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Internal bias in ferroelectric materials is a well-known phenomenon that offsets the ferroelectric polar-
ization hysteresis loop along the electric-field axes. Control over this degree of freedom could lead to
alternative classes of ferroelectric devices, as with control over the analogous concept of exchange bias
in ferromagnetic devices. Currently, there lacks a systematic approach to engineering internal bias by
design that allows for device-by-device control over this parameter, leading to difficulty in translating
these concepts to the large-scale integration of ferroelectric electronics. In this work, the flexoelectric
effect is used to engineer internal bias through the controlled deposition of stressed thin films onto ferro-
electrics. Large strain gradients are generated near the surface of ferroelectric Pb(Mg1/3Nb2/3)0.71Ti0.29O3

single crystals through the deposition of stressed thin film strain gauges with increasing film force (film
stress × film thickness). Using this technique, it is possible to continuously tune internal bias to control
ferroelastic strain applied by the ferroelectric versus applied electric field, thereby achieving control of
ferroelastic nonvolatility. Flexoelectric control of internal bias is verified by density functional theory
and finite element analysis using a model with no free parameters, which matches both the expected
magnitude and directionality of the flexoelectric field, and then further confirmed by piezoresponse force
microscopy. This stress-induced flexoelectric effect utilizes popular strain engineering techniques already
widely adopted by commercial complementary metal-oxide-semiconductor (CMOS) industrial fabrication
processes, therefore sharing its advantages in scalability and reliability. Utilizing these techniques may
lead to device-by-device level control of nonvolatility in ferroelectric field-effect or straintronic devices.

DOI: 10.1103/PhysRevApplied.17.024013

I. INTRODUCTION

Ferroelectric materials have numerous applications
in electronic devices, such as ferroelectric random-
access memories [1], ferroelectric field-effect transistors
(FeFETs) [2], and ferroelectric tunnel junctions [3,4],
attributed to their unique spontaneous polarizations, which
are switchable under an applied electric field. Internal bias
field [5] in ferroelectric materials is a well-known phe-
nomenon that shifts the polarization-electric field hystere-
sis loop along the electric-field axes [Figs. 1(a) and 1(b)].
Like having full control of its counterpart in ferromagnetic
materials, namely exchange bias [6,7], the ability to manip-
ulate the internal bias field would add another degree of
freedom in the engineering of ferroelectric materials and
devices, with applications in areas such as logic devices
and nonvolatile memories. There are various approaches
to inducing internal bias fields, for example, through defect
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engineering [8–10], interface engineering [11,12], the flex-
oelectric effect [10,13,14], and so on. However, as multiple
factors (composition and stoichiometry of the material,
temperature, geometry of sample and electrodes, electrical
loading characteristics, etc.) are involved, fully under-
standing and manipulating internal bias is still challenging.
Furthermore, since most of current techniques to manip-
ulate internal bias are changes made to global variables
or conducted through applied external forces, the idea of
using these various concepts to individually tune the inter-
nal bias in individual electronic devices on a single chip is
challenging. Since this is a prerequisite for the large-scale
integration of scalable ferroelectric devices with individu-
ally continuously tunable internal biases, it is an important
milestone to be able to achieve the same level of man-
ufacturability (approximately 1012 transistors per chip)
as the current complementary metal-oxide-semiconductor
(CMOS) processes.

One other commonly used application of ferroelectrics
is to apply ferroelastic strain to other materials through the
converse piezoelectric effect (straintronics). This method
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FIG. 1. (a) and (b) Ferroelectric polarization hysteresis curves with positive internal bias field and negative internal bias field,
respectively. (c) and (d) Ferroelastic strain responses correspond to (a) and (b). (e) Rhombohedral unit cell with eight possible 〈111〉
polarization variants of the PMN-PT substrate. (f) Schematic of the device configuration. (g) Schematic of a cross section of the device,
where blue arrows represent the film force. (h) A typical strain distribution in the PMN-PT substrate underneath the metal strip.

of introducing strain has its unique advantages compared
with other approaches, such as through lattice mismatch
[15] or bending a flexible substrate [16], as it provides an
electric-field controllable strain. Using ferroelastic strain,
previous works have successfully demonstrated modifica-
tion of strain-sensitive material properties, such as mag-
netization, resistivity, and ferromagnetic resonance of thin
films (FeRh [17,18], Co40Fe40B20 [19], Co [20], Fe2O3

[21], Fe60Co20B20 [22], etc), or even completely switching
between electronic phases of exfoliated two-dimensional
(2D) materials [23] on top of a ferroelectric substrate.
One main feature of ferroelastic strain is that the strain-
electric field (ε–E) response is a symmetric, butterflylike
curve without remanent strain, i.e., it is volatile. However,
for the purpose of nonvolatile memory [24], asymmet-
ric nonvolatile strain is more desirable in strain-based
information storage devices. This can be achieved by
breaking the symmetry either externally through asymmet-
ric electric-field sweeping [21,22,25] or internally through
introducing an internal bias field [26]. Because of the cor-
relation between ferroelectric polarization and ferroelastic
strain, when the polarization hysteresis loop is offset by
the internal bias along the electric-field axis, the corre-
sponding ferroelastic strain curve will also deviate from

the symmetric butterflylike curve and show asymmetric
and nonvolatile behavior, as shown in Figs. 1(c) and 1(d).
Other approaches, such as through a controlled polariza-
tion switching path (109° ferroelastic switching) in a spe-
cific orientation of the ferroelectric crystal [19] or electric-
field-induced irreversible phase transitions of ferroelectrics
[27], have also been demonstrated to introduce nonvolatil-
ity into ferroelastic strain. However, there is a lack of a
scalable method to achieve continuous engineerable con-
trol over ferroelastic nonvolatility that is compatible with
the large-scale integration of devices that has the same
degree of sophistication as modern CMOS manufacturing
techniques.

In this work, we show that by using controlled depo-
sition of stressed thin films onto ferroelectric materials,
we can control the internal bias through the flexoelec-
tric effect [28,29], and in turn achieve control over the
nonvolatile application of ferroelastic strain. Strain engi-
neering with stressed thin films has an almost 20-year
history in commercial CMOS integrated circuit manufac-
turing and has been intensively modeled and verified by
process simulation with finite element analysis (FEA) [30].
With the deposition of a stressed thin film layer, typically
silicon nitride, onto the transistor, strain can be introduced
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into the channel through stress transfer and be used to
enhance electron or hole mobility [31–33]. This type of
process-induced strain engineering is so widely used that
almost all electronics since the 90 nm technology node
in 2004 have utilized this concept to some degree [30].
By adopting a similar approach, we deposit stressed thin
films on top of ferroelectric substrates to engineer nonuni-
form strain into the ferroelectric lattice. With a compres-
sive (tensile) film stress, the substrate expands (contracts)
locally near the interface owing to the presence of the
stressor, resulting in strain gradients in the ferroelectric
lattice. Due to the flexoelectric effect, which is the cou-
pling between polarization and strain gradients, a positive
(negative) internal bias is present in the ferroelectric mate-
rial, which offsets the polarization-electric field hysteresis
loop to the left (right), as shown in Fig. 1(a) [Fig. 1(b)].
Because of the correlation between strain and polariza-
tion, the ferroelastic strain response also deviates from the
symmetric butterflylike curve and shows an asymmetric
nonvolatile behavior [Figs. 1(c) and 1(d)]. Since the strain
gradients are directly proportional to controllable quan-
tities like film stress, we also demonstrate a continuous
tuning of the flexoelectric effect, enabling fine control of
nonvolatility in ferroelastic strain. Past approaches, such as
lattice mismatch [14,34] or inducing strain gradients using
atomic force microscope (AFM) probes [35–38], have
made significant strides for controlling the nanoscale flex-
oelectric effect. The unique advantage with our approach
of implementing the flexoelectric effect is that it shares
the advantages of scalability and reliability with long-
established strain engineering techniques, which can be
directly translated into current semiconductor manufac-
turing processes at the device-by-device level. Therefore,
these techniques can be applied to ferroelectric or strain-
tronic devices individually with direct control over internal
bias magnitude and direction for each device, much like
compression and tension is controlled in strained silicon
technology to enhance hole or electron mobility depending
on whether transistors are p-channel (PMOS) or n-channel
(NMOS). These concepts, therefore, may have immediate
benefits to converse piezoelectric-effect-based straintronic
applications [17–23], and the recent renaissance of deeply
scaled FeFET devices [39,40], where device-level tun-
ing of internal bias may allow for more exciting logic or
memory functionality.

II. DEVICE CONFIGURATION

To test our concept, we use a (110)-oriented relaxor
ferroelectric Pb(Mg1/3Nb2/3)0.71Ti0.29O3 (PMN-PT) sin-
gle crystal as the substrate, which has been reported to
have both a large in-plane (IP) converse piezoelectric
strain response [25] and large flexoelectric effects [41,42].
Figure 1(e) shows its rhombohedral unit cell with the eight
possible domain variants with 〈111〉 oriented polarizations.

The four domain variants with IP polarizations show high
remanent IP strain whereas the other four domain variants
with out-of-plane (OP) polarizations show low remanent
IP strain [21,25]. On top of this ferroelectric substrate,
we micropattern strain gauges made from electron-beam
(e-beam) evaporated metal thin films with various film
stresses. The device configurations are shown in Fig. 1(f).
By poling the ferroelectric substrate with a gate voltage VG

across the PMN-PT and measuring the resistance change
of the strain gauges, we are able to quantify the average
IP converse piezoelectric strain response of the domains
underneath the gauge. Here, the resistance changes �R,
�R = R − R0, where R0 and R are the resistance of the
strain gauge at VG = 0 and under a poling voltage VG,
respectively, are converted into strain responses through
the equation ε = (�R/R0)/GF, where ε is the IP strain,
and GF is the gauge factor. In Appendix A, we explain
how the gauge factor is measured in detail. Each strain
gauge consists of four 480-µm-long metal strips with other
dimensions shown in Fig. 1(g). As there is always a certain
amount of intrinsic film stress in an e-beam evaporated
metal thin film [43], depending on whether it has ten-
sile or compressive stress, the film tends to contract or
expand to relax the stress. However, as the film is bonded
on the substrate and does not uniformly cover the whole
substrate, this results in a nonuniform strain distribution
(strain gradient) both inside the thin film and the underly-
ing substrate. Film force, Ff , (Ff = tf σ̄ , where σ̄ is the
average film stress and tf is the film thickness), is used
to quantify the applied force onto the PMN-PT substrate.
By convention, positive values are assigned to tensile
film forces and negative values to compressive forces.
Details for the measurement of film force are shown in
Appendix A. Figure 1(h) shows a typical strain distribu-
tion inside the PMN-PT substrate underneath a metal strip
with tensile film stress obtained by our FEA. Thus, by
using the metal thin film strain gauges, we are able to
introduce a nonuniform strain distribution (strain gradient)
inside the ferroelectric crystal and measure the correspond-
ing converse piezoelectric strain response at the same
time.

III. RESULTS AND DISCUSSION

A. Strain response with respect to film stress

To vary the film stress while keeping the same inter-
face between the metal thin film and PMN-PT substrate,
we fabricate strain gauges made from a 50-nm Ag thin
film and a 50-nm Cr thin film on top of a 25-nm Ag
thin film (Ag/Cr bilayer film). Here, silver, as a low melt-
ing point metal with high surface mobility, exhibits low
tensile film stress, whereas chromium, as a high melting
point metal with low surface mobility, exhibits high ten-
sile film stress [43,44]. The film force for the silver-only
film is measured to be 3.6 N m−1 and the film force for
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the Ag/Cr bilayer film is measured to be 27.8 N m−1.
Since silver is more conductive than chromium (the resis-
tance of the 25-nm Ag layer is measured to be around
200 �, whereas the resistance of the 50-nm Cr layer is
measured to be around 1600 �), current mostly flows
through the Ag layer, which makes both the silver-only
and the Ag/Cr bilayer film strain gauges have similar
gauge factors (7.7 and 7.1, respectively). Figure 2(a) shows
a typical IP strain response of the PMN-PT under the
silver-only strain gauge, which is nonvolatile and unipo-
lar with a left-hand polarity (shows high remanent strain
after applying a negative gate voltage), similar to the strain
response of Fig. 1(c). Figure 2(b) shows a typical IP strain
response of the PMN-PT under the Ag/Cr bilayer film
strain gauge, which is also nonvolatile and unipolar, but
with a right-hand polarity (shows high remanent strain
after applying a positive gate voltage), similar to the strain
response of Fig. 1(d). Results similar to those in Figs. 2(a)
and 2(b) are confirmed by 15 silver-only strain gauges
and 10 Ag/Cr bilayer strain gauges on various PMN-PT
substrates containing the same intrinsic internal bias field
(PMN-PT crystals cut from same batch). The qualitative
explanations for the opposite strain responses are given
in Figs. 2(c) and 2(d), respectively. For the silver-only
strain gauges with low film force, the nonuniform strain in
the PMN-PT underneath the metal strip is small, thus the
flexoelectric-effect-induced internal bias is trivially small.
The left-hand unipolar nonvolatile strain is caused by the
positive intrinsic internal bias of the PMN-PT substrate, as
shown in Fig. 2(c). Intrinsic internal bias has been widely
observed in ferroelectric single crystals in their as-grown
state, which can result from defect dipole alignment during

(a) (b)

(c) (d)

FIG. 2. (a) Strain response of the PMN-PT substrate under-
neath the Ag-only film with a film force of 3.6 N m−1. (b) Strain
response of the PMN-PT substrate underneath the Ag/Cr bilayer
film with a film force of 27.8 N m−1. (c) and (d) Schematic of the
intrinsic internal bias and the flexoelectric effect induced internal
bias in the PMN-PT substrate underneath the Ag-only film and
the Ag/Cr bilayer film, respectively.

the crystal growth process [5,45,46]. However, for the
Ag/Cr bilayer film strain gauges with high film force, the
nonuniform strain in the PMN-PT is large. This causes a
strong negative flexoelectric internal bias which surpasses
the positive intrinsic internal bias, thus resulting in the
unipolar nonvolatile strain response with opposite polarity,
as shown in Fig. 2(d). It is worth mentioning that the results
observed here cannot be explained by the bias field caused
by the asymmetric bottom and top electrodes as silver is the
contact material with PMN-PT for the top electrode in both
cases, and more generally, the work function difference
between the top and bottom electrode is of the order of
1 V, whereas we are applying a 150 V gate voltage across
the bulk PMN-PT single crystal. The results also cannot be
explained by the change of the charge screening efficiency
in the silver and PMN-PT interface, since the thicknesses
of the metal thin films we use are well above the typical
charge screening length for simple metals, which is of the
order of an angstrom [47].

To further investigate the transition of the strain
response from the left-hand unipolar curve to the right-
hand unipolar curve, we gradually increase the applied film
force to evaluate how the strain response changes corre-
spondingly. To do this, we deposit different thickness of
nickel on top of a 25-nm silver film (Ag/Ni bilayer film).
As the melting point of Ni is higher than silver and lower
than chromium, the average film stress σ̄ of evaporated
Ni thin films is also in between those of evaporated Ag
thin films and Cr thin films [48]. Therefore, by gradually
increasing the thickness of the evaporated Ni layer, we are
able to control the film force Ff (Ff = tf σ̄ ) of the Ag/Ni
bilayer film to increase from a film force close to that of
the Ag-only film to a film force close to that of the Ag/Cr
bilayer film, as shown in Fig. 3(a). Based on this, we fab-
ricate Ag/Ni bilayer film strain gauges made from 25-nm,
40-nm, 55-nm, and 70-nm Ni on top of 25-nm Ag, which
are measured to result in film forces of 8.1, 13.0, 18.6, and
22.5 N m−1, respectively. Again, since silver is more con-
ductive than nickel (the resistance of 25–70-nm Ni layers
is measured to be in the range 600–1600 �), current mostly
flows through the Ag layer (by a factor of 3 to 8 times). Fig-
ures 3(b)–3(e) show the corresponding IP strain responses
of the PMN-PT measured from these strain gauges. As
the film force increases from left to right, a gradual trans-
formation from the left-hand unipolar nonvolatile curve
[Fig. 3(b)] to the right-hand unipolar nonvolatile curve
[Fig. 3(e)] can be seen, with a bipolar volatile curve in
between [Fig. 3(c)]; this indicates that the positive intrin-
sic internal bias of the PMN-PT substrate is gradually
overcome by the negative internal bias induced from the
flexoelectric effect. The strain responses we measure from
the three kinds of strain gauges (Ag-only, Ag/Cr bilayer,
Ag/Ni bilayer) in Figs. 2 and 3 are comparable because the
Ag is always the layer in contact (same interface between
the strain gauges and the PMN-PT substrate), and the
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(a)
(b) (c) (d) (e)

FIG. 3. (a) Film force of the Ag/Ni bilayer film as a function of the film thickness. Inset shows schematic of the Ag/Ni bilayer film
on top of the deformed lattice of the substrate. Blue arrows represent the film force. (b)–(e) Strain response of the PMN-PT substrate
underneath the Ag/Ni bilayer film with a film force of 8.1, 13.0, 18.6, and 22.5 N m−1, respectively.

current always mostly flows through the Ag layer. The sim-
ilar shape of the strain responses from Figs. 2(b) and 3(e)
also verifies that this effect is not because of the composi-
tion of the strain gauges, but mainly due to the film force
of the strain gauges. Within these sets of experiments,
it is demonstrated that we have continuous engineerable
control over ferroelastic nonvolatility in our devices.

B. Modeling of the flexoelectric effect

To quantify the flexoelectric effect, we perform FEA of
the strain distribution in the PMN-PT induced by the Ag/Cr
bilayer film stressor consisting of 50-nm Cr on top of 25-
nm Ag. The FEA methods used here have a long-standing
history in process simulation for strained commercial
silicon-based transistors and have been used exclusively to
model strain in Si since the inception of strain engineering
as a concept. We seek to use these same methods to under-
stand strain gradients in our ferroelectrics, while recon-
firming with local experimental probes (Sec. C). Here,
the Ag/PMN-PT interface is described by a surface-based
cohesive law with linear traction-separation behavior in
the FEA model and characterized by a constant interfacial
shear modulus Gint. This is necessary to model imperfect
bonding at the Ag and PMN-PT interface and represents
the interface as a more compliant layer in between the two
constituent materials, typical for systems of thin film met-
als on oxides. The value of Gint is determined to be 3.6 GPa
through density functional theory (DFT) calculation and
compared with other previously reported interfacial shear
modulus values of various metal-dielectric interfaces in
Appendix B (Table I). Owing to the high length-to-width
ratio of the strips, the strain components corresponding to
the length direction would be nearly uniform at any loca-
tion along the strips. Consequently, those strain gradients
and their contribution to flexoelectric polarization would
be orders of magnitude smaller. Hence, the plane-strain
assumption is used in FEA to model the strain distribu-
tion in the

⇀
x 2

⇀
x3 plane [same coordinates as in Figs. 1(e)

and 1(f)]. The details of the FEA and DFT simulation can
be found in Appendix C.

Figures 4(a)–4(c) show the simulated strain distribu-
tions inside the PMN-PT underneath the Ag/Cr bilayer
film, where ε22 and ε33 describe the normal strain in the
IP (

⇀
x 2) and the OP (

⇀
x 3) directions, respectively, and ε23

describes the shear strain in the
⇀
x 2

⇀
x 3 plane. As shown

in Figs. 4(a) and 4(b), there are large strain gradients
formed inside the PMN-PT underneath the stressor lay-
ers near the surface region (approximately 1 µm in depth).
It is important to note that the normal strains ε22 and ε33

shown in Figs. 4(a) and 4(b) are axially symmetric, while
the shear strain ε23 shown in Fig. 4(c) is antisymmetric
across the strip. Based on the simulated strain distribution
results in Figs. 4(a)–4(c), we calculate the corresponding
flexoelectric field near the surface of the PMN-PT (1 µm
in depth) with the details of the calculation described in
Appendix C. As shown in Fig. 4(d), the average magnitude
of the flexoelectric field close to the surface of the PMN-
PT underneath the strip is around 2.6 kV cm−1, which
is 1 kV cm−1 higher than the coercive field of PMN-PT
(approximately 1.6 kV cm−1) [25]. The direction of the
flexoelectric field in the OP direction is pointing down-
ward, thus causing a strong negative internal bias in the
PMN-PT. This matches with the prediction in Fig. 2(d).
Moreover, the FEA results also reveal the unique asym-
metry resulting from the effect of the antisymmetric shear
strain ε23 on the flexoelectric field in the IP direction (

⇀
x 2).

Under the strip,
⇀

Eflexo is pointing to the right ([001]) for

the left portion whereas
⇀

Eflexo is pointing to the left ([001̄])
for the right portion, with the former region slightly wider
than the latter, as marked by the black dashed line. This
asymmetry could only arise due to the shear component
of the flexoelectric effect, and is experimentally probed
for as further evidence for flexoelectric induced internal
bias modification in the following section (Sec. C). Addi-
tionally, as we traverse from left to right in the entire
modeled region of the ferroelectric substrate, we see that
the IP domain configuration due to the flexoelectric field
should have a “left-right-left-right” configuration, which
is also probed for experimentally as verification of our
simulation.
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(a)

(b)

(c)

(d)

FIG. 4. (a)–(c) FEA simulations of the normal strain ε22 and ε33, and shear strain ε23 distributions inside the PMN-PT underneath
the Ag/Cr bilayer film. (d) Calculated flexoelectric field (Eflexo) distribution inside the PMN-PT based on the simulation results of (a),
(b) and (c). Here, the direction and the color of each arrow represent the direction and the magnitude of Eflexo, respectively. The red
dashed lines show the locations of the edges of the Ag/Cr bilayer film. The black dashed line shows where the IP component of Eflexo

reverses direction.

C. Verification of modeling results by piezoresponse

force microscopy (PFM)

PFM is a well-known method used to map surface
domains in ferroelectrics, and can sense surface domains
up to approximately 1 µm in depth [49]. This depth
resolution matches with the length scale of the flexo-
electric field predicted in Fig. 4. Furthermore, according
to the modeling results (Sec. B), the flexoelectric field
results in a unique surface domain configuration in the
PMN-PT along the IP direction. Therefore, we use PFM
to systematically investigate the surface domain patterns
of the PMN-PT substrate after the electrical measure-
ments of the strain gauges to serve as further verification
of the FEA model. We choose the Ag/Cr bilayer film
strain gauges as they show the strongest right-hand non-
volatile unipolar strain response resulting from the flexo-
electric effect. Figure 5(a) shows a typical Ag/Cr bilayer
film strain gauge and the corresponding strain response.
The poling sequence of the last electric-field sweeping
is 0 →+6 → 0 →−6 → 0 kV cm−1 between the bottom
electrode and the strain gauge. With the right-hand polar-
ity of the strain response, the part of the PMN-PT substrate
underneath the metal strip is therefore left at the low rema-
nent strain state, which corresponds to the domain states
with downward OP polarizations. The strain gauges are
then removed by a relief polishing process with details
described in Appendix A. Because domains with down-
ward polarizations have a lower abrasion rate than ones
with upward polarizations [50], the surface domain struc-
tures are revealed after the relief polishing. Multiple works
have already demonstrated that through relief polishing,
the topographic image will show the ferroelectric domain
structure without changing the domain orientation itself
[50–54]. As shown in Fig. 5(b), the region that had been
underneath the strain gauge with downward polarizations

appears to be smooth and higher than the surrounding
regions, whereas the region far away from the former
appears to be uneven with a mottled pattern [50] because
of the annealing process before device fabrication, which
sets the polarizations pointing randomly along the eight
possible 〈111〉 directions. This also shows that the built-in
intrinsic internal bias field is not large enough to reorient
the polarizations in the PMN-PT by itself.

PFM measurements are then conducted over an area
that covers both the region that had been underneath the
metal strip and the regions next to it less than an hour
after the removal of the stressor layers. It has already
been demonstrated by multiple works that the domain pat-
terns set by the flexoelectric effect are relatively stable and
show no relaxation for over 12 h to several days after the
removal of the applied force that induced the flexoelec-
tric field [35,38,55]. To uniquely identify the polarization
direction for each domain, we perform one vertical (V)
PFM [Fig. 5(c)] and two lateral (L) PFM measurements
with the AFM probe along [001] [Fig. 5(d)] and [1̄10]
[Fig. 5(e)], respectively, where the VPFM can image the
OP polarization component and the LPFM can image the
IP component perpendicular to the AFM probe. Figure 5(c)
shows the VPFM phase image. Here, the measurement is
sensitive to polarizations with an OP component, which are
represented by the four polarization vectors in Fig. 5(f).
Thus, the dark region indicates downward polarizations
with two possible variants [marked as the blue and purple
vectors at the bottom of Fig. 5(c) and in 5(f)] whereas the
bright region indicates upward polarizations with the other
two possible variants [marked as green and yellow vectors
at the bottom of Figs. 5(c) and 5(f)]. Figure 5(d) shows
the LPFM phase image with the AFM probe along [001].
Here, the measurement is sensitive to polarizations that
have an IP component perpendicular to [001], which are
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(a) (b)

(c) (d) (e)

(f) (g) (h)

FIG. 5. (a) An optical microscope image of a typical Ag/Cr bilayer film strain gauge and the corresponding strain response. Red
circle marks the strain state the device is left in after the electric-field cycling. (b) An enlarged version of (a) after the relief polishing
process under the optical microscope with differential interference contrast. Dashed square marks the region where the PFM is con-
ducted. (c)–(e) VPFM, LPFM (AFM probe along [001]), and LPFM (AFM probe along [1̄10]) phase images. The two red dashed lines
show the region that had been covered by the metal strip. Colorful arrows at the bottom indicate possible polarization vectors that can
result in the corresponding phase result. (f)–(h) Schematics of the polarization vectors that the measurements in (c)–(e) are sensitive to
with the corresponding probe orientation and vibration mode (marked by the black double-headed arrow) for each PFM measurement,
respectively.
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represented by the four polarization vectors in Fig. 5(g).
However, no contrast is seen in Fig. 5(d), which indi-
cates that there are no IP polarizations in the scanned
area. Figure 5(e) shows the LPFM phase image with the
AFM probe along [1̄10]. This time, the measurement is
sensitive to polarizations which have an IP component
perpendicular to [1̄10]. Although all eight polarization
directions along 〈111〉 have IP components perpendicular
to [1̄10], using the result from Fig. 5(d), we can elimi-
nate four variants. Only the vectors shown in Fig. 5(h)
may cause contrast in Fig. 5(e). Therefore, by combin-
ing all three PFM results, the polarization direction for
each domain can be uniquely identified, as marked at the
bottom of Fig. 5(e). Here, the OP directions of the mea-
sured domains are the combined results determined from
the applied external electric field, intrinsic internal bias
field, and the flexoelectric field, whereas the IP directions
of the domains are solely determined from the flexoelectric
field, which perfectly matches the left-right-left-right con-
figuration modeled for the flexoelectric field [Fig. 4(d)].
Moreover, the asymmetry of the polarization in the IP
direction of the PMN-PT underneath the strip predicted in
Fig. 4(d) is also observed in the PFM result in Fig. 5(e),
where the brighter region between the two red dashed lines
is slightly wider than the darker region between the two red
dashed lines. This effect is reproduced in multiple regions
of the strain gauge presented in Fig. 5, as well as other
separate strain gauges with other film force magnitudes.
This asymmetry exactly matching our FEA simulations,
which has no free parameters in its model, provides further
direct confirmation that the effects we observe in the con-
trol of nonvolatile strain arise from flexoelectric-induced
internal bias modifications to the surface of the PMN-PT.
It is worth mentioning at this point that all the methods we
introduce here are surface sensitive effects, since the flex-
oelectric effects are limited to the surface (approximately
1 µm in depth) of the PMN-PT substrate. The gauges only
measure strain applied by the domains directly underneath
itself at the surface, while PFM only probes surface polar-
izations (approximately 1 µm in depth) of the PMN-PT
single crystal. Direct polarization versus electric-field mea-
surements would likely not elicit the same effect since our
PMN-PT substrates are 0.25 mm in thickness, whereas it
is likely that in thin film ferroelectrics there could be a
directly measurable effect, which can be done by using
the recently reported ferroelectric membranes that are free
from substrate clamping [56–58].

IV. CONCLUSION

We introduce another approach to induce the flexoelec-
tric effect in ferroelectric materials, by which controllable
internal bias and polarity reversibility of nonvolatile fer-
roelastic strain can be achieved. This method differs from
flexoelectric control reported in the past because it uses

techniques that have device-by-device continuous control
of strain that have long been used in commercial fabri-
cation processes in densely integrated and aggressively
scaled transistor technology. Flexoelectricity is verified
through process simulation with FEA using a model with
no free parameters, which exactly matches the expected
magnitude of the flexoelectric field, directionality of flex-
oelectric polarization, and shear flexoelectric asymme-
try. This provides a path to realize nonvolatile control
of strain sensitive materials properties (resistivity, band
gap, magnetization, ferromagnetic resonance, supercon-
ductivity, etc.) in deposited thin films and 2D materials
in ferroelastic-strain-based (straintronic) devices [17–23].
In fact, in many previously reported works on magnetic
thin films on PMN-PT, there is always a small degree of
straintronic nonvolatility associated with asymmetry with
respect to electric-field sweeping that may be due to unac-
counted for strain-induced flexoelectric effects. With our
acquired knowledge and the ability to engineer the polar-
ity of strain nonvolatility, both PMOS-like and NMOS-
like nonvolatile straintronic devices may potentially be
explored using the same base material as a channel,
which is difficult to obtain using ferroelectric field effect
alone [40]. The ability to control internal bias also ben-
efits ferroelectric field-effect-based electronic devices by
adding another degree of freedom in those applications,
especially in engineering ultrathin scalable ferroelectrics
such as Hf0.8Zr0.2O2 with CMOS compatibility [39,40].
By adapting a long-established technique from the semi-
conductor industry, i.e., stressed capping layer-based strain
engineering [31–33], the thin film stress-induced flexo-
electric effect we demonstrate here may lead to a scal-
able method to control nonvolatile FeFETs or straintronic
devices.
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APPENDIX A: EXPERIMENTAL DETAILS

PMN-PT substrate preparation

(110)-oriented PMN-PT single crystals (0.25 mm in
thickness) with e-beam-deposited Cu(100 nm) top elec-
trode and sputtered Au(100 nm)/Ti(5 nm) bottom electrode
are prepoled under an electric field of 6 kV cm−1 across the
top and bottom surface. After prepoling, the top surface is
first polished using diamond lapping film with 1-µm grit
for 2 min to remove the top Cu electrode and then pol-
ished by poromeric polishing pads with a colloidal silica
suspension of approximately 60-nm abrasive particles for
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15 min to get the average roughness Ra ∼ 0.5 nm. After
polishing, the PMN-PT substrates are annealed at 125 °C
for 30 min to set the polarizations in the crystal pointing
randomly. We find this step critical to ensure consistent
strain responses from PMN-PT under each film force and
to preserve the domain configurations against ferroelastic
relaxation, which could reorient the polarizations [59,60]
underneath the strain gauges after the relief polishing. The
Ra after the annealing is below 0.8 nm.

Device fabrication

After the preparation of the PMN-PT substrate, metal
thin film strain gauges are patterned using a lift-off process
onto the top surface along the [1̄10] direction by direct-
write laser photolithography using a Microtech LW405
laserwriter system and S1805 photoresist. All metals are
deposited using e-beam evaporation under a chamber pres-
sure between 1 × 10−5 and 3 × 10−5 torr at a rate of 1 Å
s−1. For strain gauges consisting of different metal films,
the vacuum condition is maintained throughout the whole
deposition process.

Device characterization

Resistance of the strain gauges is measured at room tem-
perature using low frequency ac lock-in techniques (3 Hz)
with the ac voltage signal provided by a separated phase-
locked function generator. The poling electric fields are
applied through gate voltages between the bottom elec-
trode and the strain gauge using a dc power supply and
are typically applied for 6 s before each resistance mea-
surement. For all strain gauges, the poling electric fields
are cycled between −6 and +6 kV cm−1 with a step of
0.2 kV cm−1 six times to confirm the repeatability of the
results.

Film force characterization

Metal thin films are deposited onto cleaned coverslips
using the same evaporation conditions as the fabrication
of the strain gauges. The radius of curvature of the cover-
slips before (r0) and after (r) the deposition are measured
using contact profilometry. The average film stress, σ̄ , is
quantified using the Stoney equation [61,62],

σ̄ =
−Est

2
s

6(1 − vs)tf

(

1
r

−
1
r0

)

,

where Es, vs, and ts are the Young’s modulus, Poisson’s
ratio, and the thickness of the coverslip, respectively, and
tf is the thickness of the thin film. The applied film
force, Ff , i.e., force per unit width, can then be calculated
through Ff = tf σ̄ .

Strain gauge calibration

The same strain gauges fabricated on the PMN-PT sub-
strates are deposited on flexible Kapton substrates. By
applying various amounts of strain through bending the
Kapton substrate and measuring the corresponding resis-
tance changes of the strain gauge, the gauge factor is
calibrated through the equation GF = (�R/R)/ε, where ε

is the applied strain, R is resistance of the strain gauge,
and GF is the gauge factor. Here, the value of strain
ε is deduced from ε = tk/2rk, where tk = 127 µm is the
thickness of the Kapton substrate and rk is the radius of
curvature of the bent substrate [16]. The gauge factors for
the Ag-only, Ag/Cr bilayer, and Ag/Ni bilayer strain gauge
are measured to be 7.7, 7.1, and 5.1, respectively.

Relief polishing

The domains underneath the Ag/Cr bilayer strain
gauges are left at the low remanent strain state after the
electric-field cycling. The relief polishing process is then
conducted as follows. The top surface of the PMN-PT
substrate is first polished on a poromeric polishing pad
with colloidal silica suspension of approximately 60-nm
abrasive particles for 30 s to remove the strain gauges.
This is found to be long enough to remove the metal
thin film strain gauges while short enough to preserve the
domains nanometers below the sample surface, as the abra-
sion rates of materials with colloidal silica are typically
around 40–120 nm min−1 [63]. After that, the surface is
polished on another clean poromeric polishing pad with
water rinsing turned on for 2 min to clean off the residue
polishing media on the PMN-PT surface.

Piezoresponse force microscopy

PFM is performed on an AFM (Solver Next from NT-
MDT) using conductive AFM probes (PPP-NCHPt from
NANOSENSORS) with a typical voltage of Vac= 1 V and
frequency of 125 kHz between the tip and the bottom elec-
trode of the PMN-PT under ambient conditions at room
temperature. To uniquely identify the polarization direc-
tion for each domain, VPFM and LPFM are first conducted
when the AFM probe is along [001]. After that, the sam-
ple is rotated by 90° so that the AFM probe is along [1̄10].
LPFM is then conducted again on the same region. In this
way, the components along all three possible Cartesian
directions for each polarization are measured.

APPENDIX B: COMPARISON OF INTERFACIAL

SHEAR MODULUS OF VARIOUS INTERFACES

Comparison of the interfacial shear modulus Gint of sim-
ilar systems from previously reported studies is listed in
Table I. It can be observed that the average interfacial shear
modulus varies from as low as about 2 GPa to higher val-
ues of about 70 GPa. This value depends on the crystal
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TABLE I. Comparison of the interfacial shear modulus of
similar metal-dielectric interfaces from the literature.

System
Interfacial shear
modulus (GPa)

Ag/PMN-PT (this work) 3.6
Cu/TiN [64] 2.68a

Ti/TiN [65] 3.08a

Ni/Al2O3 [66] 5.13a

Ag/MgO [67] 9.35
Al/TiN [64] 12.1a

Ni/ZrO2 [68] 31.3
Al/Al2O3 [69] 59.6
Al/SiC [70] 70.2

aCalculated based on the reported values of ideal shear strength
and lattice geometry of the system.

structure of the two materials and coherency of the stacked
layers. Our system, which has two materials with different
crystal structures, experiences some stacking incoherency
at the interface. Thus, we obtain a slightly lower value
of interfacial shear modulus at the Ag/PMN-PT interface.
The deduced Gint value from the DFT calculation falls
within the range of the interfacial shear modulus values
for similar reported systems and hence we use it further for
modeling flexoelectric field distribution results in FEA.

APPENDIX C: MODELING DETAILS

DFT simulation of the interfacial shear modulus

We perform DFT simulations to calculate the interfa-
cial shear modulus at the interface of Ag and PMN-PT.
All the calculations are performed using the ATOMISTIX

TOOLKIT (QuantumATK) commercial package. The self-
consistent calculations are carried out using the Perdew-
Burke-Ernzerhof exchange-correlation functional within
the generalized gradient approximation [71,72]. The pro-
jector augmented wave method [73] is applied with a
plane wave cutoff of 400 eV for parametrization of the
exchange-correlation functional. An energy convergence
criterion of 10−5 eV is considered for each self-consistent
cycle. For simplicity, the PMN-PT crystal has been mod-
eled as having the Pb(Mg1/3Nb2/3)O3 (PMN) structure.
Similar to the reports of Suewattana and Singh [74] and
Kiguchi et al. [75], the modeled system consists of a 15-
atom cell with 1 × 1 × 3 superlattice having 1:2 ordering
of Mg and Nb. Bulk Ag, which has a face-centered-cubic
structure, is stacked on top of the PMN-PT crystal sur-
face. To build the Ag/PMN interface, we stack the PMN
and Ag layers in a similar way to that demonstrated by
Oleinik et al. [76]. The entire system is relaxed using the
conjugate gradient algorithm until the total atomic forces
are smaller than cutoff threshold of 0.01 eV Å−1. To inte-
grate the Brillouin zone, a 10 × 10 × 1 k-point mesh is

used using the Monkhorst-Pack scheme [77]. As in pre-
vious works [64,66,67], to obtain the interfacial shear
modulus (Gint) at the Ag/PMN interface, the Ag layers
are displaced over the PMN surface and Gint is derived
from the interlayer binding energy (Eb). Eb is obtained as
Eb = EAg/PMN − EAg − EPMN, where EAg/PMN is the energy
of the optimized combined system, and EAg and EPMN are
the energies of the individual optimized Ag and PMN lay-
ers. Taking the first order derivative of Eb, we obtain the
shear force (Fs) experienced in the sliding direction, and
the shear stress, tt, can be obtained as tt = Fs/A, where A

is the area of the Ag/PMN interface. Finally, the interfacial
shear modulus is calculated as Gint = tt/εt, where εt is the
shear strain applied on displacing the Ag layers. In addi-
tion, since the Ag layers we deposit are polycrystalline,
we consider different orientations of Ag layers by rotat-
ing them over the PMN surface and calculating the shear
modulus in different directions. We then obtain the aver-
age interfacial shear modulus (3.6 GPa) by incorporating
all considered orientations.

FEA simulation of the strain distribution

To model the strain gradient and the resultant flexoelec-
tric field distributions in the PMN-PT under the application
of stress from the metal thin films, FEA is conducted using
ABAQUS, a commercially available program. The metal
films and PMN-PT substrates are modeled in a plane strain
condition (as the length of the metal strip is approximately
50 times larger than the width in our fabricated devices)
with eight-node quadratic plane strain (CPE8) elements.
All the materials are taken to be isotropic and linearly elas-
tic with Young’s modulus of 279, 83, and 20 GPa [78,79]
and Poisson’s ratio of 0.21, 0.37, and 0.3 for Cr, Ag, and
PMN-PT, respectively. The width of both metal films is
set to 10 µm with their thicknesses taken to be 50 nm and
25 nm, respectively, for the Cr and Ag layer. The PMN-PT
substrate is 30 µm wide with a thickness of 10 µm. A fine
mesh size of 20 nm is created in the substrate, which results
in a total of 750 000 elements to provide a fine resolution
for calculations of strain gradients. In addition, dimensions
and mesh size are selected such that the strain field under-
neath the metal-substrate interface reaches convergence
and is unaffected by the geometry of the edges.

The behavior of the Ag/PMN-PT interface is described
by a cohesive zone model (CZM) with a linear traction-
separation law already implemented in ABAQUS. In this
way, the interface can be made relatively compliant
(lower stiffness) than the two constituting elastic bod-
ies as observed from the DFT simulations. The traction-
separation law can be surface based in ABAQUS where the
stiffness is defined as an interaction property, or element
based where it is defined as a material property, although
the constitutive relations are almost the same for both
descriptions. The constitutive relationship for 2D cohesive
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elements can be written as follows [80]:

T =

(

tn
tt

)

=

[

knn knt

knt ktt

] (

εn

εt

)

= Kε (C1)

where tn and tt are the traction stress components in the
normal and shear direction, respectively, K is the nomi-
nal cohesive stiffness matrix of the interface, and εn and
εt are the corresponding nominal strain components. For
the uncoupled linear traction-separation behavior (εt does
not give rise to stress in the normal direction and vice
versa), the off-diagonal terms can be set to zero and the
constitutive response then becomes

T =

(

tn
tt

)

=

[

knn 0
0 ktt

](

εn

εt

)

= Kε. (C2)

We set the stiffness matrix element ktt in Eq. (C2) equal to
Gint from our DFT calculation. Now, the nominal strains
in Eq. (C2) are defined as follows: εn = δn/To, εt =
δt/To, where δn is the normal separation (debonding) and
δt is the shear separation (slippage) across the interface,
To is the constitutive thickness of the cohesive element.
If the value of To is taken to be 1.0, then the nominal
strains in Eq. (C2) become equal to the corresponding sep-
arations. As a result, the constitutive relationship can be
equivalently written as

T =

(

tn
tt

)

=

[

knn 0
0 ktt

](

δn

δt

)

= Kδ, (C3)

which is the traction-separation constitutive law for a
surface-based cohesive model in ABAQUS. In this work,
we use the surface-based linear elastic CZM along
with the assumption that no damage occurs at the
interface.

As the applied tensile film stress is expected to transfer
from the metal to substrate by interfacial shear stress, and
no normal debonding is observed, only the shear traction-
separation law is assumed in the cohesive model, i.e.,
knn = 0 in Eq. (C3). In the surface-based cohesive model,
interface slippage δt is defined as the contact separation,
which is the relative displacement between the nodes on
one surface (PMN-PT) and their corresponding projec-
tion points on the other contacting surface (Ag) along
the contact (interface) shear direction. Concepts of strain
and displacement are reinterpreted as contact separations
as mentioned earlier. The cohesive model represents the
interface by an equivalent spring connecting the two elas-
tic bodies (metal film and PMN-PT). A similar cohesive
law has been used previously for describing many different
types of interfaces [81–84].

We set the magnitude of the shear stiffness parameter in
the FEA model to be the same as the average Gint obtained
from our DFT simulations. Furthermore, the choice of

this model parameter best reproduces experimental obser-
vations. A comparison with the results from stiffer (no
slippage) as well as more compliant (smaller Gint, strong
slippage) interfaces that may be possible from different rel-
ative orientations of two crystals are also presented as an
additional validation in Appendix D (Fig. 6). Biaxial ten-
sile stresses of 966 and 60 MPa (taken from experimental
measurements) are applied on the Cr and Ag films, respec-
tively, with a fixed boundary condition imposed at the
bottom of the PMN-PT along the thickness direction while
keeping its edges free. Both normal and shear strain com-
ponents at every elemental node are used from the FEA
models to numerically calculate the corresponding strain
gradients.

Calculation of flexoelectric field

Flexoelectric polarization is given by Pl = µijkl
∂εkl
∂xj

[28,29], where µijkl is the flexoelectric tensor, εkl is the
strain, and xj is the spatial coordinate. For PMN-PT with
rhombohedral symmetry, µijkl has 18 independent compo-
nents [85]. However, full flexoelectric tensor components
for PMN-PT have never been calculated theoretically and
extracting all coefficients from experiment is challenging.
In fact, only the effective transverse flexoelectric coeffi-
cient µeff

13 for (100)-oriented PMN-PT has been measured
experimentally, with a value in the range 10–70 µC cm−1

at room temperature [41,42]. To make an estimation
of each tensor component, we assume cubic sym-
metry of PMN-PT and take µ1111= µ2222= µ3333= µ11=
1 µC cm−1, µ1122= µ1133= µ2211= µ2233= µ3311= µ3322 =
µ12 = 16 µC cm−1, and µ1221 = µ1331= µ2112= µ2332 = µ3112

= µ3223 = µ44= 1 µC cm−1 for (100)-oriented PMN-PT.
Based on the equation, µeff

13 = [−c12/(c11 + c12)]µ11 +
[c11/(c11 + c12)]µ12 [86,87], where c11 and c12 are the
elastic stiffness tensor components of PMN-PT [78], the
estimated tensor values yield an effective transverse flex-
oelectric coefficient of around 10 µC cm−1, which is
within the range of the experimental value. For (110)-
oriented PMN-PT, as the coordinates are rotated from
where x̂1, x̂2, and x̂3 are along [001], [010], and [100],
respectively, to along [1̄10], [001], and [110], respec-
tively, the flexoelectric coefficients therefore transform
to µ′

33 = (µ11 + µ12 + 2µ44)/2 = 9.5 µC cm−1, µ′
22 =

µ11 = 1 µC cm−1, µ′
23 = µ′

32 = µ12 = 16 µC cm−1,
µ′

44 = µ44 = 1 µC cm−1 [86]. Under the assumption of
plane strain, only strains ε22, ε33, and ε23 are consid-
ered. Flexoelectric polarization, �P (0, P2, P3), can, there-
fore, be calculated by P2 = µ′

22
∂ε22
∂x2

+ µ′
23

∂ε33
∂x2

+ µ′
44

∂ε23
∂x3

,

P3 = µ′
33

∂ε33
∂x3

+ µ′
32

∂ε22
∂x3

+ µ′
44

∂ε23
∂x2

[88], where the strain
gradients are obtained from the FEA model. Flexoelectric
field, �Eflexo, is derived from the flexoelectric polariza-
tion by �Eflexo = �P/ε0εr, where ε0 is the permittivity of a
vacuum and εr = 1800 for PMN-PT [78].
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(a)

(b)

(c)

FIG. 6. (a)–(c) Calculated
flexoelectric field (Eflexo) dis-
tribution inside the PMN-PT
underneath the Ag/Cr bilayer
film based on the assumption of
Gint= 0.5 GPa, 3.6 GPa, and no
slippage, respectively. Here, the
direction and the color of each
arrow represent the direction
and the magnitude of Eflexo,
respectively. The red dashed
lines show where the edges
of the Ag/Cr bilayer film are
located.

APPENDIX D: COMPARISON OF THE

SIMULATED FLEXOELECTRIC FIELD BASED

ON DIFFERENT VALUES OF Gint

Simulated flexoelectric fields inside the PMN-PT under-
neath the Ag/Cr bilayer film based on different values of
Gint are shown in Fig. 6, where Gint increases from a strong
slippage condition (Gint = 0.5 GPa) to the no slippage con-
dition. As shown in Fig. 6, when the value of Gint is at
3.6 GPa, the magnitude of Eflexo near the surface of the
PMN-PT underneath the strip is above 2 kV cm−1, whereas
in both the strong slippage and the no slippage conditions,
the magnitude of Eflexo near the surface of the PMN-PT
underneath the strip decreases to below half of the coercive
field of PMN-PT (<0.8 kV cm−1).
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