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Abstract

Ferroelectrics and antiferroelectrics appear to have just the opposite behavior upon scaling down.

Below a critical thickness of just a few nanometers the ferroelectric phase breaks into nanodomains

that mimic electric properties of antiferroelectrics very closely. On the other hand, antiferroelectric

thin films were found to transition from the antiferroelectric behavior to a ferroelectric one under

certain growth conditions. At present the origin of such transition is controversial. Here we use

accurate first-principles-based finite-temperature simulations to predict the existence of a critical

thickness for antiferroelectricity in the most celebrated antiferroelectric, PbZrO3. The origin of

this effect is traced to the intrinsic surface contribution that has been previously overlooked. The

existence of a critical thickness below which the antiferroelectric phase is replaced with a ferro-

electric one not only complements the discovery of a critical thickness for ferroelectricity but also

suggests that ferroelectricity and antiferroelectricity are just two opposite manifestations of the

same phenomenon: the material’s tendency to develop a long-range order. Nanoscaling offers the

opportunity to manipulate this order.
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Ferroelectrics are the materials that possess spontaneous polarization that can be re-

versed by the application of an external electric field. Antiferroelectrics are often considered

as antipolar counterparts of ferroelectrics as they can transition into a polar “ferroelectric-

like” phase under an applied electric field. Both ferroelectrics and antiferroelectrics find

numerous practical applications and are very promising for miniaturized devices. Inter-

estingly, ferroelectrics and antiferroelectrics exhibit nearly opposite behavior upon scaling

down. The nanoscale behavior of ferroelectrics is largely governed by the depolarizing field

that affects most of their electric properties including the ferroelectric phase itself [1–3].

Indeed it was first predicted that the ferroelectricity disappears below a critical thickness

of 2.4 nm [2]. However, it was soon realized that in such ultrathin films the spontaneous

polarization does not disappear altogether but rather forms nanodomains which annihilate

the depolarizing field [3, 4]. Interestingly, such nanodomain structures can be considered as

an antipolar, or “antiferroelectric-like”, phase of a ferroelectric material as they exhibit dou-

ble hysteresis loops typical of antiferroelectrics [5, 6]. On the other hand, antiferroelectrics

appear to demonstrate just the opposite behavior upon scaling down. More precisely, they

were reported to develop a ferroelectric phase at the nanoscale [7–11]. It seems that the

effects that arise at the nanoscale are capable of inducing a transition between the polar and

antipolar phases of the same material.

Interestingly, while the transition from a polar to an antipolar phase in ferroelectric thin

films is well investigated and understood [3, 4, 12, 13], the antipolar-to-polar transition in

nanoscale antiferroelectrics remains rather puzzling. Ref.9 reported that PbZrO3 films with

thickness less than 22 nm show a ferroelectric (FE) like hysteresis loops. It was proposed

that the epitaxial strain stabilizes the FE phase. Interestingly, polycrystalline PbZrO3 films

exhibit FE-like single loop hysteresis at a larger thickness of 80 nm [8]. The thickness depen-

dent behavior of the polycrystalline films was tentatively attributed to the interface layer

between the film and electrode. The possibility to stabilize the FE phase in PbZrO3 by epi-

taxial compressive strain at zero Kelvin was later established in first principles simulations

[11]. At the same time the epitaxial stain effects cannot explain one of the earliest exper-

imental reports of a size-driven AFE-FE transition in PbZrO3 films and BiNbO4 films [7].

The coexistence of FE and AFE phases was also observed in PbZrO3 films [14]. A transition

from a mixed AFE-FE behavior to a FE behavior was reported in PbZrO3/Pb(Zr0.8Ti0.2)O3

multilayers with thickness of PbZrO3 layer below 10 nm [10]. This effect was attributed to
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the epitaxial strain.

In this Letter we take advantage of accurate first-principles-based finite-temperature

simulations to i) predict the existence of a critical thickness for antiferroelectricity in

PbZrO3 ultrathin films, including the unstrained films; ii) reveal an overlooked surface ef-

fect that triggers the size-driven AFE-FE transition in such ultrathin films; iii) outline

how the proposed mechanism could reconcile many of the aforementioned controversies and

address some of the open questions; iv) decouple the contributions from the surface effect,

residual depolarizing field, and epitaxial strain to the phase formation and electric properties

of ultrathin PbZrO3 films.

PbZrO3 ultrathin films grown along [001] pseudocubic direction (z− Cartesian axis in

our case) and of 1.6 to 8.3 nm thicknesses are simulated using 12x12xN supercells that are

periodic along the films in-plane directions (x− and y− Cartesian axes in our case). N

represents the number of unit cells along film’s growth direction and ranges from 4 to 20.

The energy of the supercell is given by the first-principles effective Hamiltonian [15, 16]

for PbZrO3 [17]. The degrees of freedom for the Hamiltonian include local modes, ui, that

are proportional to the dipole moment in the unit cell, i, oxygen octahedron tilts about

pseudocubic axes, ωi, that describe oxygen octahedron rotation, and strain variables ten-

sors (in Voigt notations), ηi, that are responsible for mechanical deformations of a unit cell.

Note that the unit cell here refers to five atom cell of cubic perovskite. The energy of the

PbZrO3 Hamiltonian includes dipole-dipole interactions, short-range interaction, on-site self

energies, elastic energy, coupling between the degrees of freedom and the interaction between

the local modes and electric field. The Hamiltonian correctly reproduces many electrical and

thermodynamical properties of PbZrO3. In particular, it accurately predicts the antiferro-

electric phase transition and the dipole pattern associated with it, electric hysteresis loops

and PbZrO3 behavior under pressure. The Curie point of 946 K, however, overestimates the

experimental value of 503 K. It should be noted that the effective Hamiltonian approach has

been widely used to predict numerous properties of ferroelectrics, multiferroics and related

materials [18–22]. The energy given by the Hamiltonian is used in Monte Carlo simulations.

Typically 40,000 Monte Carlo sweeps are simulated in a single run. To simulate electric

hysteresis we apply electric field along [111] or [001] direction. The [111]-field allows to gain

the understanding of how films respond to the electric field components along the directions

that differ by symmetry, while [001]-field simulates experimentally realizable setup.
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To decouple contributions from the surface effects, depolarizing field and epitaxial strain

on the properties and phases of PbZrO3 ultrathin films we simulate different mechanical and

electrical boundary conditions. Technically, mechanical boundary conditions are simulated

by freezing some components of the strain tensor to model epitaxial strain in the range of

-2% to 2%. [23]. To account for the electrical boundary conditions we consider two limiting

cases of surface charge compensation realized in experiments [24], namely ideal short circuit

and ideal open circuit boundary conditions. Ideal short (open) circuit conditions model

the situation when free carriers - intrinsic or extrinsic - are abundant (not available) to

compensate potential polarization discontinuity at the film’s surfaces. Technically these

conditions are simulated by either applying or removing periodic boundary conditions along

the film’s finite dimension when computing dipole-dipole interactions [25].

We begin by considering the effect of the surface on the properties of ultrathin PbZrO3 films.

For that we carry out simulations for stress-free films of different thicknesses under either

short-circuit or open-circuit boundary conditions. Fig.1(a) shows room temperature hys-

teresis loops computed for the films of different thicknesses under short circuit boundary

conditions. The thickest film exhibits a double loop that is characteristic of an AFE be-

havior. As the film’s thickness decreases the loops begin to widen along the electric field

axis and gradually transform into a single loop dependence that signifies the onset of a FE

behavior. The 2.5 nm thick film exhibits a typical FE hysteresis loop. The size evolution of

the hysteresis loops is in excellent qualitative agreement with experimental measurements

[7–10, 14]. A quantitative comparison is not always possible due to a difference in films’

thicknesses in computations and experiments. We find FE tetragonal phase in ultrathin

PbZrO3 films that is consistent with the experimental observation of ferroelectricity along

the c-axis (in orthorhombic notations) in PbZrO3 films grown along (001)O direction [14].

It should be noted that Ref.9 deduced a rhombohedral zero field phase for their thinnest

epitaxial films. Fig.1(b) shows the dependence of the remnant polarization on the film’s

thickness. The data indicate that the remnant polarization first decreases as a function of

film’s thickness in a qualitative agreement with experiment [9] and then disappears abruptly

at the critical thickness of 6.5 nm. The latter finding is in excellent agreement with the

experimental study that reported a FE phase for 6 nm thick PbZrO3 layers [10]. An ex-

ample of an electric hysteresis loop for a film under ideal open circuit conditions is given

in 25. Under such conditions we do not find a size-driven onset of ferroelectricity due to a
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prohibitively large depolarizing field that would accompany a FE phase in the absence of

screening charge.

The most striking finding is the size-driven onset of ferroelectricity in ultrathin PbZrO3 films

under short circuit boundary conditions in the absence of epitaxial strain. This unexpected

result cannot be explained by any ferroelectricity stabilizing mechanism proposed in the

literature so far. We recall that the proposed mechanisms are mostly of extrinsic origin and

include the presence of residual stresses and/or interfacial electrostatic effects. In contrast,

the mechanism that stabilizes a FE phase in ultrathin films is rather of intrinsic origin as

it is activated in the absence of an interface with a substrate. To reveal an atomistic origin

of such an unusual effect we investigate the interactions that are primarily responsible for

the AFE behavior of PbZrO3. They are the local mode self-energy, dipole-dipole and short-

range interactions between the local modes. While the self-energy ensures that the material

undergoes structural distortions, it is the balance between the electrostatic dipole-dipole and

short-range interactions that determines the actual type of the distortion, such as polar or

antipolar, for example. Ferroelectricity, for instance, is stabilized by Coulomb interactions

and destabilized by short-range interactions that arise from electronic hybridization and

repulsion [15, 26]. In PbZrO3 the short-range interactions are dominated by a very strong

repulsion between nearest neighbor dipoles with “head-to-tail” orientation of the dipole mo-

ments. This type of interaction is at least one order of magnitude stronger than any other

type of short-range interaction in PbZrO3 [17]. We, therefore, retain only this dominant

interaction in order to simplify the discussion. In this approximation the normalized energy

per five atoms cell in the FE tetragonal phase of bulk PbZrO3 is
Ebulk

FE

u2 = j2 − 2.09 Z∗2

ε∞a3
0

,

where the first and second terms give contributions from the short-range and dipole-dipole

interactions, respectively. j2 = 0.024 a.u. Z∗, ε∞, and a0 are Born effective charge, optical

dielectric constant and cubic lattice constant of PbZrO3, respectively [17]. In the same

approximation, the energy of an AFE orthorhombic phase associated with the distortion at

the Σ2 point of the Brillouin zone reduces to a sole contribution from the dipole-dipole inter-

action
Ebulk

AFE

u2 = −0.53 Z∗2

ε∞a3
0

. Comparison of Ebulk
FE and Ebulk

AFE reveals that in bulk PbZrO3 the

AFE phase develops in order to avoid the costly short-range interactions between “head-to-

tail” dipoles. Next we consider energies for a surface layer of dipoles in a film under ideal

short circuit boundary conditions. They are
E

surface
FE

u2 = −2.09 Z∗2

ε∞a3
0

and
E

surface
AFE

u2 = −0.53 Z∗2

ε∞a3
0

.

It is now obvious that the presence of the surface favors the FE phase as it effectively
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removes the energetically costly interactions between “head-to-tail” dipoles. Interestingly,

surface induced enhancement of ferroelectricity has been previously reported for ferroelectric

ultrathin PbTiO3 films under short circuit boundary conditions [19]. Our model predicts

that the FE phases are formed near the surface of PbZrO3.

To further elucidate the existence of a critical thickness for antiferroelectricity in PbZrO3 ultrathin

films we apply this reduced model to a film with N layers. Two of these layers are next

to the top and bottom surfaces of the film. The corresponding energies for the FE and

AFE phases are E
film
FE = (N − 2)Ebulk

FE + 2Esurface
FE and E

film
AFE = (N − 2)Ebulk

AFE + 2Esurface
AFE ,

respectively. The difference between these two energies gives an estimate of the relative

stability of FE and AFE phases at zero Kelvin. Fig.1(c) gives the dependencies of
E

film
FE

u2 and
E

film
AFE

u2 on film’s thickness computed without approximating short-range interactions with a

single contribution from the nearest neighbors. The figure predicts that at zero Kelvin the

energies of two phases become comparable at the critical thickness of 7 nm in excellent

agreement with the room temperature calculations reported in Fig.1(b) and experimental

findings of Ref.10. Below this critical thickness the FE tetragonal phase is energetically

more favorable. This finding allows us to conclude that in PbZrO3 ultrathin films the FE

phase is stabilized by the surface that eliminates energetically costly short-range interac-

tions between the neighboring dipoles. The stability of the FE phase increases with the

increase in the surface to volume ratio. Interestingly, such finding could explain the increase

in the critical thickness in fine grain polycrystalline films [8] as compared to the single

crystalline ones [9]. It also suggests that the effect could be even more pronounced in other

low-dimensional structures, such as nanorods and nanodots, as they have larger surface to

volume ratio. Our computations reveal the crucial role of the surface in stabilizing the FE

phase in PbZrO3 nanostructures beyond the epitaxial strain and interfacial effects. Such

an intrinsic mechanism aids in the understanding of ferroelectricity onset in nanostructures

where residual stresses do not contribute significantly [7].

Fig.1(c) also reports energy estimates for the FE phase developed in ultrathin films under

ideal open circuit boundary conditions. In agreement with our computational findings, the

energy analysis demonstrates that under such conditions the AFE phase remains energet-

ically more favorable for any thickness. Interestingly, the presence of free carriers which

provide only partial surface charge compensation in a FE phase is expected to produce

energy dependencies which fall in between the lines for the ideal short and open circuit
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boundary conditions [see Fig.1(c)]. Many of these dependencies will cross the AFE phase

energy to give rise to the size-driven AFE-FE transition. However, the energy gain due to the

FE phase formation will be less as compared to the case of full surface charge compensation

and will result in a lower transition temperatures and reduced critical thickness.

Interestingly, Fig.1(c) further predicts that in the vicinity of the critical thickness the AFE

and FE phases are very close in energy. This suggests that the AFE-FE phase transition

in AFE nanostructures can be achieved with lower electric fields as compared to the bulk.

Furthermore, this field is expected to decrease with the film’s thickness. The energetic

proximity of AFE and FE phases also implies a phase competition that is likely to result

in phase coexistence. Indeed such coexistence was reported experimentally [9, 14]. The

phase competition and the energy balance is expected to be affected by the temperature

so that different phases are stabilized at different temperatures. To verify this we carried

out finite-temperature simulations for a 5 nm thick film that has mixed AFE-FE behavior

under electric field (see Fig.1). Fig.2(a)-(c) shows computational data from the annealing

simulations that started at 1200 K and proceeded in steps of 10 K decrements. The data

indicate a single transition into an AFE orthorhombic phase at 780 K that is below the

computational transition temperature of 946 K for bulk PbZrO3. At the same time the zero

Kelvin analysis [see Fig.1(c)] and electric field simulations [see Fig.1(a) and (b)] suggest

a FE phase below 300 K. To investigate this controversy we carried out a slow heating

simulations from the FE ground state. The results are given in Fig.2(d)-(f) and show an

abrupt transition from a FE to an AFE phase at 380 K. The dramatic difference between the

results from annealing and heating simulations confirms that there exists a phase competition

that results in the stabilization of a FE phase at lower temperatures and an AFE phase at

higher temperatures. This can be tentatively attributed to the larger entropy associated

with the AFE phase. The computational finding of the AFE to FE phase transition at

380 K is in qualitative agreement with the experimental result of Ref.14 where the FE phase

was found to be stable below 60 K, while the AFE is stabilized above this temperature.

The fact that the computational transition temperature is higher than the experimental one

is attributed to the fact that the experimental films are likely to be under partial surface

charge compensation rather than the full compensation simulated here as well as the fact

that our computational method overestimates the transition temperature of bulk PbZrO3.

Next we turn to the effect of epitaxial strain on the electric properties and phase competi-
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tion in PbZrO3 ultrathin films. Our computational data [25] suggest that in agreement with

zero Kelvin first principles calculations [11] and experimental findings [9, 10, 14] compressive

strain further stabilizes the FE phase. Tensile strain favors the AFE phase. Under tensile

strain we do not observe any polarization along the film’s growth direction. Under ideal

open circuit boundary conditions we find the AFE zero-field phase for all strains considered.

In summary, we have predicted the existence of a critical thickness for antiferroelectricity

in ultrathin PbZrO3 films. Below this critical thickness the films develop a FE tetragonal

phase under ideal short circuit boundary conditions. The origin of this size-driven AFE-

FE phase transition is traced to the intrinsic surface effect that stabilizes the FE phase

by removing energetically costly short-range interactions between “head-to-tail” dipoles.

The energy gain due to FE phase formation increases with the increase in surface to bulk

ratio. The existence of the critical thickness for antiferroelectricity below which the AFE-FE

transition occurs complements the earlier discovery of critical thickness for ferroelectricity

[2] below which the single domain FE phase breaks into nanodomains that can behave

like an AFE-like phase. Such antisymmetry between ferroelectrics and antiferroelectrics

upon scaling down suggests that ferroelectricity and antiferroelectricity are just two opposite

manifestations of the same phenomenon: the material’s tendency to develop a long-range

order. Our study provides insights into previously overlooked surface effects as well as a

comprehensive view of the role that electrical and mechanical boundary conditions play in

phase formation in AFE ultrathin films. We believe that it will stimulate further research

in the area of functional nanoscale materials.
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FIG. 1. Panel (a) gives the room temperature hysteresis loops for PbZrO3 films of different thick-

nesses. The polarization is along the growth direction. The electric field is applied along [111]

direction. The data for the [001] field are given in 25. Panel (b) shows the dependence of the

remnant polarization on film’s thickness at room temperature. The solid vertical line indicates the

boundary between FE tetragonal (FE-T) and AFE orthorhombic (AFE-O) phases. Panel (c) re-

ports the dependence of the energy on film’s thickness computed using the reduced model described

in the text. The model includes local mode self-energy, dipole-dipole and short-range interactions

between local modes. Different lines give the energy of AFE or FE phase.
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FIG. 2. Temperature dependencies of order parameters in 5 nm thick film. Panels (a)-(c) give

the results from annealing simulations. Panels (d)-(f) present the data of heating simulations from

the tetragonal ground state. Px,y,z give the polarization components, < ux,y,z(Σ2) > give the

components of the AFE order parameter at the Σ2 point of the Brillouin zone, while < ωx,y,z >

give the components of the order parameter associated with AFD tilts of oxygen octahedra. The

order parameters are reported in units of cubic lattice constant of PbZrO3, a0 =7.81 a.u.
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