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Abstract The flexoelectric effect which is defined as the coupling between strain gradient and polarization has
long been neglected because it is insignificant in bulk ferroelectrics. However, at nanoscale, the strain gradient
can be dramatically increased leading to giant flexoelectric effects. In the present study, the flexoelectric effects
in epitaxial nano thin films of a 180° multi-domain structure, which are subjected to a compressive in-plane
misfit strain, are investigated by the phase field method. Unlike the case of a single domain structure where
the strain gradient is mainly attributed to the formation of dislocation which relaxes the misfit strain, in a
multi-domain structure, it is attributed to many factors, such as surface and interface effects, misfit relaxation
and domain wall structure. The results obtained show that relatively large flexoelectricity-induced electric
fields are produced near the domain wall region. The induced field will not only influence the domain structure
of the thin film, but also the hysteresis loops when it is under an applied electric field.

1 Introduction

The flexoelectric effect that couples the polarization and strain gradient has been predicted [1] and then
theoretically described [2] more than fifty years ago. However, this effect has been overlooked for nearly
four decades due to its small magnitude for which the flexoelectric coefficients were theoretically estimated
to be in the order of e/a, where e and a are the electronic charge and the lattice parameter, respectively.
Nevertheless, the extensive experimental [3—7] and theoretical [8—14] works carried out in the past decade,
on materials at nanoscale, showed that the strain gradient could be five or six orders of magnitude larger than
that in bulk materials. Therefore, the flexoelectric effect can be quite significant or even dominant in nano thin
films. Enhancement of piezoelectricity by 500 % was predicted in a BaTiO3 nanobeam when the thickness of
the beam was at several nanometers scale [15], and a giant imprint effect was observed in HoMnOj3 epitaxial
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thin films [16]. The flexoelectric effect not only enlarges the range of piezoelectric materials [10,11,17], but
also offers a totally new route for switching polarization in ferroelectrics [18,19]. In most previous works
[8,20], one-dimensional assumption was always adopted to focus on the flexoelectric effects coupling with
vertical strain gradient arising from the formation of dislocation by which the misfit strains were relieved.
This simple assumption is helpful in achieving a preliminary understanding on the influence of flexoelectric
effects. However, when both elastic energy and electrostatic energy are taken into consideration, the formation
of a multi-domain structure is likely to be more energy preferable in epitaxial thin films that renders the
one-dimensional assumption invalid. A recent experimental work [21] demonstrated that a horizontal strain
gradient instead of vertical strain gradient can also cause a giant flexoelectric effect in dislocation-free epitaxial
thin films. In order to achieve a better understanding of the influence of the flexoelectric effect in epitaxial thin
films, an attempt is made in the present study to perform a rough estimation of the said effect by considering
not only the strain gradient arising from the misfit strain relaxation, but also that due to domain formation.

2 Phase field modeling

A phase field model is developed to investigate the flexoelectric effects in epitaxial thin films. Conventionally,
the total free energy of the system can be expressed as:

FO= ///(fbulk + fgrad + felec + felas)dxldedx3 + // fsdxpdxz, Sy

where foulk, ferad felecs felas and fs are the bulk free energy density, domain wall energy density, electric
energy density, elastic energy density and surface energy density, respectively.

The bulk free energy density can be described by the conventional Landau-type extension, which can be
expressed as:

fouk = a1 (P{+ P35+ P§) +ann (P} + P+ P§) +an (PLP3 + P3P§ + P{P)
+ann (P + P§+ P9) +ania [PE(PF + P3) + PY (P + P§) + P{ (P} + P3)]
+ai23P{ P3 P3, ()

where a1, o1, @12, @111, ®112, @123 are the phenomenological Landau expansion coefficients.
The domain wall energy density is given by:

1
ferad = 81 (PP + Piy+ P33) + 812 (PLiPro+ PaaP33+ P33Pry)

1
+ 5844 [(PI,Z + PZ,I)Z + (P23 + 1”3,2)2 + (P13 + P3,1)2]

1 2 2 2
+ 58&4 [(Pl,z — Py1)" + (P23 — P32)" + (P13 — Ps1) ] 3)
where g11, g44 and g/, are the gradient coefficients, and the commas in the subscripts denote spatial differen-
tiation.

The electric energy can be presented as [22]:

1 d?
// felecdxldxzdx3=Z/// (277:2)3 P(E) - k|2 _ /// EfXPidxldxdeL @)
[§1#0

where P (§) = f (§;§3P(X) e~ '8X js the Fourier transformation of the polarization field P(r), k =

(k1, k2, k3) = (&1, &2, £3)/|E] is the unit vector in the reciprocal Fourier space, and ¢ = ;&g is the dielectric
constant of ferroelectric material with g9 = 8.85 x 102 Fm~! the dielectric constant in the vacuum, and &r
the relative dielectric constant.

The elastic energy density can be expressed as:

1 1
Jetas = S cijucijers = 50 (Sij - 8,*,) Q)
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Fig.1 a Schematic of a film—substrate simulation system, where / ¢ denotes the thickness of the ferroelectric film; b the equivalent
elastically homogeneous system with ¢;jx; and the properly distributed stress-free strain 87}

where c;ju, 0ij, €ij, €j and 8;"]- are the elastic stiffness, elastic stress, elastic strain, total strain and stress-free
strain, respectively. As shown in Fig. 1, calculating the elastic strain in the original heterogeneous film—substrate
system (Fig. 1a) can be replaced by calculating the elastic strain in the equivalent elastically homogeneous
system with constant c;jx; and the properly distributed stress-free strain (Fig. 1b) by using a phase field
microelasticity model [23,24]. The stress-free strain is zero in the substrate, is equal to the electrostrictive-
related strain E?j in the ferroelectric film, and is equal to the virtual strain el?)j” fal in the vacuum layer. The
electrostrictive strains are dependent on electric polarization which can be expressed as:

&1 = Qu PP + Qu2 (P + P) &0, = QuaPi P,
&9 = Qu Py + Qua (P} + P§) . £3 = QuP2 P, ©)
893 = QllP32+Q12(P12+P32),8(1)3 = Qa4 P P3,

where Q11, Q12 and Q44 are the electrostrictive coefficients. The virtual strains ef]?r tual are introduced to
satisfy the free surface boundary conditions [23,24]. ’

The surface energy density is given by:
fo =al, (P} + P3 + P}, )

where aIS1 is the surface Landau expansion coefficient.
When flexoelectric effects in the system are taken into consideration, the additional energy term Fpex
related to flexoelectricity, which should be incorporated in the total free energy, can be expressed as [12,13]:

y deij 0P,
Fﬂex=—// St (p €05 PN 4 diades, Gkl = 1,2,3), )
2 0x;] dx]

where f;;; are the flexoelectric coefficients. Hence, the total free energy can be expressed as F' = F O+ Fhex.
The variation of the total free energy with polarizations and strains yield Euler-Lagrange equations incorporated
with the boundary conditions [25-27] as follows:

0 Py Jijki
S 2

(aiij +gijkla_xlnj+75klnj ls =0, (CRY)
(oijnj + Oijkn jnxng — Ojk, jng) Is = 0, 9.2)
where 6;jx = —1/2 iz P;, and n is the outward normal unit vector of the surface. The flexoelectricity-induced

electric field arising from the variation of the free energy with polarization is given by:

S Fp &k
flex ex

i 5P, fijki ix, (10)

Moreover, the flexoelectricity-induced stress field can be obtained based on the variation of the free energy
with total strain:

ol = 20— fu k. (11)
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By employing the Voigt notation that fi111 = fi1, fii22 = fi2, fizi2 = faa,cuinn = cii,cli2 =
c12, C1212 = c44, the flexoelectricity-induced electric field can be expressed as:
ae ae ae de ae
E?ex i 11 +2fu 12 n 13 + fin 22 n 33 ’ a2.1)
b)) ax3 0x1 ax1
88 88 ae ae e
Ef = f&—2+4ﬁ4 ) (22, (12.2)
dx1 0x3 ax2 0x2
ae ae ae ae
Ef = 1) —+2f44 ) (o + 2. (12.3)
R ) X1 ax3 0x3
Similarly, the flexoelectricity-related stress can be expressed as:
BPI 8P2 8P3
0’1ﬂf’x—f11— + f12 (—+—) (13.1)
3)(3
0P JaP; 0P;
o = fu— + fi2 (—+—) (13.2)
X1 0x3
8P3 P 0P
flex
= — — 13.3
033 f1 +f12(8x1 + axz) (13.3)
oP 0P,
flex 1 2
= = 13.4
012 021 = faa (8xz ax ) ( )
oP oP
flex flex 1 3
= = , 13.5
o3 =031 = fa4 (8x3 o1 ) (13.5)
P oP
ollex — ollex — £, ( 2 4 3) (13.6)
0x2
The boundary conditions given by Eq. (9.1) can be rewritten as:
2f2\ 0P
ajy Py — (844 - i) — =0,
ca4 ) 0x3
215\ 0P,
aj Py — (g44 - ﬂ) — =0 (x3=0), (14.1)
cq4 ] Ox3
2
N Jh YoPs
P — ——)— =0,
arts (gu 2611) 0x3
212\ 0P
P+ (844 - i) =0,
ca4 ) Ox3
2f2\ 0P,
aj P2+(g4 - 44)— =0 (x3=hy), (14.2)
c44 ) 0x3

The detailed deduction of the boundary conditions is presented in the “Appendix”.
The dynamic evolution of virtual stress-free strains and polarization are governed by the time dependent
Ginzburg-Landau (TDGL) equations [23,28]:

de ! (x, 1) SF
= —K— , (15)
ot 68;};rtual (X, l)
P __, 8F 6
ot 6P; (x,1)

where K and L are kinetic coefficients.
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3 Simulation parameters and methodology

A two-dimensional simulation system consisting of 192Ax; x 58Ax3 discrete grids with grid size Ax; =
Ax3 = dl = 1nm inreal space is devised for the present study. The system encompasses three parts, i.e., a top
part of 8 layers, a bottom part of 20 layers and a middle portion representing the vacuum region, the substrate
and the BaTiOs3 ferroelectric thin film, respectively. Therefore, the thickness of the film is 30nm. The periodic
boundary conditions are applied along the x; and x3 direction. For simplicity, the film—substrate system is
assumed to be elastically homogeneous. The coefficients used in the simulation are listed below [7,24,29,30]:

o) =3.3(T — 110) x 10°C2m?N, «aj; = 3.6(T — 115) x 10°C™*m° N,
a2 =49 x 108C™*m®N, a1 =6.6 x 10°C°m'’N, a1 =2.9x 10°C O m!'N,
011 =0.11C%2m*, Q= —-0.043C2m*, Qu = 0.059C2 m*,
c11 = 1.78 x 10" Nm™2, ¢ =0.96 x 10" Nm™2, cuq = 1.22 x 10/ Nm~2,
fi1=02%x107Cm /e, fi2=7.0x10"°Cm /e, fu=30x10"Cm /e, & =1,100.

Due to a lack of experimental data for the complete set of flexoelectric coefficients for BaTiOs3, in the present
study, the coefficients of SrTiO3 are adopted, which are expected to produce qualitatively valid results. The
reference value of the gradient energy coefficient is gj10 and dl = /g110/|co|. The values of gradient coef-
ficients g11/g110 = 3.2 and g44/g110 = gﬁm/ g110 = 1.6 are adopted. The simulation temperature is as
assumed to be 25°C. The spontaneous polarization is Py = 0.26Cm~2, and the extrapolation lengths are
A = gll/af = Inm and A3 = g44/af = 0.5 nm. Thus, the boundary conditions given in Eq. (14) can be
expressed in terms of the extrapolation lengths as follows:

P P )

a—|x3=0 = Pi/Ai, a—IX3=hf =-Fi/r, (=13). (17)

X3 X3

Note that a positive extrapolation length implies that the polarization in the boundary layer has a smaller value
compared with that in the middle layers. In the simulation system with discrete grids along the x3 axis, the
polarization of the boundary layers can be calculated by [31,32]:

4Pi,x3:1 - Pi,x3:2
3+ 2803/

4P x3=h;—1 + Pixy=h,;—2
34+ 2Ax3/A;

Pi,X3=0 = and Pi,X3=hf = (18)
In most theoretical works, the misfit strains in the film—substrate system are assumed as constant values based on
the lattice mismatch between the film and substrate. However, there is both theoretical [8,33] and experimental
[16,34] evidence that the misfit strains relax with thickness. Thus, an exponential relaxation is usually adopted
to describe the misfit strain as follow:

gt = gt =/, (19)

where 881 isfit is the lattice mismatch between the film and substrate, and § is the thickness at which the
strain has relaxed to 1/e of the said mismatch. The value of § is varied from hundreds to tens of nanome-

ters. In the present study, the values of 100nm and —0.005 are adopted for § and 86" isf ’ respectively. In the
phase field model, the total strain is composed of both homogenous and heterogeneous strain. The former
describes the macroscopic deformation of the system. For the epitaxial thin film, the homogenous strain is
mainly determined by the misfit strain. Therefore, in the present study, the homogenous strain of the film

is deemed equal to the misfit strain, i.e., ;] = eﬁisﬁ ! and €13 & £33 can be obtained from the equation
ciski€kl = 0. Note that the &;3 determined here are only part of the total shape deformation of the film
[32,35].

4 Results and discussion

Figure 2 shows the domain structure of a BaTiOj3 ferroelectric thin film without considering the flexoelec-
tric effects. The polarization is aligned either upward or downward, forming a typical 180° multi-domain
structure. In order to reduce the elastic and electrostatic energy, multi-domain structures rather than single
domain structures are more likely to form in epitaxial thin films. However, for simplicity, most of the existing
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Fig. 2 Multi-domain structure: a BaTiO3 ferroelectric thin film with flexoelectric effect neglected (The arrows denote the
polarization direction)
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Fig. 3 Contour plots of the total a in-plane strain €11 and b out-of-plane strain ¢33 in a thin film

theoretical works on flexoelectric effects in nano thin films were carried out based on the assumption of a
single domain structure. Thus, there is a necessity to study the flexoelectric effects in the more realistic sit-
uation of a multi-domain structure. Figure 3a, b presents the contour plots of the in-plane and out-of-plane
total strains, respectively. Although a rough trend of in-plane strain relaxation along the thickness can be
observed, the strain gradient is more visible in the region near the domain wall. Moreover, due to the inter-
facial and surface effects, the film shows a strong inhomogeneous strain state near the interfacial and surface
regions. These results clearly demonstrate that the strain gradient in a multi-domain epitaxial thin film is
no longer dominated by the strain relaxation along the thickness as that in the case of single domain film.
The large strain gradient near the domain wall is expected to produce a large flexoelectricity-induced electric
field that could have significant influence on the domain structure, especially in a film with high domain wall
density.

Figure 4a, b present the flexoelectricity-induced in-plane and out-of-plane electric fields, respectively, in
a BaTiOs ferroelectric thin film. Note that the electric fields described here and hereafter are normalized
as E/|agPp|. Due to the small magnitude of the induced fields, the domain structure shows little change.
Although the in-plane field £ ?e" is nearly zero in most regions of the thin film, it possesses relatively large
values in the domain wall region near the free surface and film—substrate interface. Similarly, relatively large
values of the out-of-plane field Ege" can be observed in the domain wall region near the free surface and film—

substrate interface. However, Ege" has small positive values in the middle of the film. In order to achieve a
better understanding of the flexoelectric effect, a detailed investigation of the formula for the flexoelectric field

given by Eq. (12.1), i.e., E?ex = fu 3867111 +2 f44%87133 + fu%f, is carried out. The longitudinal flexoelectric

coefficient f1] is one order of magnitude smaller than the transverse flexoelectric coefficient f1>. Although the
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Fig. 4 Flexoelectricity-induced electric field a E ?ex and b Ege" in a thin film
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Fig. 5 Domain structures arising from different flexoelectric coefficients a f;; and b 5 f;; (the red solid lines denote the domain
walls)

shear flexoelectric coefficient f44 is comparable with the transverse one, the calculated shear strain is one order
of magnitude smaller than the normal strains. Therefore, out of the three attributions which are counted for,

only the last term fi; %87313 has an important influence on the field E ?ex. A similar conclusion can be drawn on

Egex, i.e., the term fu%‘%3 plays the most important role. Obviously, the misfit strain makes no contributions

to E ?ex, but it produces a positive field to Ege", which is consistent with the distribution of the flexoelectric
field, as shown in Fig. 4.

Figure 5 compares the domain structures arising from two different sets of flexoelectric coefficients. The
second set of coefficients is selected as five times that of the first set to clearly show the influence of the
flexoelectric effect. Thus, an obvious evolution of domain structure can be observed in Fig. 5. First, the
domain regions with positive out-of-plane polarization (c™ domain) are enlarged, while those with nega-
tive out-of-plane polarization (¢~ domain) are shrunk. Consequently, the ratio of ¢ /c™ is changed from
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Fig. 6 P-E hysteresis loops with different values of flexoelectric coefficients

1.04:1 to 1.24:1. This change is attributed to the positive flexoelectric field along the thickness direction
arising from the in-plane misfit strain gradient. Moreover, by observing the domain structure carefully,
one would find that the enlargement of ¢ domains is not homogeneous along the thickness direction. In
fact, the region near the free surface is more enlarged compared with that near the film—substrate inter-
face, as depicted in Fig. 5b. With the increase in the flexoelectricity-induced electric field, it is reason-
able to predict that the domain structure with a stripe pattern would be replaced by a serration domain
pattern. The formation of a serration domain pattern has been demonstrated in a recent experiment, in
which a giant flexoelectricity-induced electric field was produced by manipulating the misfit strain relaxation
length [16].

Figure 6 presents the P-E hysteresis loops plotted for a ferroelectric thin film with different values
of flexoelectric coefficients subjected to an applied electric field along the thickness direction. A shift of
the hysteresis loop along the negative abscissa axis indicates a positive built-in field. Thus, the formula
Ein = —(EX + E7)/2, where Ein, EI and E_ denote the built-in field and the positive and negative coer-
cive field, respectively, is used to calculate the flexoelectricity-induced built-in field. The calculated built-
in fields for a thin film with one and five times the original flexoelectric coefficients selected for simula-
tion are 0.014 and 0.050, respectively, which are small compared with the coercive field, but by no means
insignificant.

5 Conclusions

A two-dimensional phase field model is devised to study the flexoelectric effects in epitaxial thin films.
A detailed illustration on the existence of flexoelectricity-induced electric fields is presented based on the
precision solution of strain states. Both in-plane and out-of plane electric fields are observed, and their values
are relatively large in the domain wall region near the free surface and film—substrate interface. This result is
quite different from that obtained in the case of a single domain structure, in which only the out-of-plane electric
field is produced due to the misfit strain relaxation along the thickness direction. When the thin ferroelectric
film is subjected to an external electric field, a built-in field arising from the flexoelectric effect can be observed
in the hysteresis loops. It is worth noting that in an epitaxial thin film there are many factors that could influence
the strain gradient, such as the film thickness, the magnitude of lattice mismatch between film—substrate and
the relaxation length of the mismatch strain. Further studies will be carried out in future to investigate the
influence of these factors.
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Appendix
The boundary conditions in Eq. (9.1) can be expressed as:
3P1 0P3
aj Py — ga + — ) — faae13 =0,
8 0x1
3P2 P
aj Py — gas + ) — faae23=0 (x3=0), (AL.1)
3x R )
aP3 oP 0P Sz Ji
Spy— gj1—2 — — ) - = — —e33 =0,
a; Py — g o3 812 (axl axz) (e11 +€22) 5 €3 =
0P 0P3
aSP 4 guy | — + — ) + fus3 =0,
d0x3 X1
s oP, 0P
aiPy+gaa | — + — ) + faae23 =0 (x3=hy), (AL2)
0x3 0x2
0P3 P 0P 12
aISP3 +egu—+gp\—+— )+ f—(811 +&2) + f—833 =0.
0x3 0x1 0x2 2
And the boundary conditions in Eq. (9.2) can be written as:
_ ik
BT
aP
oy — 1205 (3 = 0), (A2.1)
2 0xp
faa (0P AP
033 — | —— 0,
2 0x] 0x2
f120P3
Bt
f120P3
023 + 2 9 (x3=hy), (A2.2)
faa (0P 0P
—l—+—)=0.
73+ 5 \om T o
From the stress expression:
Jd P
ﬁ]kla_ + Cijki (Skl - 8k1) = 0ijj (A.3)
we obtain at x3 =0
1 Jd P JdP: d P
en = (2013—2f44 ~2fu —3) +ofy = (f o~ Mug — 2 —) +efs,
1 P d P: 1 8P BP
£ = (2023 —2f44—2 — 24 —3) +edy = (f = —2f44—‘ —2f44 )+e83, (A4.1)
C44 X2 C44 X2 X2
1 JdP JP, aP: 1 JdP d P, JdP
£33 = — {011 + o2 — (fii+/f12) (71 + 72) - f1273] [ 033 — flz( L 4 2) fni] + &35
c12 dxp 0x3 cil dxy dx)
at x3 = hf
1 Jd P aP: 1 JdP aP JdP
&3 = (2613 - 2f44 - 2f44f2) +efy = ( f1273 - 2f44fl - 2f44f3) + &%,
Cc44 x3 a4
1 P JP: 1 P aP P
&3 = — (202% 2f44 - 2f44f3) +ed=— (_f127 - 2f44*l 2f44f3) + &35, (A4.2)
Ca4 X2 Ca4 0x X2
1 P JdP, JP: 1 P 0P, JP:
o= [011 + o022 — (fut+/f12) (71 + 72) —2f12f;] +— {033 - fi2 (71 + 2) Ju 7%] +e3s.

0x1 ox



1332 H. T. Chen et al.

By substituting the expressions for strains ¢;3 in Eq. (A4) into Eq. (A1), the boundary conditions can be
rewritten as:

2 apP (fiz—2faa) | OP

0x3 C44 ax;

2 P, -2 aP
alst—(g4 f44) 2 [g44+ Jaa (f12 f44)i| 5 fuedy =0

0x3 C44 0x2

1
s fi(fiz—5fa) | (0P 3Py fn aPs
P — - e 7 P P — R
e |:g12 2ca4 ax1 + 9x2 1 2c11 ) 0x3

-3 (f12 ~ o f11) (e +€22) — 3 /11 (2:?811 + E:fszz +s33) = 0;

(x3=0), (AS.])

2fi 0P Jaa (—f12 —2f14) | OP3
P+ (g44 44) o3 + [844 + ™ oy + f44€(1)3 =0
2 JP — -2 JP
- (g44 f44) o [g44 | fu fé; f44)} L
il ! ) (x3 =hy), (A5.2)
+ 5 fa4 oP JdP oP
(SPy 4 | g - SV S | (9P 0P SR ) 0P
2c44 0x1 0x2 2c11 J 0x3

+1 (f]2 — %fﬂ) (e11 +e2) + 3 fun (E:?E?l + gﬁgzz +833) =0.

By neglecting the nonlinear terms and in-plane polarization gradient terms, which are relatively small for the
case of positive extrapolation length adopted in the present study, we can rewrite the boundary conditions as:

2 P
ot~ (- 2 ) 20—

0x3
2f2\ 0P
ai Py — (g44 - %)a—xj =0 (x3=0), (A6.1)
2
aP;
S 11
P — — 2L )"0
apri (gll 2C11)8X3
2f2\ 0P
ay Py + (844 - _C4i4)_BX3 =0,
2f2\ 0P,
aj Py + (g44 B ?T) o =0 m=hp), (A6.2)
2
0P3
S 11
P AL NN peEas()
aj 3+(811 2611)3)63

References

1. Mashkevich, V., Tolpygo, K.: Electrical, optical and elastic properties of diamond type crystals. I. Sov. Phys. JETP 5, 435—
439 (1957)

2. Kogan, S.M.: Piezoelectric effect under an inhomogeneous strain and acoustic scattering of carriers in crystals. Fiz. Tverd.
Tela 5, 28292831 (1963)

3. Ma, W.H,, Cross, L.E.: Observation of the flexoelectric effect in relaxor Pb(Mgl1/3Nb2/3)O-3 ceramics. Appl. Phys.
Lett. 78, 2920-2921 (2001)

4. Ma, WH., Cross, L.E.: Flexoelectric polarization of barium strontium titanate in the paraelectric state. Appl. Phys.
Lett. 81, 3440-3442 (2002)



Phase field modeling of flexoelectric effects 1333

11.

12.

13.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ma, W.H., Cross, L.E.: Strain-gradient-induced electric polarization in lead zirconate titanate ceramics. Appl. Phys.
Lett. 82, 3293-3295 (2003)

Ma, W.H., Cross, L.E.: Flexoelectric effect in ceramic lead zirconate titanate. Appl. Phys. Lett. 86, 072905 (2005)

Zubko, P., Catalan, G., Buckley, A., Welche, PR.L., Scott, J.F.: Strain-gradient-induced polarization in SrTiO3 single
crystals. Phys. Rev. Lett. 99, 167601 (2007)

Catalan, G., Sinnamon, L.J., Gregg, J.M.: The effect of flexoelectricity on the dielectric properties of inhomogeneously
strained ferroelectric thin films. J. Phys-Condens. Mat. 16, 2253-2264 (2004)

Catalan, G., Noheda, B., McAneney, J., Sinnamon, L.J., Gregg, J.M.: Strain gradients in epitaxial ferroelectrics. Phys. Rev.
B. 72, 020102 (2005)

Maranganti, R., Sharma, N.D., Sharma, P.: Electromechanical coupling in nonpiezoelectric materials due to nanoscale
nonlocal size effects: Green’s function solutions and embedded inclusions. Phys. Rev. B. 74, 014110 (2006)

Sharma, N.D., Maranganti, R., Sharma, P.: On the possibility of piezoelectric nanocomposites without using piezoelectric
materials. J. Mech. Phys. Solids 55, 2328-2350 (2007)

Eliseev, E.A., Morozovska, A.N., Glinchuk, M.D., Blinc, R.: Spontaneous flexoelectric/flexomagnetic effect in nanofer-
roics. Phys. Rev. B. 79, 165433 (2009)

Chen, H.T., Soh, A.K.: Influence of flexoelectric effects on multiferroic nanocomposite thin bilayer films. J. Appl.
Phys. 112, 074104 (2012)

Shen, S.P., Hu, S.L.: A theory of flexoelectricity with surface effect for elastic dielectrics. J. Mech. Phys. Solids 58, 665—
677 (2010)

Majdoub, M.S., Sharma, P., Cagin, T.: Enhanced size-dependent piezoelectricity and elasticity in nanostructures due to the
flexoelectric effect. Phys. Rev. B. 77, 125424 (2008)

Lee,D., Yoon, A.,Jang, S.Y., Yoon, J.G., Chung, J.S., Kim, M., Scott, J.F., Noh, T.W.: Giant flexoelectric effect in ferroelectric
epitaxial thin films. Phys. Rev. Lett. 107, 057602 (2011)

Sharma, N.D., Landis, C.M., Sharma, P.: Piezoelectric thin-film superlattices without using piezoelectric materials. J. Appl.
Phys. 108, 024302 (2010)

Lu, H., Bark, C.W., de los Ojos, D.E., Alcala, J., Eom, C.B., Catalan, G., Gruverman, A.: Mechanical writing of ferroelectric
polarization. Science 336, 59-61 (2012)

Lu, H., Kim, D.J., Bark, C.W., Ryu, S., Eom, C.B., Tsymbal, E.Y., Gruverman, A.: Mechanically-induced resistive switching
in ferroelectric tunnel junctions. Nano. Lett. 12, 6289-6292 (2012)

Zhou, H., Hong, J.W., Zhang, Y.H., Li, EX., Pei, Y.M., Fang, D.N.: External uniform electric field removing the flexoelectric
effect in epitaxial ferroelectric thin films. Epl-Europhys. Lett. 99, 47003 (2012)

Catalan, G., Lubk, A., Vlooswijk, A.H.G., Snoeck, E., Magen, C., Janssens, A., Rispens, G., Rijnders, G., Blank, D.H.A.,
Noheda, B.: Flexoelectric rotation of polarization in ferroelectric thin films. Nat. Mater. 10, 963-967 (2011)

Hu, H.L., Chen, L.Q.: Three-dimensional computer simulation of ferroelectric domain formation. J. Am. Ceram.
Soc. 81, 492-500 (1998)

Wang, Y.U.,Jin, Y. M.M., Khachaturyan, A.G.: Phase field microelasticity modeling of dislocation dynamics near free surface
and in heteroepitaxial thin films. Acta. Mater. 51, 4209—4223 (2003)

Chen, H.T., Hong, L., Soh, A.K.: Effects of film thickness and mismatch strains on magnetoelectric coupling in vertical
heteroepitaxial nanocomposite thin films. J. Appl. Phys. 109, 094102 (2011)

Yurkov, A.S.: Elastic boundary conditions in the presence of the flexoelectric effect. Jetp Lett+ 94, 455-458 (2011)
Morozovska, A.N., Eliseev, E.A., Kalinin, S.V., Chen, L.Q., Gopalan, V.: Surface polar states and pyroelectricity in fer-
roelastics induced by flexo-roto field. Appl. Phys. Lett. 100, 142902 (2012)

Karthik, J., Mangalam, R.V.K., Agar, J.C., Martin, L.W.: Large built-in electric fields due to flexoelectricity in composition-
ally graded ferroelectric thin films. Phys. Rev. B. 87, 024111 (2013)

Nambu, S., Sagala, D.A.: Domain formation and elastic long-range interaction in ferroelectric perovskites. Phys. Rev.
B. 50, 5838 (1994)

Pertsev, N.A., Zembilgotov, A.G., Tagantsev, A.K.: Effect of mechanical boundary conditions on phase diagrams of epitaxial
ferroelectric thin films. Phys. Rev. Lett. 80, 1988—1991 (1998)

Maranganti, R., Sharma, P.: Atomistic determination of flexoelectric properties of crystalline dielectrics. Phys. Rev.
B. 80, 054109 (2009)

Lo, V.C.: Simulation of thickness effect in thin ferroelectric films using Landau—Khalatnikov theory. J. Appl. Phys. 94, 3353—
3359 (2003)

Hong, L., Soh, A.K., Song, Y.C., Lim, L.C.: Interface and surface effects on ferroelectric nano-thin films. Acta.
Mater. 56, 29662974 (2008)

Liu, G., Nan, C.W.: Thickness dependence of polarization in ferroelectric perovskite thin films. J. Phys. D.: Appl.
Phys. 38, 584-589 (2005)

Sinnamon, L.J., Bowman, R.M., Gregg, JM.: Thickness-induced stabilization of ferroelectricity in
SrRu03/Ba0.55r0.5TiO3/Au thin film capacitors. Appl. Phys. Lett. 81, 889-891 (2002)

Li, YL.,Hu, S.Y,, Liu, Z.K., Chen, L.Q.: Effect of substrate constraint on the stability and evolution of ferroelectric domain
structures in thin films. Acta. Mater. 50, 395411 (2002)



	Phase field modeling of flexoelectric effects in ferroelectric epitaxial thin films
	Abstract
	1 Introduction
	2 Phase field modeling
	3 Simulation parameters and methodology
	4 Results and discussion
	5 Conclusions
	Acknowledgments
	Appendix
	References


