous works [30,33] in the following several aspects.
First, the shape of the simulated P-F semi-loop in Fig. 4a resembles
the PFM amplitude-force profile in Fig. 1¢, considering that the PFM
amplitude is approximately proportional to the polarization magni-
tude. Second, both our experiments and simulations show that the
critical force F. is significantly reduced by using a sharper tip. Third,
the simulation results on the misfit effect agree qualitatively well
with the previous experiments [30,33], which reveals that the critical
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force decreases with the relaxing of compressive substrate con-
straints due to the lowering of the intrinsic switching barrier. Never-
theless, there are several discrepancies and ambiguities worth
further discussions. For example, F. estimated in experiments is ~ 0.6
N whereas the simulated value is ~1.4 wN. Moreover, our experi-
ments suggest a linear increase followed by a plateau region in the
film thickness dependence of F., whereas the simulation predicts a
parabolic dependence of F. on film thicknesses. In this section, we
address the possible reasons for these issues.

4.1. Ambiguities in determining the critical force

There are several possible reasons for the deviations in quantify-
ing the critical force F. from experiments and simulations. First, the
loading mode of the AFM tip is different. In the experiment, the AFM
tip is operating in a scanning mode with an incremental force along
the slow scan direction [16,30,33]. In the simulations, however, the
tip position is kept fixed at the same position while the loading force
is ascending and then descending. As shown by several works
[20,28,44] the stress gradient can be enhanced when the tip is scan-
ning, thereby lowering F.. Second, the definition of F. differs. In
experiments, the critical force corresponds to the dip in the PFM
amplitude-force plot, corresponding to a state where 50% of the local
polarization is switched [16]. By contrast, in simulations, the turning
point which separates the linear regime (Regime I) and the switching
regime (Regime II) is taken as the critical force (Fig. 4b), representing
the onset of the reversed domain nucleation. Third, although the PFM
amplitude is proportional to the local polarization magnitude, it also
depends on the lateral and vertical resolution of the PFM response
[68]. Likewise, the simulated P-F curve also depends on the shape
and size of the region for averaging the polarization. In the present
work, we averaged the polarization within a cylindrical region under
the contact area with a fixed cutoff radius r,c = 5 nm and a height
equal to the film thickness. The choice of r, affects the shape of the
P-F semi-loops, as illustrated in Fig. 9. If we define F. as the crossing
point of the P-F curve with the x-axis (labeled by Fpy), similar to that
defined in experiments (Fig. 1), then F. will depend on r¢y. In con-
trast, if we use the force for switched domain nucleation (labeled by
Fauc) as F, it does not depend on the choice of r.. Note that, Fp-o con-
verges to Fyc for smaller r,, as shown in the inset of Fig. 9. Consider-
ing this issue, we use the nucleation force F,, to represent the
theoretical critical force F. throughout the paper.

It is also worth to note that several factors that present in experi-
ments were neglected in the present simulation. For example, the
presence of point defects such as oxygen vacancies can facilitate
polarization switching by providing nucleation sites [69], which is
not considered in the present model. Moreover, the scanning of an
AFM tip on the film surface may change the surface charge screening
[70] and induce polarization switching by electrochemical processes
rather than by the flexoelectric effect. This issue has been compre-
hensively discussed in a recent review article [71] and theoretically
by Cao et al. [21].

4.2. The thickness dependence of critical forces

To understand the counterintuitive thickness dependence of F.
shown in Section 4.4, we plotted the 3D distribution of Ege’“’ for dif-
ferent film thicknesses at their peak values, as illustrated in Fig. 10a.
For ultrathin films (5 u.c.), there is a “hollow” region under the con-
tact area in which Ege’“’ is weakened. This finding is understandable
because for ultrathin films against the tip pressing, the stress field
can penetrate through the whole film without much decay, thereby
generating a negligible stress gradient across the film (Fig. 10a). For
thicker films (e.g., >24 u.c.), most of the region under the tip contact
is covered by a large negative E**° . When the film is even thicker (e.
g. 48 u.c.), the negative E/*° can fully develop into the film, penetrate
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Fig. 9. Different definitions of the critical force from phase-field simulation results and
the choice of the cutoff radius r,, for averaging the local polarization. The inset shows
the dependence of Fy,cand Fp_q on the cutoff radius r,. The definitions of these sym-
bols are provided in text.

a certain distance, and then decay exponentially until reaching the
film-substrate interface. A more quantitative comparison is given in
Fig. 10b where the in-depth profiles of Ef** under F = 3.0 uN are
compared for different film thicknesses. It is shown that the penetra-
tion depth of Ef*° (when E* reaches maxima) is no more than ~
7 nm for all cases studied. In this sense, the simulation results indi-
cate that the flexoelectric field alone does not account for the mechan-
ical switching in ultrathin or relatively thick films.

In the experiments, the mechanical switching is rather straight-
forward in ultrathin films (5 u.c.) even with a mechanical load of
~0.2 uN. Moreover, a plateau regime is seen from 12 u.c. to 48 u.c.
where the critical force ceases to increase with the film thickness. To
understand the discrepancy between experimental and simulation
results, we discuss two plausible mechanisms, namely, the misfit
strain relaxation in thicker films and the surface effect due to polari-
zation relaxation.

In epitaxial thin films, strain relaxation occurs when the film
exceeds a critical thickness. The strain relaxation can be achieved
through the formation of interfacial dislocations or the presence of
oxygen vacancies [72]. A classical model to account for the strain
relaxation in thin films was proposed by People and Bean [73], which
has been successfully applied to perovskite ferroelectric thin films
[74,75]. The model assumes that the effective relaxed misfit strain is
uniform across the film thickness and can be calculated by

‘1780
1730(1 f%) ’

where h is the film thickness, h. is the critical thickness for strain
relaxation, and &g is the nominal misfit strain without relaxation. The
critical thickness h. was reported to be 5 — 7 nm for BaTiO3 grown on
SrTiOs5 substrates [76-78]. Here, we adopt h. = 6.7 nm [ 78], which rea-
sonably agrees with the theoretical value (9.8 nm) calculated based
on the People-Bean model. As a result, the 18 u.c., 24 u.c., 36 u.c., and
48 u.c. films all suffer from misfit strain relaxation to some extent.
The effective misfit strain as a function of film thickness after con-
sidering the relaxation effect is shown in Fig. 11a as calculated by
Eq. (11). We repeated the same simulation procedure in Section 4.4
while using the relaxed misfit strains. The newly extracted critical
force against the film thickness is shown in Fig. 11b. The experimen-
tal results in Fig. 3b and simulation results without considering the

e(h) =1- (11)
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misfit relaxation in Fig. 8c are replotted for comparison. One can see
that F. decreases when considering the misfit relaxation effect, lead-
ing to a plateau region for 18 — 24 u.c. cases. Nevertheless, the critical
force rises again for thicker films (>24 u.c.).

Another mechanism is the polarization relaxation at the surface,
which is known to be significant when the film thickness is of a few
nanometers [79]. With the presence of bulk flexoelectric effect, the
polarization relaxation is described by the boundary condition given
in Eq. (9). The equilibrium polarization profiles across the film thick-
ness for a single domain are obtained and shown in Fig. 12a. Consider-
able decrease of polarization magnitude near the film surface and
bottom suggests a strong surface effect on the polarization, which low-
ers the average polarization in the film and makes it more vulnerable
to be switched. We perform the thickness-dependent simulations
with the surface effect considered and plot the results in Fig. 12b in
comparison with the results without surface effect and the experimen-
tal measurements. The critical force F, is significantly reduced due to
the consideration of the surface polarization relaxation. In particular,
F. for ultrathin films (5 u.c.) reduces from 1.0 uN to 0.1 wN. A plateau
region of F (= 0.6 uN) appears for film thickness from 12 u.c. to 36 u.
c., although an increase of F. to 0.8 «N remains for thicker (48 u.c.)
films. Apparently, the surface effect can facilitate mechanical switching
not only for ultrathin films but also for thicker films due to the soften-
ing of polarization at the boundaries. Therefore, the discrepancy of the
thickness-dependence of F. from experimental measurement and sim-
ulations can be accounted for by incorporating the surface effect
through flexoelectric-mediated polarization relaxation.

Finally, it is worth noting that mechanical switching has been
reported in relatively thick perovskite films (80 — 100 nm) in many
recent works [28,34,80], which cannot be simply explained by the
flexoelectric mechanism. Here, we briefly comment on this issue.
First, it remains controversial whether the observed change of PFM
images after a mechanical tip scanning is indeed due to polarization
switching [71]. Second, even if the domain has been reversed, the
mechanism is not necessarily to be relevant to the flexoelectric effect,
as suggested in some recent theoretical works [20—22]. Other possi-
ble mechanisms such as the bulk transport of charged point defects
[21], surface electrochemical effects [21,22,81], and shear stresses
[28,45,82], may also account for the mechanical switching in rela-
tively thick films. Nevertheless, few of these works investigated the
mechanical switching in films thicker than 20 nm. Therefore, for
future works, it is crucial to perform in situ observation of mechanical
switching by using high-resolution electron microscopy [83,84] and
explore other mechanisms beyond the present ones for fundamen-
tally understanding the mechanical switching in thick films.

5. Summary

In this work, we systematically investigated the critical force of
mechanically induced polarization switching by an AFM tip in BaTiO3
ferroelectric thin films using AFM-based experiments and phase-field
simulations. Both experiments and simulations demonstrate that the
AFM tip radius, the film thickness, and the epitaxial misfit strain have
impacts on the value of the critical force. In particular, the critical
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force can be reduced by using a sharper tip or by decreasing the sub-
strate constraint. The film thickness effect is counterintuitive perhaps
due to the misfit relaxation, the polarization relaxation near surfaces
and the involvement of alternative mechanisms other than the flexo-
electric effect. The simulations also reveal an interplay of flexoelectric
and piezoelectric effects during a loading-unloading cycle by tracking
the change of polarization and flexoelectric field distributions. The
understanding of mechanical switching of ferroelectric polarization
at the nanoscale obtained in this work will be useful for providing
guidance to explore the mechanical control of ferroelectrics-based
nanodevices.
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