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Abstract
Using Landau-Ginzburg-Devonshire theory, we considered the impact of the flexoelectro-chemical coupling on
the size effects in polar properties and phase transitions of thin ferroelectric films with a layer of elastic defects.
We investigated a typical case, when defects fill a thin layer below the top film surface with a constant
concentration creating an additional gradient of elastic fields. The defective surface of the film is not covered
with an electrode, but instead with an ultra-thin layer of ambient screening charges, characterized by a surface
screening length. This geometry is typical for the scanning probe piezoelectric force microscopy.

Obtained results revealed an unexpectedly strong effect of the joint action of Vegard stresses and
flexoelectric effect (shortly flexo-chemical coupling) on the ferroelectric transition temperature, distribution of
the spontaneous polarization and elastic fields, domain wall structure and period in thin PbTiOj; films containing
a layer of elastic defects. A nontrivial result is the ferroelectricity persistence at film thicknesses below 4 nm,
temperatures lower than 350 K and relatively high surface screening length (~0.1 nm). The origin of this
phenomenon is the flexoelectric coupling leading to the re-building of the domain structure in the film (namely
the cross-over from c-domain stripes to a-type closure domains) when its thickness decreases below 4 nm. The
ferroelectricity persistence is facilitated by negative Vegard effect. For positive Vegard effect, thicker films
exhibit the appearance of pronounced maxima on the thickness dependence of the transition temperature, whose
position and height can be controlled by the defect type and concentration. The revealed features may have

important implications for miniaturization of ferroelectric-based devices.
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I. INTRODUCTION

Deep physical understanding and a possible control of the thin ferroelectric films polar properties are
important for both fundamental research and the most promising applications in memory elements as
well as many other devices [1]. With decreasing the film thickness its ferroelectric properties usually
decline until their complete disappearance at thicknesses smaller than the critical one [2]. Feasible
ways to avoid the size-induced phase transition in thin epitaxial films are, for example, selecting of an
appropriate substrate [3] or modification of their chemical composition [4]. Particularly it was shown
that the retaining of ferroelectricity down to ultrathin films (3 — 5 lattice constants thick) is provided by
the "self-polarizing" role of elastic strains arising in the film due to mismatching lattice constants of
the film and the substrate [5]. Earlier it was shown by Roytburd et al. [6] that the change in the
polarization is proportional to internal stresses due to film-substrate misfit strain, and, as an example, a
significant recovery in the piezoelectric constant and susceptibility in PbZr,TipgsO3 films on (001)
LaAlO; substrate was revealed.

The presence of point elastic defects (such as uncharged impurities and vacancies, elastic
dipoles, dilatation centers [7]) can strongly impact the electric polarization of films via electrostriction
[8], flexoelectric effect (see e.g. [9, 10, 11, 12, 13]) and "chemical" strains, or Vegard stresses (see e.g.
[14, 15, 16, 17, 18, 19]). Actually, when the chemical heterogeneity is the actual mechanism for strain,

the generalized Hooke’s law relates the defect concentration excess ON, elastic stress tensor G; and

strain tensor ;; in accordance with the Vegard law [16 - 19], 6, =W, 8N + c;,u,, . Due to the gradient

nature, the elastic defect influence is much more complex and less studied than the effect of
homogeneous elastic strains arising in a film due to the film and substrate lattice mismatch [20]. A
joint action of Vegard stresses and flexoelectric effect, named flexo-chemical effect [21], can explain
some unusual phenomena caused by size effects, such as e.g. reentrant ferroelectric phase with
enhanced polarization at room temperature observed in BaTiO; nanoparticles with sizes less than 20
nm [22].

Flexoelectric effect, chemical composition gradient and/or defect impact on the polar properties
of ferroelectric thin films were studied theoretically by several authors, but mostly these three different
effects have been studied separately [see the columns "Flexoelectric effect”" and "Composition gradient,
defects" in Table I]. For instance, Marvan et al. [23] evolved the theory of compositionally graded
ferroelectrics.

Roytburd and Slutsker [24] proposed a phenomenological model of a graded ferroelectric film
taking into account approximate expressions for depolarization field containing the term proportional
to the average polarization, similar to the one proposed earlier by Kretschmer and Binder [25]. In the

subsequent papers they applied the same method to the ferroelectric films with domains [26, 27]. Note
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that the approximation for the depolarization field being undoubtedly useful for approximate analytical
results derivation in a single-domain case, becomes questionable in a poly-domain case. For the
rigorous consideration of domains appearance one should solve numerically the coupled problem
containing in Poisson equation for the electric field and nonlinear equation for polarization dependence
on the field [23]. The coupled problem is typically solved by a self-consistent phase field method
allowing modeling of very complex domain structures such as flux-closure domains [28] and domain
vortexes [29, 30, 31] in thin ferroelectric films and superlattices.

Bratkovsky and Levanyuk [32] theoretically studied the smearing of phase transition due to a
surface effect or a bulk inhomogeneity in single-domain ferroelectric nanostructures. Ban et al. [33]
and Zhong et al. [34] established the theoretical fundamentals of graded ferroic materials piezoelectric
and polar responses. Morozovska et al. [35] studied theoretically the domain wall interaction with
elastic defects in uniaxial ferroelectrics. The papers [23-35] considered chemical composition gradient
only and ignored the flexocoupling. Other authors considered only the impact of flexocoupling on the
thermodynamics and kinetics of polarization reversal in thin ferroelectric film (see e.g. Vorotiahin et al.
[36, 37]).

Remarkably the separate theoretical consideration of the flexoelectric coupling and
inhomogeneous strains in thin ferroelectric films leads to the results, which can be oversimplified for
realistic applications, because the flexocoupling is omnipresent and its relative contribution
significantly increases with the film thickness decrease [13]. However there are only a few theoretical
studies considering both flexoelectric and chemical composition gradient effects, all of which are some
particular cases [see Table I]. For instance, Catalan et al. [38] studied the effect of flexoelectricity on
the polar and dielectric properties of inhomogeneously strained ferroelectric thin films. Karthik et al.
[39] revealed giant built-in electric fields due to flexoelectricity in compositionally graded ferroelectric
thin films. Morozovska et al. [40] studied the flexocoupling impact on size effects of piezoresponse
and conductance in mixed-type ferroelectric semiconductors.

Notably the studies [20, 21, 38-40] analyze flexoelectric and compositional effects in linear
approximation, and, the most important, the appearance of domains due to spatial inhomogeneities has
not been considered [see the column "Domain formation" in Table I]. However, one can regard that
even a tiny inhomogeneity leads to the splitting of the system into domains. This result was obtained
by Bratkovsky and Levanyuk [41], who performed an analytical study of stability loss and evolution of
domain structure in inhomogeneous ferroelectric (or ferroelastic) samples and revealed that a tiny
inhomogeneity results in the domain splitting below the phase transition temperature.

It is well-established that the spatial heterogeneity and incomplete screening of spontaneous
polarization significantly influence domain structures in epitaxial thin films (see e.g. the monograph by

Tagansev et al. [42] and the recent review by Roytburd et al. [43] of theoretical approaches, phase field



modeling and experimental studies of domain structures in epitaxial films). A classical results was
obtained by Bratkovsky and Levanyuk [44], who studied theoretically the dielectric response of
ferroelectric thin films with a “dead” dielectric layer at the interfaces with electrodes and obtained that
the domain structure inevitably forms in the film in the presence of a dead layer.

While paying tribute to the previous theoretical results [20 - 40], the influence of incomplete
screening, combined flexo-chemical and size effects on domain structures, polar, elastic and
electrophysical properties of thin ferroelectric films have not been considered so far in a self-
consistent way. The main objective of our work is to propose a self-consistent approach describing
the impact of the defect driven flexo-chemical coupling on the film properties, domain structure
evolution and size effects and analyze the outcomes towards optimization of the properties for

advanced applications.

Table I. Flexoelectric, Vegard and size effects, compositional gradients, and domain structure formation

considered ("Yes") or no ("No") in ferroelectric thin films

References examples Flexoelectric, Vegard and size effects, compositional gradients, and domain
structure formation considered ("Yes'") or no (""No") in ferroelectric thin films
Flexo- Compo- | Composi- Vegard | Flexo- Domain Size
electric | sition tional stresses | chemical | formation | effects
effect gradient, | polariza- effect
defects tion
Tilley [2] No No No No No No Yes
Catalan et al [38] Yes Yes No No No No Yes
Marvan et al.[23] No Yes Yes No No No No
Bratkovsky, and No Yes Yes No No No Yes
Levanyuk [32]
Ban et al [33], No Yes No No No No No
Zhong et al [34]
Karthik et al. [39] Yes Yes No No No No No
Morozovska et al [40] | No Yes No Yes No Yes No
Morozovska et al [20] | Yes Yes No Yes No No Yes
Morozovska et al [35], | Yes Yes No Yes No No Yes
Vorotiahin et al. [36] | Yes No No No No No Yes
Vorotiahin et al. [37] | Yes No No No No Yes Yes
This work Yes Yes Yes Yes Yes Yes Yes

II. STATEMENT OF THE PROBLEM
The Landau-Ginzburg-Devonshire (LGD) expansion of bulk ( G, ) and surface ( Gy) parts of the Gibbs

free energy of a ferroelectric film in powers of the polarization vector and stress tensor components P,

and G, and the energy of the electric field outside the film (G,,,) have the form:

Xt

G=G,+G4+G,,, (1a)
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The tensor a, is positively defined for linear dielectrics, and explicitly depends on temperature 7" for

ferroelectrics and paraelectrics. Below we use an isotropic approximation for the tensor coefficients

=0, (T-T,)5,, where §, is the Kroneker delta symbol, T is absolute temperature, 7. is the Curie

ij 2
temperature. All other tensors included in the free energy (1) are supposed to be temperature

independent. Tensor « should be positively defined for the thermodynamic stability in

ijklmn

paraelectrics and ferroelectrics. Tensor g, determines the magnitude of the gradient energy, and is
also regarded positively defined. €, is the vacuum permittivity, €, is a relative background dielectric

permittivity [45]. Coefficients (Q,,, are the components of electrostriction tensor, s, are the

components of elastic compliance tensor, £y, is the flexoelectric strain coupling tensor. For most of

the cases one can neglect the polarization relaxation and omit high order elastic strain gradient terms if

the flexoelectric coefficients are below the critical values F;; [46,47]. W, is the elastic dipole (or

Vegard strain) tensor, that is regarded diagonal hereinafter, ie. W, =W3. . The quantity

g y

8N = N(F)- N, is the difference between the concentration of defects N(r) at the point r and their
equilibrium (average) concentration N, .
In the surface energy Eq. (1c), the tensor aif and the effective surface screening length A are

introduced [37, 48]. In the isotropic approximation, a =00, used hereinafter, the constant o  is

i»
related with a conventional extrapolation length A [2, 25], as A = g,, /0. . Concerning the physical
origin of A, we regarded that the top surface of the film is covered with the surface screening charge of
the specific nature, e.g. Bardeen-type surface states [49] and so A can be associated with a Bardeen
screening length. For the case the screening charges can be localized at surface states caused by the
strong band-bending via depolarization field [50, 51, 52, 53, 54], at that the value of A can be much

smaller (0.1 nm) than a lattice constant (~0.5 nm) [55].



Also we introduce electric field via electrostatic potential ¢ as E, =—0d@/dx, . Polarization is
conjugated to the electric field £, which can include external and depolarization contributions (if any
exists).

Note that we neglected the higher elastic gradient term %v,.jk,mn (8 G, /0x, )(8 6,/0x,) in the

functional (1b), because its magnitude and sign are still disputed [56]. Thus we apply in the following
only one half (B, (00, /ox,)) of the full Lifshitz invariant F, (F,(9c, /ax,)-c,(0 B, /ax,))/2. The

higher elastic gradient term is necessary for the stability of the thermodynamic potential if the full

Lifshitz invariant is included. Application of either the term F, B, (@ c;/ dx,) or the term
F (.o c;/ ox,)— 0,(0P,/ox, ))/ 2 results in the same equations of state. The full form, however, leads

to the higher order elastic equations and affects the boundary conditions [57, 58, 59, 60]. The reason of
using only the part of the Lifshitz invariant in Eq. (1) is that implementation of the full form causes
poor convergence of the numerical code and impairs the quality and reliability of the obtained results.
Using the truncated form in Eq. (1) can be justified by the smallness of the flexoelectric coupling

strength as compared to the polarization gradient term. Thus following Refs. [61, 62] we assume that
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the used approximation is valid if F;,, << g.;s

ijmn *
Polarization distribution can be found from the Euler-Lagrange equations obtained after

variation of the free energy (1)
0°P

Jo,,
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along with the boundary conditions on the top surface of the film Sat x, =/:

- =0. (2b)

J
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The most evident consequences of the flexocoupling are the inhomogeneous terms in the boundary
conditions (2b).

Elastic stress tensor satisfies the mechanical equilibrium equation dc; / dx; =0; elastic strains

are u; =—0G, /80, , resulting in

i

oP,
uy; =58, +0u P P +F, ——+W,JN. (2¢)

i ikl
iy Y axk
The boundary conditions at the mechanically free surface x, =/ can be obtained from the variation of

the free energy (1) with respect to the stresses:

o.n.| =0. (3a)

i'Cjls



Here n; are components of the external normal to the film surface. Misfit strain u,, existing at the
film-substrate interface ( x; =0) leads to the boundary conditions for mechanical displacement

components, U, related to elastic strain as u,, = (oU. /o x ;+9U, [0 x, )/ 2:

(Ul - X Mml =0, U,

x3=0 -

=0. (3b)

x3=0

The periodic conditions were imposed at the lateral sides, U1|X wu, , while the period

=—w/2 -U, G=wi2
w should be defined self-consistently.
The electric field E (being the sum of an external E®' and a depolarization one EY) is
determined self-consistently from the electrostatic problem for the electric potential @,
2
€,€, % = —% , 4)

J

supplemented by the condition of potential continuity at the top surface of the film, z=4, using

hereinafter also notations x; =x, x, =y, x; =z . The difference of electric displacement components

D" — D' is conditioned by the surface screening produced by the ambient free charges at the film

surface S:

=0 (5)

xX3=h

(e _ @) =0, D@ _D® 4L¢ 2)
((P (P l ( n n 0 7\’

X3=h
Here n is the outer normal to the film surface, electric displacement D=¢,¢,E+ P, the subscript "i"

means the physical quantity inside the film, "e" — outside the film. The conditions of zero potentials
were imposed at the bottom electrode (z=0) and a remote top electrode (z=H +h, H — o),
respectively [63] (see Fig. 1).

Note, that in the case of almost homogeneous polarization (or distributed along z-axis only) the

internal electric field calculated on the basis of Eqgs.(4)-(5) could be easily reduced to the well-known
expressions, containing the difference of the polarization and its average, — (ID3 - 133) (see e.g. Refs.[25,

64, 65]). However, in the case of pronounced domain structure the average polarization is zero and the
internal electric field is usually localized in space, in contrast to the suppositions of some approximate
models, used earlier (see e.g. Refs.[26, 27]).

Note that one can associate the elastic defects in Eq. (1b) with "random temperature" defects in
some sense, but we do not use this terminology, because a classical random temperature defect only
renormalizes the local Curie temperature, while the elastic defects we consider are incorporated in the

elastic Eq. (2c) as well as in the mechanical equilibrium equation do /ax_, =0 .Thus the Vegard

stresses and strains become coupled with flexoelecricity, leading to the appearance of the term



dependent on 8N in Eq. (2b) that originates from the term F},, aac—"’. The defects also act as random
i
J

temperature defects by renormalizing Curie temperature via electrostrictive coupling.

Further we suppose that most of defects are located in a thin top layer of thickness /4, beyond

which their concentration decreases exponentially towards the film bulk [66] (see Fig. 1):
N 0

8N(z) ~ L+ oxpl (o —hh, )an]

(6)

external media

= b

sugrface 1
“‘defect” |
layer
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FIGURE 1. (a) Scheme of a film with the thickness /# and the layer of thickness /4, where defects are
accumulated. (b) Normalized concentration of defects inside the layer of thickness /¢ and transition layer depth
Ah. Thick arrows point the direction of polarization z-component and thin arrows point the direction of in-plane

polarization components in the region of closure domains.

We suppose that the interstitial point defects with maximal concentration ~10*° m™ [see Table
I] can be introduced by inhomogeneous doping or implantation the PTO film with light ions, such as
protons or Li, or oxygen vacancies, which may become electrically neutral inside the film due to the
charge compensation by electronic carriers. It can either be "heavy" ions such as La or Bi. Also
standard chemical doping may introduce neutral lattice defects like Zr substitutions on Ti sites or Ca,
Cu, Co and Zn substitutions on Pb sites as first principle based calculations show [67]. A promising
candidate for neutral chemical doping is Ba*" substituting Pb>" (see e.g. Ref. [68]). This substitution
has larger ionic radius (135 pm against 119 pm of Pb*") and thus #>0. Experimentally it was proven
to be possible at least in lead zirconate titanate, see Refs.[69] and [70]. All other mentioned
substitutions have smaller radii than Pb®" and likely provide W<0.In fact, the maximal molar
concentration of defects in our calculations does not exceed (1 — 2)% (one defect per 50 unit cells or

less), at that the volume of the cubic PTO unit cell is about 64x107° m®. Such concentrations of doping



are quite realistic, for instance, doping with 0.5% and 1.0 mol% of Li of perovskite Ca,Pb;-TiO; was
reported by Liu Jingbo et al [71]. Perovskite SrZrO; doped with 0.3 mol% of protons was studied by
Slodczyk et al [72]. La doping up to 0.44mol % of PbTiO; single crystal was reported by Wojcik [73].
Piezoelectric properties of PTO ceramics doped up to 5% mol. of Bi was studied by Ueda and Ikegami
[74]. The defect layer can be also formed in e.g. oxygen partial pressure condition during the film

preparation, see e.g. Refs. [3, 5].

II1. RESULTS AND DISCUSSION
Using COMSOL Multiphysics package © we calculated ferroelectric polarization, electric
fields and elastic properties from Eqgs. (2-5) for exemplarily chosen film thickness, temperature, misfit
strain, the defect distribution given by Eq. (6) and PbTiO; (PTO) ferroelectric parameters listed in
Table II. Results of FEM calculations are shown in Figs. 2-7.

Table II. Description, dimension and numerical values of material parameters

Description Symbol and Numerical value for PbTiO;
dimension

Coefficient at P* oT) (xC*m7J) o, (T-T.)

Inverse Curie-Weiss constant or (x10°C*mJ/K) |3.8

Curie temperature e (K) 752

Background permittivity € 7

Surface energy coefficient oso  (xC™J) 0

Electrostriction coefficient 0; (xm'/C? 011=+0.89, 0,,=—0.026, 044,=0.0675

Elastic stiffness tensor Cij (><1010 Pa) c11=17, c15=8, cus=11

Elastic compliance tensor S (><10'12 1/Pa) s11=8, $1,=—2.5, 544=9

Gradient coefficient gii (><10"10C'2m3 ) | 21=4.0, g1= —0.5, g44=0.5,

Flexoelectric stress tensor fi (V) f11=6.8, f1,=4.9, f14=5.6

Flexoelectric strain tensor F; (x10"'m’/C) F =3, Fi,=1, Fy=5 *

Kinetic coefficient I (xs m/F) 100

LGD-coefficient at P* a; (x10°JC*m’) | —0.73

LGD-coefficient at P° a (x10%7C°m’) | +2.60

Surface screening length A (x107'"m) 1 (or vary within the range)

Vegard strain coefficient W (x107"m) 10 **

Misfit strain Uy (%) -1

Maximal defect concentration No (><1026 m'3) (0-3)

Defect layer thickness ho (nm) 25

Transition layer depth Ah (nm) 1

* The coefficients F;; are still not available experimentally for PTO, but some components could be evaluated

from the first principles for various perovskites [75, 76, 77] and their thin films [78]. On the other hand, the
magnitudes of Fy;=3, Fi,=1 and Fu=0.5 (in 101C'm? units) are of the same order as the microscopic
estimations (F~10""'m*/C) by Kogan, and the values measured for SrTiO; by Zubko et al. [79, 80]. The value

F44=5><10'“C'1m3 is higher than a conventional one, but its effect is only relevant for fine details of polarization
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and elastic field distributions close to the bottom electrode. We note also that all values we used are
significantly smaller than the ones [F~(5-10)x10"°m’/C] measured for PbZrTiO; by Ma and Cross [81].
** The chosen values of Vegard coefficient, W=t10A are in agreement with ab initio calculations for perovskite

SrTiO3 [14] as well as with typical experimental values [16-17].

A. Polarization, domain structure and elastic field dependence on the sign of Vegard coefficient
Note, that in most cases, a stable poly-domain structure with prevailing out-of-plane

polarization has been found for an applied negative misfit strain u,, =-1% and A>0.1nm [37], which

support the out-of-plane polarization component [§8] and a poly-domain structures. The appearance of
the closure domains [42] under the electrically open film surface depends strongly on the degree of
screening, represented by the values of the surface screening length A and temperature [37].

To illustrate the above mentioned issues, Fig. 2 shows the spatial distributions of the in-plane
and out-of-plane polarization components, P, and P., respectively, corresponding elastic strains u,, and

u.;, and von Mises stress [82],

2 2
o, = \/(o'm —ayy) +(0W —ozz) +(o, —%)2 +60, +60., +60,, (7)
in the cross-section of a 50-nm thick PTO film. The top and bottom rows are calculated for positive

and negative Vegard coefficients, W = +101& and W = —1012;, respectively. At elevated temperature
T=600 K, which, however, is sufficiently far from the film’s transition temperature to the paraelectric
phase, shallow (up to 5 nm) closure a-domains appear near the electrically open surface. They have a
form of rounded wedges and relatively diffuse domain walls [see Fig. 2(a) and 2(f) showing P,
distribution]. There are clearly visible stripe c-domains with relatively sharp domain walls in the
middle of the film and near the bottom screening electrode for the normal component of the
polarization. The stripe domain walls noticeably broaden and diffuse to the depth of about 5 nm near

the top surface [see Fig. 2(b) and 2(g) showing P, distribution]. The polarization in the middle of the
closure and stripe domains is significantly larger for the Vegard coefficient W =+10A, than it is for

w :—10108, but all other characteristics of a- and c- domains depend weakly on the value of W
[compare Fig. 2(a) and 2(f), Fig. 2(b) and 2(g)]. A 25 nm layer of elastic defects, the domain structure,
and the misfit strain at the film-substrate interface determine the structure and spatial distribution of
the elastic strain tensor in the film, whose diagonal components u,, and u., are shown in Fig. 2(c), 2(d)
and 2(h), 2(i), respectively. The main features on the lateral strain distribution are caused by the
domain structure via the piezoelectric and flexoelectric effects, and so the distribution of uy, is virtually
independent on the sign of W [compare Fig. 2(c) and 2(h)]. The main features of the vertical strain

distribution are conditioned not only by the domain structure, but also by an elastic field gradient in the
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defect layer. That is why a diffuse horizontal boundary is clearly visible on the edge of the defect layer
in Fig. 2(d) and 2(i). The vertical strain in this layer is determined by a chemical pressure of defects
and thus it changes sign when the sign of W is changed [compare Fig. 2(d) and 2(i)]. The distribution
of von Mises dilatational stress ¢ reproduces the profile of the out-of-plane polarization component,
namely, a stripe domain structure with broadened domain walls near the surface while the value of G,
in a near-surface layer with a thickness of the order of 5 nm, is strongly dependent on the sign of W
[see Fig. 2(e) and 2(j)]. We note that the pronounced features of the distributions of uy,, ., and ¢ near
the bottom electrode do not depend on the sign of W, since they arise from the flexoelectric coupling.
Note that the value of the screening length A strongly affects the polar properties of the film,
determines its critical thickness at fixed temperature and the existence as well as the type of the
domain structure [37]. In addition, a pronounced minimum at a certain width, which depends on 7,
temperature and film thickness, appears on the dependence of the system specific energy E on the

domain lateral size d when A increases [see Fig.3]. The decreasing dependence E (d ) is steeper, and

the minimum on it is much deeper for positive W = +101& than for negative WV = —10/& [compare
Figs. 3(a) and 3(b)].

Notably, the expected Kittel-Mitsui-Furuichi (KMF) relation connecting the period d of the
stripe domain structure having infinitely thin walls with the film thickness 4, d ~ Vi , 1s not confirmed
in our calculations, since they naturally account for domain wall broadening near electrically-open
surfaces (via the polarization gradient [83]) and closure domains (via polarization rotation) [40].
Moreover, our results are A- and W-dependent. To illustrate this, Fig. 3(c) shows the dependences of

the equilibrium domain size d on the screening length A. The dependence on the domain size on A

obeys an analytical formula, d =d, + % [see Fig. 3(d) showing the dependence of inverse value

cr

1/(d —d,) on ], where the critical values A, slightly differ for W = +10A and W = —10&, while

the parameters d,, and D depend on the W sign much more strongly [see caption to Fig. 3].
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FIGURE 2. Spatial distribution of the in-plane polarization component P, (a,f) and the out-of-plane component

P, (b,g), elastic strains u,, (¢,h) and u., (d,i), and von Mises stress G (e,j) in the cross-section of the 50-nm PTO

film calculated for positive [top row, plots (a-e)] and negative [bottom row, plots (f-j)] Vegard coefficients

W = -_HOEA, temperature 7=600 K, screening length A=0.1nm, depth of defect layer /=25 nm, Ah=1 nm, and

defect concentration N, =3x10’° m™. Other parameters are listed in Table IL
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FIGURE 3. (a) The dependence of the 25-nm thick PbTiO; film total energy on the domain size (potential

relief of wall-wall interaction) calculated for different values of surface screening length A (shown near the
curves), positive Vegard coefficient W =+10A (a) and negative Vegard coefficient W =—-10A (b).

Dependences of the equilibrium domain size d (¢) and inverse value 1/ (d —do)(d) on the surface screening

length A calculated numerically for W =—10 A (circles) and W =+10 A (squares). Solid curves are fitting to

the formula d =d, +% , where d, =13.5nm, D =0.03nm’ A, =0.010 nm for W=—10£&; and

cr

d, =102 nm, D=0.05 nm* and A, =0.011 nm for W =+10A . Temperature T=600 K and defect

concentration N, = 3x10% m™. Other parameters are listed in Table II.

Notably the limit of “ideal metal” corresponds to A = 0, while it was shown earlier that there is

a finite non-zero value of A below which the polydomain film transforms into monodomain state (see
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e.g. Ref.[84] for uniaxial ferroelectric, when closure domains are absent, and Ref. [37] for multiaxial

ferroelectrics).

B. Temperature evolution of spontaneous polarization, domain structure and elastic fields

Figure 4 shows the temperature dependencies of the maximum spontaneous polarization P, at

the center of the stripe domains, calculated for films of different thicknesses (6 — 50) nm with a layer
of elastic defects (solid curves) and without it (dashed curves). Note that the presence of defects

noticeably enhances the value of switchable polarization 2P, (dashed curves are always lower than

solid ones) in PTO films with thickness less than 50 nm, but due to the stripe domain structure the
average polarization is zero without applied electric field. Due to defects, corresponding switchable

bound charge G, =2P; increases significantly [up to (40-80)uC/cm’] in the vicinity of phase

transition temperature that varies in the range (750 — 950)K depending on the film thickness [compare

the onset of solid and dashed curves in Fig. 4(a)]. At room temperature the increase of ¢ induced by

defects is much smaller (~5 nC/ cm2).
Moreover, the temperature of the spontaneous polarization and domain structure appearance in
a film with defects is much larger (by 50 — 70 K), than for films without them, and the polarization

itself is somewhat larger for thin films with a thickness less than 25 nm, for which the defect layer

occupies the whole film and the Vegard effect is positive (W =+1010%) [compare solid and dashed
curves in Fig. 4(a)]. When increasing the film thickness to 50 nm (with a thickness of the defect layer
25 nm), the temperature of the spontaneous polarization emergence becomes 20 K higher than the
ferroelectric transition temperature of a 50-nm film without defects [compare solid and dashed curves
in Fig. 4(b)]. Notably, the bending appears on the temperature dependence of the maximum

polarization at the temperature 550 K, being related with the emergence of closure domains at lower

temperatures. The temperature of polarization emergence decreases at negative W =—10 A (this case is
not shown in the figures, since we are primarily interested in the conditions of polar properties

enhancement).
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FIGURE 4. Temperature dependence of the maximal spontaneous polarization calculated for different film

thicknesses # = (6, 10, 20) nm [plot (a)] and / = (20, 50) nm [plot (b)], without defects (N, =0, dashed curves)

and with defect concentration N, = 2x10%® m™ and Vegard coefficient ¥ = +1012x [plot (b)], screening length

A=0.1nm. Other parameters are listed in Table II. The inflections at the curves for 50-nm thick film indicate the

appearance of the closure domains (CD) at temperatures lower than 550 K.

Spatial distributions of in-plane and out-of-plane polarization components and corresponding

elastic strains in the cross-section of the 60-nm thick PTO film calculated for positive Vegard

coefficients W = +1010% , elevated (850 K) and room (300 K) temperatures are shown in Fig.5. It is
evident that the closure domains, as well as a pronounced stripe domain structure, are absent at high
temperatures near the phase transition of the film into the paraelectric phase [compare Figs. 5(a)-(d)
and 5(e)-(h)]. On the contrary, small domains, which branch near the surface of the film, appear at 850
K. They gradually "freeze" and transform to stripe domain structure with closure domains as the

temperature decreases.
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FIGURE 5. Spatial distributions of polarization components P, (a, e) and P, (b, f), elastic strains u,, (¢, g) and
u. (d, h) in the cross-section of the 60-nm thick PTO film calculated for positive Vegard coefficients
W =+10A, temperatures T=850 K [plots (a)-(d)] and 300 K [plots (e)-(h)], screening length A=0.1nm and

defect concentration N, =3x10%° m™. Other parameters are listed in Table IL

C. Ferroelectric transition temperature dependence on the film thickness

Figure 6 shows the dependence of the ferroelectric transition temperature 7. (h) on the film
thickness / [Fig. 6(a)] and its inverse value 1/ [Fig. 6(b)], calculated for the positive, zero and
negative Vegard coefficients W. At W >0 the maximum appears on the dependence at a film
thickness of 25 nm, virtually equal to the thickness of the defect layer 4, [see red curve in Fig. 6(a)].

Temperature 7. (h) decreases monotonically with decreasing # at W <0 . Notably, the inequality
T.(h,W <0)< T.(h,W =0)<T.(h,W >0) is valid for thicknesses more than 4 nm [compare red,

magenta and blue curves in Fig. 6(a)]. At a film thickness of about 3.5 nm, all three curves intersect,

and the order of the curves corresponding to W >0 and W < 0 changes with the further decrease of
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the film thickness. A maximum and a kink on dependencies 7,.(/) are observed at & = h,, for positive

and negative W, respectively [see red and blue curves in Fig.6(a)].

From Figure 6(a) we can see, that the critical thickness of the film below which the
ferroelectric phase vanishes is absent for all W. It is true even until 2 nm thickness (that is about 5
lattice constants) for which the continual theory of LGD is still applicable at least qualitatively.
Somewhat overstretching the LGD approach one can observe in Figure 6(b) that 7¢ does not decrease
below room temperature for the films with thickness 4 =1 nm or even less, its value varying within
the range (350-450) K in dependence on the sign and value of W [compare red, magenta and blue
curves with symbols in Figs. 6]. This effect can be explained only by the presence of relatively strong
compressive strains (-1%) at the film-substrate interface, which effectively support spontaneous dipole
displacements in ulta-thin films [3-5] due to the electrostriction [8] and flexoelectric effect [40]. The
depolarization field in the film is minimal due to a developed domain structure [see Figs. 2 and 4].

Indeed, electrostrictive coupling between polarization and elastic stresses shifts the transition

temperature significantly, in the order of QO,;,6, / o, in a stressed film (see ref. [8] for details), and

the flexoelectric effect creates a built-in electric field proportional to the convolution of tensors

F,. o.n in the boundary conditions Eq. (2b) (see ref.[40] for details). The approximate part of the

Jkim ™ jk
dependence 7 (h) calculated analytically for small thicknesses without the flexoelectric effect and

Vegard effect is shown in Fig. 6 (b) by a dotted curve.

Room temperature spontaneous polarization P in dependence on the film thickness is shown

in Fig. 6(c). Since one can regard that P,(h)~ \/T.(h)—T within LGD-approach, the value P,
becomes almost thickness-independent or even slightly increasing with thickness decrease below 2 nm
for nonzero flexocoupling [see red, magenta and blue curves with symbols in Fig. 6(c)].
Corresponding switchable bound charge o is equal to 2P .

Without flexocoupling and defects the spontaneous polarization sharply disappears with
thickness decrease and the size-induced transition into a paraelectric phase occurs at A=3 nm [see
dotted curve in Fig. 6(c)]. At that the difference between the switchable polarization calculated for
nonzero flexocoupling at positive and negative Vegard coefficients is about 12 uC/cmz, leading to the
difference of about 24 pC/cm? in the switchable bound charge. Hence we can predict that the relatively

high switchable polarization of order (50 - 60) uC/cm® and switchable bound charge o, about (100 -
120) uC/cm® can be induced in ultrathin PTO films due to the flexo-chemical effect. The predicted
increase of 6,~(0.2 — 1) C/m” in ultrathin perovskite films of thickness less than 5 nm is due to the

flexo-chemical effect; and it can be important for applications in advanced memory devices opening

the way for their further miniaturization.
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FIGURE 6. Ferroelectric transition temperature vs. the film thickness # (a) and 1/4 (b). The spontaneous

polarization in dependence on the film thickness calculated at 7=300 K (c). Screening length A=0.Inm,

N, =3x10% m™, Vegard coefficient W =+10 A (squares), W =0 (diamonds) and W =-10A (circles), and
nonzero flexocoupling. Dotted line in plots (b,c¢) correspond to the simultaneous absence of the flexoelectric
coupling and Vegard effect, W =0, FF = 0. Vertical dashed lines indicate the thickness limit of continuum LGD-

theory applicability. Other parameters are listed in Table I1.

Distributions for the 2-nm film calculated at the temperature 300 K show the film in the state
close to the phase transition; that is why its polarization is severely weakened and domain walls are
notably diffused. Also, a metastable domain state can be observed for the film at negative W. This

illustrates sensitivity of thin films to lateral boundary conditions and flexoeffect that carry a major
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responsibility for the formation of such kinds of structures. Flexoelectric coupling, in particular, is also
responsible for the very existence of the ferroelectric phase in thin films under 6 nm.

A possible explanation for an anomalous change in the phase-transition curve evolution at ~<4
nm [that is shown in Fig. 6(a)] could be a transition from the c-domain state of the film with
polarization perpendicular to the surface in thick films (where a part of closure domains is relatively
small because of their localization at approximately 5 nm below the surface, see Figs. 2 and 5) to the
mainly a-domain state with the decrease of thickness, owing to the flexocoupling. Indeed, with the
thickness decrease a-domains with the in-plane polarization direction become significant (see Fig. 7).
This happens because it is well known that compressive misfit strains u,<0 support the c-domain
formation, while the dilatation ones u,>0 support the a-domain formation. Respectively, W>0 supports
c-domain stability, while <0 supports the stability of a-domains. Therefore, for the case of thickness
decrease below 4 nm in the film already having defects homogeneously occupying its whole bulk
(because 7y=25 nm >> 4 nm), it is energetically favorable to increase the fraction of a-domains, so that
the ferroelectric phase transition temperature for this scenario is higher. This can be seen in Fig. 6; the
detailed analysis of the corresponding domain structure and elastic fields for the film thicknesses
below 5 nm is given in Fig. 7.

Polarization components change their behavior when the film thickness approaches 4 nm and
less. The out-of-plane component that prevailed in thicker films gradually dims, giving the place for
the in-plane polarization rising amplitude and growing area of closure domains. 3-nm film is already
seen as such where the a-domains slightly exceed the c-domains in size. While the sign of the Vegard
effect coefficient has an insignificant effect on the polarization amplitude and domain shapes, it can
change mechanical strain and stress distributions. It can be seen in Fig. 7 that there are different elastic
fields, specifically the out-of-plane component u.,, changing significantly under positive and negative
W, which can be consistently traced back to the thicker films (see Fig. 2), where such dependencies
occur in the defect-rich part of a ferroelectric bulk. Since defects are quasi-uniformly spread across the
depth of the thin film (ko >> k), Vegard stresses impact the whole film thickness. Note that the
asymmetry of the out-of-plane polarization scale (from —0.45 to 0.6 C/m?) at film thickness 2-3 nm
originates from the built-in electric field induced by flexo-chemical coupling, and the asymmetry is
absent for thicker films [compare Figs.7 with Figs. 2 and 5]. Temperature dependence of the total

energy per unit area in the films of thickness (2 — 170) nm is shown in Appendix A.
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FIGURE 7. Spatial distribution of the out-of-plane and in-plane polarization components P, and P., von Mises
stress ¢ and elastic strains u,, and u.., in the cross-sections of the 4, 3 and 2-nm PTO film calculated for positive
[top part (a), W =+10A ] and negative [bottom part (b), W =—10 A ] Vegard coefficients, room temperature
T=300 K, screening length A=0.1nm, and defects filling the entire film with a concentration N, =3x10"* m”

Other parameters are listed in Table II. Color gradient denotes scales of for the following physical parameters.

In-plane polarization changes from —0.45 to 0.45 C/m?; out-of-plane polarization changes from —0.45 to 0.6
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C/m?; Von Mises stress changes from 0.8 to 3.6 GPa; in-plane strain changes from —1.7% to —0.3%; out-of-

plane strain changes from —0.2% to 3.1%.

Graphs in Figs. 6-7 are plotted for the fixed concentration of defects. Their detailed analysis,
carried out for various defect concentrations in the temperature range of (600 — 900) K with a positive
Vegard coefficient, shows, that a pronounced maximum appears on the transition temperature

dependence 7. (h) at h = h, with the increase of the defect concentration [see Fig. 8(a) in a semi-

logarithmic graph]. At the maximum, the transition temperature of (20-30) nm film with a layer of
defects near the surface exceeds by 50 K the transition temperature of a thick lead titanate film, which
makes it possible to significantly improve the polar properties of thin films. The transition temperature

of (20-30) nm film without defects is about 200 K lower than the one in the film with defect

3

concentration 3x10°® m™ and W =+10A . Note that we neglected the relaxation of the mismatch

deformations in films with thickness 4 > A, and therefore the applied compressive strain (-1%) leads

to renormalization of the Curie bulk temperature from 752 K to 880 K in 100-nm films.

Dependence of transition temperature on the defect concentration N, increases quasi-linearly

at W >0, and its slope increases with the film thickness decrease [Fig. 8(b)]. Solid curves with empty
symbols in Fig. 8(a) and dashed curves in Fig. 8(b) calculated accounting for the flexoelectric effect

with flexoelectric coefficient F;, >0 listed in Table I correspond to a higher 7. (h) than the curves
calculated at F;, = 0. The difference is most significant for the thinnest films [see the curves for /=10

nm and 20 nm in Fig. 8(b)]; it decreases with the film thickness increase and is almost nondescript for
the films with a thickness in the order of 100 nm and above [see the curves for /=80 nm and 170 nm in
Fig. 8(b)]. This is obviously related with the built-in electric field induced by the flexoelectric
coupling of polarization with inhomogeneous elastic stresses, which is proportional to the product

F

" 47, [see boundary conditions (2b)]. Note that the transition temperature substantially rises with

defect concentration increase at positive Vegard coefficient (with the flexoeffect or without it), but the
reentrant ferroelectric phase, observed experimentally in spherical nanoparticles with a radius
R < 5nm [22] and then explained theoretically by flexo-chemical coupling [21], has not been observed
in thin films. In our opinion this is because there is no curved surface in the films that induces the
ferroelectric phase due to a competition between the contributions of size effects and surface tension
into the Curie temperature shift, which have different signs and are proportional to 1/R and 1/ R?,
respectively [21].

Room temperature spontaneous polarization P in dependence on the film thickness is shown

in Fig. 8(c) for various defect concentrations N, within the range (0 — 3)10%° m™ and positive Vegard
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coefficient W =+10A. Without defects P; monotonically increases with the film thickness increase.

Since P,(h)~ /T.(h)—-T the polarization curves have maxima at /= h, with the increase of the

defect concentration over about 10*° m™ [see red, magenta and blue curves with symbols in Fig. 8(c)].

However a corresponding difference (0.03 C/m?) of the maximal value 0.81 C/m” at N, =3%10*° m™

in comparison with 0.79 C/m* at N, =0 is much smaller than the difference between the
corresponding curves (~0.79 C/m?) for thin films [compare red, magenta and blue curves in Fig. 8(c)
with the corresponding ones in Fig. 6(c)].

Dependence of the spontaneous polarization on defect concentration N, calculated at 300 K
for different film thicknesses (~10 — 200 nm) is shown in Fig. 8(d). Polarization is increasing
gradually with N, increase at positive Vegard coefficient, at that the slope essentially increases with

the film thicknesses decrease [compare black, red, green, magenta and blue curves in Fig. 8(d)]. Also
the difference between the curves calculated with and without flexoelectric coupling increases strongly
with the film thickness decrease [compare solid and dashed curves in Fig. 8(d)]. In particular the
spontaneous polarization of 10 nm film substantially rises (from 0.35 C/m* to 0.45 C/m?) with defect
concentration increase from 0 to 3x10?° m™. At that the polarization curve calculated allowing for the
flexocoupling in a 10-nm film is essentially higher (~0.1 C/m?) than the one calculated without it

[compare solid and dashed black curves in Fig. 8(d)]. Corresponding switchable bound charge o is
approximately equal to 0.7 C/m” at N, o =0 and F, =0, and can reach the value 0.98 C/m” at F,>0
and N, =3x10*° m™. The predicted increase of the switchable bound charge ~0.28 C/m” due to the

flexo-chemical effect can be important for thin films applications in memory devices.
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FIGURE 8. Ferroelectric transition temperature dependence on the film thickness and defect concentration. (a)

Dependence of the transition temperature on the film thickness calculated for different values of the defect
concentration N, (shown near the curves) and zero (empty symbols) or nonzero (filled symbols) flexoelectric

coefficients. (b) Dependence of the transition temperature on defect concentration calculated at 300 K for
different values of the film thickness (shown near the curves) and zero (solid curves) or nonzero (dashed curves)

flexoelectric coefficients. (¢) Dependence of the spontaneous polarization on the film thickness calculated at
7=300 K and different values of the defect concentration N, (shown near the curves) and for zero (empty

symbols) or nonzero (filled symbols) flexoelectric coefficients. (d) Dependence of the spontaneous polarization

on defect concentration calculated at 300 K for different values of the film thickness (shown near the curves)

and zero (solid curves) or nonzero (dashed curves) flexoelectric coefficients. Screening length A=0.1nm,

W =410 A, and the depth of the defect layer #,=25 nm, A#=1 nm,. Other parameters are listed in Table II.

The pronounced maximum on the transition temperature contour maps in the variables "film

thickness - defect concentration" exists under the presence of flexoelectric coupling [see Fig. 9(a)] and
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without it [see Fig. 9(b)], however, the flexoelectric effect significantly shifts the transition

temperature (by up to 30 K for thin PbTiO; films).
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FIGURE 9. Contour maps in the coordinates "film thickness — defect concentration" for the two cases of zero

(a) and nonzero (b) flexoelectric coefficients. Room temperature, screening length A=0.1nm, W = +10A , and

the depth of defect layer 4;=25 nm, Ah=1 nm,. Other parameters are listed in Table II.

Thus, the position and height of the maximum 7, (h) can be controlled by the defect

concentration in the layer and the surface screening length, which can be useful for advanced
applications. Summarizing this section, we conclude that uncharged elastic defects have an
unexpectedly strong impact on the polar and elastic properties of ferroelectric films due to Vegard
stresses in the defective layer of the film and the flexoelectric effect.

Let us underline that polydomain states of ferroelectric films are used in several classical and
advanced applications. There are a lot of applications of periodically poled ferroelectric layers of
different compositions, for instance LiNbO; [85], LiTaO; [86] and KTiOPQOy4 [87], for phase-matching
of the second and higher harmonic generation in nonlinear optic devices. 2D-semiconductors (e.g.
graphene) placed on ferroelectric substrates with a domain structure are promising candidates in
advanced memory cells, where each domain wall triggers the conductivity of the channel that is a 2D-
semiconductor (see e.g. experimental works [88, 89, 90] and a recent theory [91, 92]. Hence, the
revealed polydomain state in ultra-thin ferroelectric films induced by the flexo-chemical coupling can

be of particular importance in advanced applications.
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IV. CONCLUSIONS

Using Landau-Ginzburg-Devonshire approach we established the effect of the flexoelectro-

chemical coupling on the polar properties and phase transitions in thin ferroelectric films with a

surface layer of uncharged elastic point defects (vacancies or ions). We considered a typical case,

when the defects are concentrated in a thin layer below the top film surface creating a sharp gradient of

elastic fields. The defective surface of the film is not covered with an electrode, but with an ultra-thin

layer of ambient screening charges, which are characterized by a surface screening length.

We obtained that the influence of the flexoelectro-chemical coupling and surface screening

length on the ferroelectric transition temperature of the film, distribution of the spontaneous

polarization and elastic fields, domain wall structure and period is rather strong, namely, it turned out

that:

1.

The screening length strongly affects the polar properties and domain structure in the film. In
particular, a pronounced minimum appears on the dependence of the system’s specific energy
on the domain size with an increase of the screening length, the depth of the minimum
depending essentially on the magnitude of the Vegard coefficient.

Due to the flexoelectric effect there is no size-induced transition to a paraelectric phase until (2
— 4) nm thickness of PbTiO; films with 1% of compressive misfit strain. The origin of this
phenomenon is the re-building of the domain structure in the film (namely the cross-over from
c-domain stripes to a-type closure domains) emerging with its thickness decrease below 4 nm,
conditioned by the flexoelectric coupling and facilitated by negative Vegard coefficient.
Though we observe no phase transition for smaller thickness, our results (as obtained in the
continuum theory framework) can be inaccurate below the (2-4) nm size. Despite the said
limitation the obtained results point at tempting opportunities for defect-strain engineering of
the ultra-thin perovskite film ferroelectric properties and domain structure tuning, which can be
very promising for the ferroic film applications in nanoelectronics.

Electric field induced by the defect layer has an unexpectedly strong influence on the polar and
elastic properties of the strained films due to the coupling of inhomogeneous Vegard stresses
and the flexoelectric effect (defect-driven flexo-chemical effect). Positive Vegard coefficients
and high concentration of elastic defects effectively maintain the ferroelectric transition
temperature above 350 K in the strained PbTiO; films due to the flexo-chemical effect. In
contrast to the pure flexoelectric effect coefficients, which values are material-specific
constants, the magnitude of the flexo-chemical effect can be controlled by the concentration of
defects, their type and distribution in the film, making the considered system much more

suitable for tuning.
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4. The increase of defect concentration leads to a noticeable monotonic decrease in the
ferroelectric transition temperature of the PbTiO; film with negative Vegard coefficients. In
contrast, for positive Vegard coefficients, a pronounced maximum (with a height up to 200 K)
appears on the thickness dependence of the transition temperature with increasing defect
concentration. The film thickness corresponding to the maximum is approximately equal to the
thickness of the defect layer and relatively weakly depends on the surface screening length.
The latter property may have important implications for miniaturization of ferroelectric devices.

5. The pronounced maximum on the dependence of the ferroelectric transition temperature on the
film thickness exists even without the flexoelectric coupling in the film, however, the coupling
strongly shifts the transition temperature (by up to 30 K for thin PbTiOs films). Since the
maximum position and height can be controlled by modifying the defect concentration and
Vegard coefficient, the obtained results are promising for advanced applications in ferroelectric
memory devices and those applications in nanoelecronics, where introducing of different types

and amounts of defects is conceivable.
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APPENDIX
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FIG. Al. Temperature-dependent energy diagram for the total energy in the thin films of thickness 2,
3 and 4 nm (a), 6, 10, 20 and 25 nm (b), 50, 80, 170 nm (c) with the defect concentration No=3x10%°
1/m?, hy=25 nm, Ah=1 nm, A=0.1 nm, at the room temperature (300 K), and the positive (W=+10 A)
and negative (W=-10 A) Vegard coefficients. Saturation plateaus on the curves correspond to the
paraelectric phase. Linear or parabolic-like dependencies correspond to the ferroelectric phase in the
vicinity of respectively I and II-type phase transition. Note that the total energy of the system is greater

than zero because of its mechanical component modified by a misfit strain.
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