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several mechanisms[4] including flexo-
electric effect,[1] ferroelectric–ferroelastic 
switching[5,6] and chemical modifications 
on the surface[7] and in the bulk.[8,9] The 
electrochemical effect in the bulk can be 
induced by diffusion of oxygen vacan-
cies,[10] which in turn can lead to electro-
static or Vegard strain.[4] The contribution 
of the aforementioned mechanisms in 
depicting mechanical switching of ferro-
electrics has been discussed recently,[4,11] 
while further work is still required to gain 
a more complete understanding. Scanning 
probe-based investigations of mechanical 
behavior in ferroelectrics,[12] especially 
localized mechanical writing of nanoscale 
domains and mechanical erasing of elec-
trically written domains[1] provide a suit-
able platform for further investigation 
of mechanoelectric devices[13,14] and con-

cepts.[15,16] Ultralow pressure mechanical writing and noncon-
tact reading might lead to new low energy electronics concepts 
and information storage energy costs of attojoule/bit, which 
has been explored for example through electrical control of 
magnetism concepts.[17]

Mechanical switching has been reported in a range of fer-
roelectric materials from single crystals (BaTiO3,[18] (1 − x)
Pb(Mg1/3Nb2/3)O3  − xPbTiO3 (x = 0.32, 0.40)[19]) to thin films 
(Pb(Zr0.2Ti0.8)O3,[20,21] BaTiO3,[1,22] BiFeO3

[23–25]). Among these, 
Pb(Zr0.2Ti0.8)O3 thin films have shown promising mechanical 
switching properties with anticipated memory storage capaci-
ties of the order of 110  Gb cm−3 reported using atomic force 
microscope (AFM) tip forces down to 300 nN.[20] Such tip force 
leads to an estimated pressure of 3.8 GPa with a tip radius of 
5 nm under the assumption that the tip-sample contact is rep-
resented by a disc of radius equivalent to the tip radius.[1,26] 
This pressure is considerably lower than the reported values 
in one of the first studies on mechanical writing of ferroelec-
tric domains in BaTiO3.

[1] In a related attempt Edwards et al.[6] 
reported the mechanical switching threshold (1000  nN: esti-
mated tip pressure = 0.8  GPa; tip radius = 20  nm) of poly-
crystalline PbZr0.53Ti0.47O3, which lays at the morphotropic 
phase boundary (MPB) of the Pb(ZrxTi(1−x))O3 family. Composi-
tions close to the MPB of Pb(ZrxTi(1−x))O3 offer the possibility of 
transitions between tetragonal and rhombohedral phases due 
to small strains[27–31] as well as the co-existence of tetragonal 
and rhombohedral phases,[5,32] and have been investigated with 
respect to thickness-dependent flexoelectric fields,[32] making 
them ideal for pressure-induced polarization switching. There-
fore, in this work, we explore the ferroelectric and mechanical 
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Mechanical control of ferroelectric domains[1] is a less explored 
phenomenon in contrast to more conventional electrical and 
optical switching.[2,3] Scientific reports on various aspects of 
mechanical switching of ferroelectric domains suggest that 
the mechanically switched domains in ferroelectrics could 
either occur individually or by the cumulative effect of the 
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switching properties of epitaxially grown PbZr0.48Ti0.52O3 (PZT) 
thin films on YBa2Cu3O7−δ (YBCO), where PZT is a member of 
the MPB Pb(ZrxTi(1−x))O3 family.
Figure  1a shows the room temperature (297  K) HR-X-ray 

diffraction (XRD) patterns of the PZT/YBCO/LAO hetero-
structures. The high-resolution X-ray diffraction (HR-XRD) 
data shows two peaks at 21.3° and 23.6° corresponding to LAO 
(001), one broad peak belonging to PZT (001) and another one 
to YBCO (003). The absence of Bragg planes other than 00l 
confirms the unidirectional crystal growth of the as-grown het-
erostructures. A substantial shift in the broad PZT (001) peaks 
toward higher Bragg angles with decreasing PZT film thickness 
is observed, which may be due to an enhanced out-of-plane 
compressive strain and in-plane tensile strain.[33] It has been 
reported that twin domains in the LAO substrate (evident from 
a shoulder in the LAO XRD peak as seen for Samples S1–S3 in 
Figure 1a can cause a variation in the lattice strain and proper-
ties of the top YBCO layer.[34] This is also likely to influence the 
properties of the PZT layers deposited on YBCO.

The out-of-plane compressive strain (ε) is defined by the 
equation[33]

c c

c
ε =

−film bulk

bulk

 (1)

with cfilm and cbulk being the PZT film and PZT bulk out-of-
plane lattice constant, respectively (cbulk is calculated from 
XRD of the PZT target; not shown here). The strain values 
are summarized in Table  1. It is found that the out-of-plane 
compressive strain on PZT decreases with an increase in film 
thickness.

Further detailed analysis of the epitaxial relationship in PZT/
YBCO and YBCO/LAO is performed using reciprocal space 
mapping (RSM) data. Figure  1b,c shows the RSM images for 
S2 in the symmetric and asymmetric direction along the LAO 
(002) and (101) orientation. The RSM data along the (002) direc-
tion reveals the growth direction along the c-axis (perpendicular 
to the substrate surface). The three observable reciprocal points 
belong to PZT (002), YBCO (006), and LAO (002), respectively 
(Figure 1b left to right). From these reciprocal points, the out-
of-plane c lattice parameter is determined as 4.050 and 11.759 Å 
corresponding to PZT and YBCO, respectively. This PZT value 
is close to the out-of-plane lattice parameters calculated from 
the θ–2θ XRD data for S2 (Table  1). In the case of the asym-
metric scan (Figure  1c), two reciprocal points other than the 
substrate with q vectors 2.456  nm−1 (4.066 Å) and 2.558  nm−1 
(3.797 Å) are assigned to the PZT (101) and YBCO (103) planes, 
respectively. The presence of symmetric and asymmetric recip-
rocal points in the RSM data[35] confirms the epitaxial nature of 
our PZT/YBCO films on LAO.

To investigate the mechanically induced nanoscale ferro-
electric switching behavior of the PZT/YBCO/LAO hetero-
structures, we firstly perform electrical poling experiments 
and image the ferroelectric domains using PFM. Figure  2a–c 
depicts a typical polarization reversal experiment where the 
dark and bright areas correspond to a downward and upward 
polarization, respectively. As grown polarization of Samples S1 
and S2 switch with a tip voltage of +3 V and S3 with a voltage of 
−2 V. We mostly detect a full reversal of polarization in all three 
films (180° phase change in the PFM image; see Section S1.1 in 
the Supporting Information). Additionally, the in-plane signals 
(Figure S1.2j–o, Supporting Information) are rather weak, likely 
because of the very small thickness of the films and a predomi-
nantly out-of-plane polarization. The area outside the poled 
boxes in Figure 2a–c corresponds to the polarization direction 
of the as-grown PZT. In PZT films below 8 nm, the as-grown 
polarization direction is “up” (i.e., pointing out of the surface), 
while it is pointing “down” for the 10 nm film (S3). A reversal 
of as-grown polarization direction dependent on film thick-
ness has also been found in other reports on ferroelectric het-
erostructures, including MPB members of Pb(ZrxTi(1−x))O3

[28,32] 
and BFO.[36,37] In these reports, the reversal is explained by a 

Figure 1. Structural characterization. a) X-ray diffraction patterns of the PZT/YBCO/LAO heterostructures with PZT thickness of 6 nm (S1), 8 nm (S2), 
and 10 nm (S3). Reciprocal space maps (RSM) of S2 around the b) (002) and c) (101) reflection of the LAO substrate.

Table 1. Calculated out-of-plane compressive strain in PZT/YBCO/LAO 
heterostructures.

PZT film 
thickness [nm]

Bragg  
angle [°]

cbulk  
[Å]

cfilm  
[Å]

cfilm−cbulk  
[Å]

ε × 100

6 21.92 4.140 4.055 −0.085 −2.0

8 21.84 4.140 4.070 −0.070 −1.7

10 21.78 4.140 4.081 −0.059 −1.4
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competition between a flexoelectric effect induced by the strain 
in the film and an electric field due to band bending at the inter-
face. Our experiments show an opposite thickness-dependent 
as-grown polarization than the one detected by Yu et  al.[32] on 
La0.67Sr0.33MnO3/PbZr0.52Ti0.48O3 heterostructures, which have 
a Zr/Ti ratio quite close to the composition of our samples. Zr/
Ti in our samples is 48/52 which brings them relatively closer 
to the MPB in the Pb(ZrxTi(1−x))O3 phase diagram.[38] The dif-
ference in the as-grown state of polarization could also result 
from a different strain in our PZT films and a different bottom 
electrode.

In order to quantify the strain gradients in our films, we per-
formed Williamson–Hall analysis[39] (see Note S1 and the cor-
responding figure in the Supporting Information). The highest 
(0.44%) inhomogeneous strain (εi) is found for the 10 nm film 
followed by 0.30% in 6 nm and 0.25% in 8 nm films. The inho-
mogeneous strain values were used to calculate the strain gra-
dients u

x( )∂
∂

i

i

[37] followed by an estimate for the flexoelectric field 
E e

a
u
x( )= γ

ε
∂
∂flexoelectric j 0

i

i
.[36] Here, γ is a scaling factor (assumed = 1), 

e is the charge of one electron, aj is the lattice constant and ε0 

is the permittivity of the free space. The strain gradients are 
found to be −15.35 × 105, −11.15 × 105, and −17.34 × 105 m−1 in 10, 
8, and 6 nm thin PZT films, respectively. The flexoelectric field 
values in 6, 8, and 10 nm PZT films were found to be 77, 49.5, 
and 69 MV m−1, respectively. The strain gradients are similar in 
all films and agree with the reported values of PbZr0.52Ti0.48O3 
films with similar thickness.[32] This insinuates that the differ-
ence in polarization orientation and reversal compared to ref.
[32] is dominated by the interface effect that varies due to dif-
ferent bottom electrodes and our heterostructures.

We investigated the above-mentioned switched areas by con-
tact potential difference (CPD) measurements using Kelvin 
probe force microscopy (KPFM) with an AFM tip lift height of 
40  nm. CPD mapping of the Samples S1, S2, and S3 can be 
seen in Figure 2d–f. The light yellow color in the KPFM images 
shows that the CPD is higher in the positively poled areas than 
in the negatively poled areas. This is due to the screening of 
electrostatic charges at the tip-sample interface.[40] Thus, the 
positively poled area is likely to have positive charges accumu-
lated on the PZT surface and vice versa for a negatively poled 

Figure 2. Electrical switching behavior. a–c) PFM phase images, d–f) KPFM images and g–i) line profiles (of blue lines in (d–f)) for Samples S1, S2, 
and S3, respectively. Two bright orange lines in (f) are artifacts.
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area. The magnitude of the accumulated charge depends on the 
as-grown polarization and the applied switching voltage. CPD 
values for negatively poled areas are −50, −100, and −150  mV 
for S1, S2, and S3, respectively (see line profiles in Figure 2g–i). 
On the other hand, the average CPD values for the areas poled 
with a positive bias are +200, +210, and +180 mV for S1, S2, and 
S3, respectively. Note that the negative bias poling (resulting in 
polarization pointing up) lowers CPD in all cases, but more so 
for increasing film thickness, which could originate from thick-
ness-dependent changes in the polarization of the films.

After analyzing the electrical switching behavior for samples 
with different thickness of the PZT layer on YBCO, mechanical 
switching experiments were performed. All samples showed 
unidirectional mechanical switching, i.e., upward polariza-
tion (bright) is switched downward (dark) as demonstrated in 
Figure S.2.1 in the Supporting Information. This means that 
the flexoelectric effect works analogously to an applied positive 
bias. It has to be noted that the 10  nm PZT sample (S3) has 
an as-grown downward polarization, which needs to be poled 
upward with −3  V prior to mechanical switching. Figure  3a 
shows a PFM image of mechanical switching on S2 with a 
force of 1648 nN exerted by an AFM tip on a prior electrically 
written domain (tip voltage −3 V). The PFM image in Figure 3a 
was acquired with an amplitude of 1  V (peak-to-peak) under 
an intentional low mechanical loading of 97 nN (tip pressure: 
0.03  GPa) to avoid further mechanical influence during the 
PFM scan. The bright contrast in the mechanical influenced 
area shows a polarization reversal toward the substrate. This 
unidirectional mechanical switching is also found in the other 

two PZT films (see Section S2.1 in the Supporting Information 
for a comparison of S1, S2, and S3 films). The exerted tip pres-
sure can be roughly estimated by assuming a disk-shaped con-
tact area of the same size as the tip radius.[26,41–43] In our case 
this leads to a tip pressure of ≈0.5  GPa (tip radius = 30  nm), 
although the actual contact area can vary significantly from the 
AFM tip radius.

In the next step, the mechanically written domain is manipu-
lated with a voltage of ±3 V (see Figure 3b). A consecutive PFM 
image reveals that a tip voltage of −3 V (dotted red box) erases 
the mechanically written domain (dotted white square), while 
+3 V has no impact (dotted cyan box). Thus, it can be concluded 
that the mechanically induced domains in sample S2 are fully 
reversible with applied negative bias and behave analogously to 
domains created with a positive bias.

To further highlight the similarities between the mechan-
ical and electrical poling, Figure  3c shows the KPFM image 
of the mechanical switched area in Figure  3a. The mechani-
cally switched area exhibits similar, albeit slightly lower CPD 
change compared to the electrically switched region with posi-
tive bias (see Figure 2h). This is highlighted by the line cut of 
the CPD image in Figure 3d (along the blue line in Figure 3c), 
which shows a CPD change of nearly 250 mV from the nega-
tively poled area to the mechanically switched region. This indi-
cates that the analog outcomes are generated by mechanical 
poling as by applying a positive bias. This is only possible if 
both (electrical and mechanical poling) have a similar impact 
on the state of polarization. Mechanical switching and KPFM 
measurements performed on Samples S1 and S3 (Figure S2.2, 

Figure 3. Electromechanical writing and erasing with noncontact reading using AFM. a) Mechanically written domain (shown by white dotted square) 
with 1698 nN on an electrically poled area with −3 V (sample S2). b) Effect of an electric field (±3 V) on a mechanically written domain (white dotted 
square). Area poled with −3 V (red dotted box) is found to be capable of erasing mechanically written domains while the area poled with +3 V (cyan 
dotted box) remains unchanged. c) KPFM mapping and d) CPD line profile of mechanically written domain in the image (a).
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Supporting Information) show similar results supporting the 
conclusions made above. However, it is to be noted that sample 
S3 needs to be first electrically poled with −3  V to observe 
mechanical switching. This is expected as S2 and S3 have oppo-
site as-grown polarization. Consequently, our PFM, as well as 
KPFM images, clearly show that mechanical poling/de-poling 
is possible in PZT/YBCO heterostructures.

Due to the sample composition being close to the MPB, a 
pressure-induced transition from the tetragonal to the rhombo-
hedral phase or vice versa could also be envisaged to cause such 
a polarization reversal.[5,6] The application of a mechanical strain 
has been reported to lead to a change in the in-plane and the 
out-of-plane response of MPB members of Pb(ZrxTi(1−x))O3.[5,6] 
However, these experiments only found polarization changes 
<90[6] in contrast to the 180° switching found in this report (no 
in-plane phase or amplitude signal in the PFM measurements 
could be detected indicating an in-plane polarization below our 
measuring sensitivity). Another indicator that the polarization 
reversal in our experiments is not driven by a pressure-induced 
phase transition is the absence of pressure-induced kinks in the 
force–distance curves. Such kinks in the force–distance curves 
have been reported in other ferroelectrics with morphotropic 
phases to confirm phase transitions.[23,24] However, the pres-
sure of the tip can directly impact the polarization through the 
ferroelastic mechanism or flexoelectric effect[32] as discussed 
before. It can also manipulate the local screening charges or 
induce local shifts in electrochemical potential due to vacancies 
diffusion.

Flexoelectricity has been reported to play an important 
role in polarization reversal in thin Pb(Zr0.2Ti0.8)O3 films 
(5–20 nm)[4] and the presence of an in-built flexoelectric field[32] 
can influence tip-generated flexoelectricity through mechanical 
loading. Flexoelectric trailing fields[44] have also been reported 
to influence ferroelastic switching, which can be seen in scan-
ning direction-dependent mechanical switching. This effect can 
easily be tested as shown in Figure 4b, where we mechanically 

poled S2 with 1400 nN force at different scan angles. The con-
secutive PFM image shows no difference for different scan 
directions and thus a mechanical trailing field can be excluded.

To further investigate the mechanical switching mechanism, 
we studied the force-dependent mechanical switching behavior. 
Figure  4a,c shows PFM and CPD images of S2 with forces of 
600 nN, 800, 1000, 1200, 1400, and 1600 nN. All six force values 
induce a full polarization reversal with a similar CPD value 
change (Figure  4d). The CPD values are in accordance with 
values measured in Figure 3. The observation of nearly similar 
CPD values for applied forces larger than 600  nN (estimated 
pressure ≈0.21 GPa) suggests that a force threshold is required 
to switch the polarization, but more force does not influence 
the polarization further. Also, especially due to the YBCO 
bottom electrode, pressure-induced oxygen vacancies diffusion 
in PZT could have an influence, as YBCO is well known for 
oxygen vacancies,[45,46] and pressure-induced conductivity[47] 
changes. Poling of our sample leads to changes in local con-
ductivity, as seen in the c-AFM measurement (see Section S2.3 
in the Supporting Information), pointing to the possibility of 
changes in local oxygen vacancy content as reported in other 
materials.[48,49] In addition, the delta in our films is between 0.2 
and 0.7, as the YBCO was found to be superconducting in other 
measurements.[50] In addition to its superconducting properties 
it is also an ideal heterostructure electrode at room tempera-
ture.[51-53] Changes of oxygen content, i.e., delta after electrical 
or mechanical poling are possible, but could not be quantified 
with available methods in our case. We note that conductive 
AFM measurements of poled areas show variations of conduc-
tivity (Figure S.2.3, Supporting Information), which could be 
influenced by oxygen content variations. Therefore, favorable 
epitaxial strain conditions for a tip-induced flexoelectric effect 
together with potential oxygen vacancy contributions are the 
most likely reasons for mechanical switching in our films.

In conclusion, this study reports novel PbZr0.48Ti0.52O3/
YBa2Cu3O7−δ (PZT/YBCO) epitaxial heterostructures grown on 

Figure 4. Mechanical writing of ferroelectric domains. a) PFM phase images of mechanically written domains on S2 with different tip force (600 to 
1600 nN). b) PFM phase images of mechanical written domains under different scanning angles with an applied force of 1400 nN. c) KPFM mapping 
and d) line profile of the image (a). (Scale bar = 1 µm)
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single crystalline LaAlO3-(001)pseudo-cubic (LAO) substrate. Thick-
ness dependent electrical switching behavior in 6 nm (S1), 8 nm 
(S2), and 10  nm (S3) PZT films suggest that it is possible to 
achieve different as-grown states of polarization by merely con-
trolling the epitaxial strain and film thickness. We found that 
films exhibit a low pressure (≈0.21 GPa) mechanical switching 
of the ferroelectric polarization. The depicted switching pres-
sure is significantly lower than previously reported tip pres-
sures used for mechanical switching in BaTiO3.[1] Interestingly, 
even though the films have different directions of polarization 
in the as-grown state, the mechanical poling/switching is found 
to work analogous to an applied positive bias. Low-pressure 
switching of ferroelectrics without electrical bias presents new 
opportunities for next-generation low-energy electronics and 
domain wall electromechanical applications.

Experimental Section
To fabricate PZT/YBCO heterostructures, YBCO and PZT targets were 
prepared using the conventional solid-state reaction route.[54] Afterward, 
PZT/YBCO heterostructures were deposited on one-side-polished 
single-crystalline LaAlO3-(001)pseudo-cubic (LAO) substrates (Crystal 
GmbH-company, a  = 3.789  Å) using pulsed laser deposition (PLD). 
Firstly, 100  nm YBCO thin films were deposited as a bottom electrode 
by using a KrF excimer laser (λ  = 248  nm) with an energy density of 
1.2 J cm−2, repetition rate 3 Hz and substrate temperature 800° C. During 
the growth of YBCO, oxygen gas partial pressure was maintained at 
160 mTorr. Grown YBCO/LAO thin films were cooled down to 550° C and 
annealed for 1 h to allow domain recrystallization. Then, the substrate 
temperature was increased to 650°  C and PZT layers with thicknesses 
of 6 nm (S1), 8 nm (S2), and 10 nm (S3) were deposited at an oxygen 
partial pressure of 80  mTorr with a laser energy density and repetition 
rate of 1 J cm−2 and 5 Hz, respectively. The grown heterostructures were 
finally cooled down to room temperature at 20° C min−1. The thickness of 
the films was measured with a Stylus Profilometer. To analyze the crystal 
structure and confirm the epitaxial growth throughout all layers, HR-XRD 
was performed in a parallel beam setting. The HR-XRD measurement 
was accomplished by using monochromatic Cu-Kα radiation (λ = 1.54 Å) 
in a co-planar geometry with a horizontal sample stage.

Thereafter, nanoscale measurements were performed to determine 
the local properties of the PZT/YBCO films using a commercial 
AIST-NT Smart SPM 1000 room-temperature AFM system in a nitrogen 
environment. MikroMasch NSC35/Pt tips were used for the electrical 
poling and KPFM measurements on the electrically poled area. 
Diamond-coated (spring constant = 28 to 91  N m−1) Si cantilevers 
(model no. DCP20) were utilized for the mechanical switching and PFM 
measurements. PFM resonant mode measurements were performed 
using an AC imaging voltage of 1.0 V (peak-to-peak) with frequencies in 
the range of 600 to 1200 kHz under a mechanical load of 97 nN. KPFM 
measurements of the mechanically switched areas were performed 
using the same diamond tips with a lift height of 40 nm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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