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a b s t r a c t 

Charge transport across the interfaces in complex oxides attracts a lot of attention because it allows cre- 

ating novel functionalities useful for device applications. It has been observed that movable domain walls 

in epitaxial BiFeO 3 films possess enhanced conductivity that can be used for reading out in ferroelectric- 

based memories. In this work, the relation between the polarization, strain and conductivity in sol-gel 

BiFeO 3 films with special emphasis on grain boundaries as natural interfaces in polycrystalline ferro- 

electrics is investigated. The interaction between polarization and grain boundaries occuring at elevated 

temperatures during or after material sintering stage leads to the formation of branched network of 

highly conductive grain boundaries with the electrical conductivity about two orders higher than in 

the bulk. At room temperature, these conductive traces stabilized by the defects remain and do not 

change upon polarization switching. These collective states provide further insight into the physics of 

complex oxide ferroelectrics and may strongly affect their practical applications, because reveal an addi- 

tional mechanism of the leakage current in such systems. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Complex oxides are attracting considerable attention because of

heir ferroelectric, ferromagnetic, multiferroic, and other remark-

ble properties, which are of great interest for the modern micro-

lectronic and micromechanical devices. The macroscopic proper-

ies of these materials depend strongly on the composition, de-

ect state and transport across various interfaces [1–5] . Many ef-

orts have been devoted so far to control the physical properties of

he interfaces in ferroelectric materials by their polarization state.

hese effort s resulted in the discovery of a variety of different

henomena such as polarization-dependent tunneling effect, re-

istive switching, symmetry breaking, etc. [6 , 7] . In particular, do-

ain wall conductivity, [8–10] formation of topological defects
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11 , 12] , phase boundaries [13] , and ferroelectric-insulator interfaces

14] have been rigorously studied. In general, the control of lo- 

al conductivity along these interfaces can be engineered based on

he mutual orientation of adjacent polarization states [12 , 14] . The

ffect of enhanced conductivity at polar interfaces of different na-

ure has been discovered at the interface between two insulating

xides [15 , 16] and charged domain walls in ferroelectrics [17 , 18] .

he value of the enhanced current and properties of 2D electron

as were polarization-dependent and polarization reversal could be

sed to create and erase the conductive states [17] . However, to the

est of our knowledge, no studies of the polarization-dependent

onductivity in more complex polycrystalline ferroelectric materi-

ls have been undertaken so far. Currently, thin film materials and

anostructures offer significant advantages for device fabrications,

s exemplified by high recording density magnetic media, memris-

ors, ferroelectric memories, etc. While several studies have been

evoted to ferroelectric phenomena at single grain boundaries

https://doi.org/10.1016/j.apmt.2020.100740
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:kholkin@ua.pt
https://doi.org/10.1016/j.apmt.2020.100740


2 D. Alikin, Y. Fomichov and S.P. Reis et al. / Applied Materials Today 20 (2020) 100740 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

g  

t  

b  

e  

b  

t  

c  

t  

c

2

 

s  

e  

l  

a  

c

5  

/

 

X  

w  

t  

t  

t  

t  

a  

R  

B  

a  

m  

s  

B  

I

 

3  

m  

i  

1  

s  

f  

4  

o  

c

 

r  

d  

d  

d  

t  

p  

3  

p  

fi  

b  

d  

p  

a  

d  

b  

t  

a  

d

[19–25] and a few studies to the collective phenomena in poly-

crystalline thin films [26–32] , the interaction of domain wall and

grain boundary subsystem and collective phenomena emerging in

such system has not yet been explored. 

Polycrystalline ferroelectric materials are known to possess

macroscopic properties significantly entangled by their structural

heterogeneity caused not only by the existence of domains and do-

main walls, but also by the complicated grain and phase boundary

interfaces, large macroscopic defects, e.g. dislocations, etc. The do-

main wall contribution to the functional properties such as dielec-

tric constant and piezoelectric coefficient was only approximately

estimated and it was thought to be about 50–70% of the total re-

sponse [33 , 34] . At the same time, domain walls in polycrystalline

ferroelectrics are expected to behave differently as compared to

single crystals. Domains appear to be mechanically clamped in-

side individual grains, [35 , 36] and grain boundaries effectively pin

the domain walls and limit their motion. [37–40] From the very

beginning, domain structure in the coarse-grain bulk ceramics is

known to be organized in peculiar domain patterns, representing

individual domain “bands” containing ferroelastic and ferroelectric

domain walls. [35] Similar phenomena of the domain wall organi-

zation into the individual clusters, so-called “superdomains”, have

been observed in thin films [29] . The applied electric field causes

collective behavior of such domain structure and its correlated re-

sponse determines many functional properties. [28 , 29] 

In single crystals or epitaxial thin films, polarization-dependent

domain wall conductivity is closely connected to the polarization

screening [8 , 41] . Domain walls joining adjacent domain states are

conductive mainly due to polarization charge localized in them

[41 , 42] . The conductivity across domain walls rapidly relaxes after

polarization reversal due to the screening by the external charge

carriers [18 , 43] Domain walls conductivity is also dependent on

the domain wall tilt changing continuously during forward domain

propagation [9 , 44–46 ]. Additional enhancement of conductivity can

occur due to interaction between domain walls and structural de-

fects often resulting in more complex domain systems existing in

polycrystalline films and bulk ceramics [9 , 47] . Intriguing possibil-

ity to control domain wall properties via defect engineering, e.g.,

by the annealing in a controllable atmosphere has been recently

demonstrated in BiFeO 3 (BFO) ceramics [47] . 

In polycrystalline ferroelectrics, grain boundaries (GBs) are

formed at the stage of materials synthesis at elevated tempera-

ture, when the accelerated diffusion of mobile species occurs dur-

ing grain growth and their mechanical consolidation. At room tem-

perature, GBs become stable and represent mostly 2D defects with

different from the bulk electronic and ionic transport properties

caused by the structural and chemical disorder [48–50] . Thereby,

they impact directly on the leakage currents, breakdown strength,

dielectric permittivity, and piezocoefficients of the ferroelectric

polycrystalline materials (e.g., may act as conductive inclusions ef-

fectively influencing dielectric losses or potential barriers for the

electronic or ionic transport) [51–53] . The segregation of various

defects and/or impurities in the vicinity of GBs provides also a dis-

continuity of chemical potential and counterbalances intergranular

strain [47 , 54 , 55] . 

In this work, we study the appearance of collective polariza-

tion and transport phenomena as a result of an interaction be-

tween GBs and domain walls in polycrystalline sol-gel synthesized

BFO films. We found that these grains self-organize in mesoscale

clusters (superdomains) with uniform polarization comprising a

number of grains, resulting in non-trivial collective effects resem-

bling formation of the clusters of non-linear electro-mechanical re-

sponse in polycrystalline films [28] . These boundaries become con-

ductive and thus control the transport phenomena in BFO films.

Since conventional mechanism of stress compensation by the for-

mation of ferroelastic domain walls is not likely for fine grains, we
rgue that the accumulation of stress at elevated temperature trig-

ers local polarization to be organized in clusters. We show that

he enhanced electric and elastic fields at the GBs lead to local

ending of the conduction and valence bands sourced by flexo-

lectric effect and result in the increased conductivity of the grain

oundaries. This process apparently happens at elevated tempera-

ures, at which defects are sufficiently mobile and can interact with

onductivie interfaces, while at room temperature the conductive

races become frozen, and conductivity controlled by the immobile

harged defects conserves. 

. Materials and methods 

BiFeO 3 thin films were deposited on Pt/TiO 2 /SiO 2 /Si(100) sub-

trates by spin coating using a chemical solution with 7.5 mol% of

xcess bismuth. The 0.16 M solution was obtained by the disso-

ution of Bi(NO 3 ) 3 •5H 2 O and Fe(NO 3 ) 3 •9H 2 O in 2-methoxyethanol

nd glacial acetic acid at 50 °C for 10 min. The films were then

rystallized in air at 600 °C for 40 min to obtain a final film of ~

00 nm thickness. The heating and cooling were done with a 5 °C
min rate. 

The crystal structure of the BiFeO 3 film was characterized by

-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer

ith CuK α ( λ = 1.5406 Å) radiation. A typical perovskite struc-

ure randomly oriented without secondary phases was observed in

he XRD pattern. Considering the R3c space group for the BFO sys-

em, Rietveld refinements were conducted to analyze the diffrac-

ograms. The lattice parameters and other structural parameters

gree with the results for similar BFO thin films in the literature.

aman measurements were performed using a confocal Raman

X51-Voyage TM with laser power of 150 mW, excitation of 785 nm,

nd spectral resolution of 3 cm 

−1 . Within 13 active Raman-

odes predicted by the group theory, 12 Raman modes were ob-

erved in polycrystalline BFO films studied in the present work.

oth XRD and Raman results are summarized in Supplementary

nformation A. 

Piezoresponse Force Microscopy (PFM) was done using a MFP-

D-SA (Asylum Research, Oxford Instruments, UK) scanning probe

icroscope with NT-MDT NSG 01 commercial tips with Pt coat-

ng, 35 nm nominal tip radius, about 5 N/m spring constant, and

50 kHz free resonance frequency. The visualization of domain

tructure by PFM was done at 20 kHz excitation frequency that is

ar from the frequency of the first contact resonance (higher than

50 kHz). Vertical and lateral PFM signals were quantified based

n the measurements of the vertical and lateral force-distance

urves, respectively, as described in Refs. [56–58] . 

Local conductivity measurements were done in the incorpo-

ated “Spreading Resistance” mode of NTEGRA Aura microscope in

ark conditions and under 365 nm UV illumination by the photo-

iode light focused on the sample with about 100 mW/cm 

2 power

ensity. DC voltage (up to 10 V) was applied to NT-MDT VIT_P/Pt

ips with “top-visual” geometry allowing to illuminate the sam-

les, with 30 nm nominal tip radius, 50 N/m spring constant, and

00 kHz free resonance frequency. Atomic Force Microscopy (AFM)

hotodiode was screened from the UV light by the suitable optical

lter. We used photo-illumination during current aqusition to get

etter signal-to-noise ratio of the images allowing to distinguish

etails of the current distribution. As we demonstrated in the Sup-

lementary Information B the Conductive AFM (C-AFM) contrast

t the GBs was identical for both dark and UV-illuminated con-

itions. C-AFM contrast of the GBs captured at the forward and

ackward pass of the scanner repeated each other. The value of

he current was constant in time in any point of the scan. This un-

mbiguously identifies that steady state conditions were achieved

uring scanning. 
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Fig. 1. Ferroelectric domain structure in BFO thin films: (a) topography, (b) vertical PFM phase, (c) vertical PFM amplitude, (d) vector PFM phase extracted according to the 

methodology described in Ref [60] . with cluster boundaries and out-of-plane polarization direction marked by the black lines and symbols, (e) lateral PFM phase, (f) lateral 

PFM amplitude. 
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Fig. 2. Correlation between piezoresponse and conductivity in BFO thin films: (a) 

topography, (b) PFM response, (c) electric current, (d) conductive grain boundary 

before and after poling by the tip scanning with 20 V DC voltage applied. 
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Scanning Probe Microscopy measurements were realized in dry

rgon atmosphere via the constant flow of the argon gas. The mea-

urements were done on the series of the samples grown under

imilar experimental conditions. 

Electron backscattered diffraction (ESBD) measurements were

arried out using 20 kV accelerating voltage and 5 nA electron

eam current on Carl Zeiss Auriga Workstation equipped with Ox-

ord Instruments Channel5 system. The sample was covered with

bout 2 nm carbon layer before the measurements to avoid surface

harging and polarization reversal by the electron beam. The area

f 20 0 •20 0 μm 

2 was scanned with a 20–50 nm step size. Electron

ack-scattering patterns were collected by the NordlysF + EBSD de-

ector and analyzed by the Flamenco acquisition software. The lo-

al texture analysis was done by the Mambo software. 

. Results and discussion 

.1. Clustering of the polarization and polarization-dependent 

onductivity 

To explore the interplay between transport properties medi-

ted by the domain walls and grain boundaries, we studied do-

ain structure and local conductivity simultaneously by vector

FM and C-AFM, respectively We observed clear piezoresponse

ontrasts both in lateral and vertical PFM signals ( Fig. 1 ) that were

xpected for the multiaxial ferroelectric material with rhombohe-

ral crystal symmetry. We found that the individual grains were

ll single domain and did not contain any domain walls inside the

rains, which indicates that the grain size was less than the critical

ize, at which the screening of depolarization field makes single-

omain state energetically preferable [59] . Surprisingly, we found

elf-organized arrangement of the domain structure confined in

clusters” with the correlated orientation of spontaneous polariza-

ion. This follows from the distribution of the vertical and lateral

FM phase signals that is not random. Using the methodology de-

cribed in Ref. [60] vector PFM map was constructed (see Fig. 1 d),

here clusters with the same sign of the piezoresponse (i.e. up

r down polarization directions) are highlighted. Vector PFM ap-

roach combines both in-plane and out-of-plane PFM signals to

econstruct preferred orientation of polarization vector in the az-

muthal plane [60] . From the comparison of Figs. 1 b, 1 d and 1 e,

t can be seen that vector PFM phase contrast is mostly out-of-

lane, so the polarization prefers vertical (out of the film’s plane)
rientation. Such preferably oriented clusters usually consist of 3–

0 grains. The cluster size varies across the sample, which indi-

ates that the driving force for their formation is non-uniformly

istributed over the surface. 

Rigorous analysis of electron backscattering diffraction patterns

onfirmed non-uniform distribution of Euler angles of the poled

gures with preferable orientation in the out-of-plane direction

Supplementary Information C, Figures C1 and C2). It means a de-

rease of the ratio between the out-of-plane and in-plane domains,

o that some “self-poling” occurs in the films [61] . It must be noted

hat EBSD images treated by the kinematic theory cannot reveal

80-degree domains [62] and, thereby, are not able to show do-

ain clusters observed by PFM. Self-poling has been earlier re-

ealed in BFO thick films (tens of microns thick), [63] as well as

n PZT sol-gel films. [61] Formation of domain clusters in our case

an be called local “self-poling” effect because preferred orienta-

ion of spontaneous polarization occurs only at the mesoscale. 

We further explore the features of the electronic transport in

FO films with such organized domain structure by C-AFM ( Fig. 2 ).

urrent varies significantly at the GBs in the interior of the do-
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Fig. 3. (a) and (b) Topography, (c) CAFM and (d-i) EBSD images (5 ·5 μm 

2 

size) of the grain agglomerates in polycrystalline BFO sol-gel thin films. (d-f) and 

(g-i) Two different places across the surface. (d, g) Inverse polar figure (IPF) Z maps, 

(e, h) image quality (band contrast) maps, (f,i) local misorientation maps. (j) Color 

map for IPF Z contrasts in (d, g). Relative intensities of the image quality and local 

misorientation maps are chosen the same for reliable comparison. 
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main clusters and at their circumference. The GBs at the cluster

circumference were mostly highly conductive, while the electrical

conductivity of GBs localized inside the clusters was similar to that

in the bulk. The current measured by C-AFM on conductive GBs

was 30–100 times higher than in the bulk, suggesting comparable

increase of the conductivity. 

In BFO epitaxial films, the domain walls are known to be more

conductive than the bulk and this effect can be controlled by

the electric field. [8–10] The conductivity increase was earlier ra-

tionalized by the local decrease of the bandgap under the ac-

tion of free charge carriers trapped at the domain walls [8–10] .

Later, strong angular dependence of the carrier accumulation was

suggested to originate from the local band bending via angle-

dependent electrostriction and flexoelectric coupling mechanisms

[64] . 

In order to further underpin the mechanism of conductivity

variation in our films we performed local switching experiments

( Fig. 2 d). The application of a DC bias higher 12 V by the AFM

tip can easily switch the out-of-plane direction of polarization ei-

ther in single grains or inside a large area by scanning under DC

bias (Supplementary Information D, Fig. D1). However, uniform lo-

cal poling of the area at the position of the conductive GB un-

der 20 V does not significantly change the current distribution and

enhanced conductivity was not obesrved at the boundary of the

poled area (Supplementary Information D, Fig. D1). This indicates

that the observed effect is different as compared to epitaxial BFO

films [8 , 9] in which conductivity along domain walls is induced

under poling. Thereby, the conductivity in polycrystalline BFO films

should be linked to the properties of GBs. 

According to generally accepted model [49] GBs consist of the

defective 1–2 nm-thick “core” region, where most of the defects

are segregated, while the neighboring region of 30–50 nm width

becomes depleted by the charge carriers. Depending on the de-

fect chemistry of the material, major or minor charge carriers can

be segregated at the GBs [4 8 , 4 9] , thereby enhancing of reduc-

ing their conductivity. Defect chemistry of pure BFO ceramics is

still under discussion, mainly because of the large contribution of

interface-controlled conductivity to macroscopic materials proper-

ties [47 , 65] . Epitaxial films were shown to be n -type electronic

conductors with the domain walls of the same conductivity type

[10 , 66] . Ceramics and polycrystalline BFO films were reported both

n- and p- type [47 , 65 , 67 , 68] . Recent scanning electron transmission

microscopy of the undoped polycrystalline BFO ceramics revealed

segregation of Bi vacancies near domain walls [47] . The annealing

in N 2 atmosphere was shown to suppress conductivity across the

domain walls, which was suggested to be p -type and meditated by

the electron-hole hopping between Fe 4 + and Fe 3 + sites. Schrade

et al. [65] studied electron transport mechanisms in bulk BFO ce-

ramics by measuring both electrical conductivity and Seebeck co-

efficient simultaneously at different tem peratures and oxygen par-

tial pressures. Contrary to Rojac et al. [47] , they found undoped

BFO to be close to intrinsic conductivity, n = p , with an additional

contribution attributed to parallel electronic transport along the

domain wall interfaces. The charge compensation mechanism was

suggested to be the Bi vacancies compensated by the oxygen va-

cancies [65] . 

Based on the activation energy of electronic transport extracted

from the temperature-dependent dielectric measurements the con-

ductivity across the grain bulk and resistive (intra-cluster) GBs is

attested to n- type small-polaron hopping, because the obtained ac-

tivation energy 0.08–0.11 eV is lower than the typical activation

energy for the holes (around 0.2 eV [65 , 67] ) (see Supplementary

Information E). The conductivity is likely deviates from the intrin-

sic behavior as a result of the formation of the oxygen or bismuth

vacancies caused by the volatilization of Bi [69 , 70] . It is reason-

able to conclude that the GBs with enhanced conductivity con-
ain another type of the segregated defects responsible for the en-

anced conductivity, e.g. negatively charged Bi vacancies provid-

ng p -type conductivity (as it was found for the BiFeO 3 ceramics

47] ). 

The resolution of C-AFM is not enough to distinguish the con-

uctivity of the core and depleted area of the conductive GB and

econstruct its detailed structure. Nevertheless, the effect of the

ormation of the double-charged defect layer across the interface

ith polarization charge was predicted by modeling [71 , 72] , as

ell as conductive traces at the positions of the domain walls were

bserved experimentally in the epitaxial BFO films after polariza-

ion reversal [73] . Thus, the segregation of the defects at the polar

nterfaces happens as a result of the depolarization field screen-

ng at the interface in order to minimize the energy of the system

74] . It likely occurs at the high-temperature stage of the materials

ynthesis, because defects are highly mobile at elevated tempera-

ure and can effectively take part in the screening process. At room

emperature, the segregated defects become immobile and cannot

apidly follow the polarization change. Consequently, polarization

eversal at room temperature does not lead to the immediate elim-

nation of the conductivity along the GBs. 

One of the possible reasons of the enhanced conductivity at

he interface is a coupling between polarization and stress occur-

ng at the GBs, which results in the mechanical strain. Indeed, do-

ain clusters in BFO films often demonstrate a visible separation

n topography with pronounced cracks between different crystal-

ites ( Fig. 3 a). Exactly these positions in the studied sample pos-

ess enhanced conductivity ( Fig. 3 ). We used EBSD to study the

rain agglomerates with preferable orientation in out-of-plane di-

ection GBs across the sample ( Fig. 3 d-i). In Fig. 3 d-i two typi-

al agglomerates are shown (top and bottom image panels). Local

rientation contrast ( Fig. 3 f,i) and image quality ( Fig. 3 e,h) in the

iddle of the agglomerate (exactly at the GB position) is stronger

or the bottom panel. These parameters (image quality and local

isorientation) reflect an apparent concentration of the mechan-

cal strain [75 , 76] . This behavior cannot be attributed to any ar-

ifact because EBSD patterns fitting quality is more than enough

nd corresponding angle deviation in the orientation contrast is

ow ( Fig. 3 d,g,j). Therefore, local misorientation observed at the

Bs is a direct consequence of the strain concentration in BiFeO 3 

lms. 
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Fig. 4. Results of the FEM of the a-d low conductive (polarization “up-up” interface) and e-h highly conductive (polarization “up-down” and “down-up” interfaces) GBs 

in polycrystalline BFO films. a, e Distributions of the out-of-plane polarization component, b, f electrostatic potential, c, g hydrostatic stress near the diffuse interface, d, 

h volume expansion for the polarization “up-up” and “up-down /down-up” interfaces, respectively. 
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.2. Formation mechanism of the highly conductive GBs at elevated 

emperature 

Apparent correlation between the conductivity, polarization,

nd stress in thin-film BFO is not sensitive to polarization rever-

al at room temperature, indicating its inheritance from the earlier

tage of material formation at elevated temperature. It should be

entioned that two types of GBs with different misorientation and

efectiveness were observed long time ago in ferroelectric poly-

rystalline materials sintered in a temperature gradient [77] . In ad-

ition, temperature gradient was suggested to play a key role in

he self-poling of sol-gel PZT [61] and BFO thick films [63] . The

aterials sintered in a temperature gradient exhibit significant dif-

erence of the dielectric permittivity, piezoelectric coefficient, and

onductivity (the latter has not been shown in Ref. [77] ) measured

n the direction perpendicular and along the temperature gradient

77] . 

It is reasonable to conclude that multi-layer sol-gel BFO films

round 60 0–70 0 nm thick are sublect to an unavoidable tempera-

ure gradient during cooling after synthesis. Upon cooling, domain

alls in a growing polar phase take their positions tending to min-

mize total electrical and mechanical energy of the system [59] .

mall grain size and mechanical clamping impede the formation of

erroelastic domain walls inside the grains, which should compen-

ate the mechanical stress. As such, the films experience significant

echanical stress that can be caused not only by the thermal mis-

atch between the film and the substrate but also by the temper-

ture gradient in the vertical direction. In this experimental situ-

tion, formation of the large-scale domains with aligned polariza-

ion is energetically preferable to minimize mechanical energy of

he system similar to the formation of superdomains in thin films

29] . For the GBs coincident with the position of the domain walls

eparating the clusters, the interaction between polarization and

tressed GBs via flexoelectric effect leads to a significant enhance-

ent of the electric and elastic fields at the interface. 

To evaluate the magnitude and distribution of these fields

cross the interfaces separating differently polarized grains,

andau-Ginsburg-Devonshire formalism was implemented and cal-

ulations were performed by the finite element modeling (FEM)

imulations ( Fig. 4 ). The details of theoretical model could be

ound in Supplementary Information F. Fig. 4 a and 4 g show the

istribution of polarization variation at the interfaces between the

rystallites with the different direction of spontaneous polariza-

ion. The polarization profile across the interface is inclined due

o the shear strain increase near the surface, making the boundary

nclined regardless the initial boundary conditions at the "nomi-

ally" plane interface. Sharp enhancement of the elastic and elec-

ric field near the interface is observed for the case of the oppo-
itely directed polarization in the neighboring grains (“up-down”

nd “down-up” polarization directions) in contrast to the case of

ligned polarization ( Fig. 4 b,f,c,g). Asymmetric elastic fields for the

up-down” and “down-up” interfaces originate from the flexoelec- 

ric effect breaking the symmetry in the direction perpendicular

o the nominally uncharged interface and “charges” it [64 , 78 , 79] .

t must be noted that the interfaces in real films are already

lightly inclined from the substrate normal that should increase

he amount of localized charge [45] . Apparent changes of the

merging electric and strain fields span at least 10 times wider

~10 nm) than the characteristic width of the interface, L C = 1 nm,

sed in calculations, while it can be much larger in real situation.

ignificant stress inevitably leads to the increase of the interface

idth in agreement with that observed experimentally through the

nspection of topography (cracks appear as a result of stress con-

entration) and EBSD contrasts (strain at GBs) ( Fig. 3 ). 

Accumulation of the charge at the interfaces leads to the change

f the Fermi level position and, consequently, to the enhanced

onductivity at that interface. Simulations predict strong enhance-

ent by 50 0–20 0 0 times of the local dc conductivity across the

up-down” and “down-up” interfaces (Supplementary Information 

, Fig. F2). This is in a qualitative agreement with the obtained ex-

erimental results. However, experimentally observed current gain

as much smaller: up to 30–100 times. The difference is obvi-

usly caused by the features of the C-AFM measurements, where

he properties of the junction surface layer play an important role

n the reduction of the captured current signal [80] . An absence of

he significant current variation at “up-up” and “down-down” in-

erfaces registered by C-AFM ( Fig. 2 ) is also reasonably explained

y the properties of the tip-sample junction.. 

Large electric and elastic fields localized at the GBs at elevated

emperature need to be somehow screened and mobile charge

efects can migrate to the area of the conductive interfaces. As

he flexoeletric effect is a driving force of the conductivity at

rain boundaries and it is quadratically dependent on tempera-

ure, conductive grain boundaries are likely to appear at high tem-

erature and remain conductive upon cooling to room tempera-

ure. Therefore, polarization reversal at room temperature does not

ead to the enhanced conductivity. After cooling down to room

emperature, the defects conserve the conductivity along the GBs

ven when the domain pattern is already changed. The discov-

red mechanism sheds further light on the importance of the high-

emperature preparation steps for the room temperature behav-

or of the material. Branched network of highly conductive grain

oundaries should significantly impact on the electron transport

n the material indirectly with Maxwell-Wagner effect [53 , 81] or

hrough the enhancement of the overall leakage current [51 , 82 , 83] ,

s well as it should influence polarization reversal [23 , 84] . The di-
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electric measurements allow to separate DC conductivity of the

grain and grain boundaries using the formalism of equivalent cir-

cuits. According to that analysis the conductivity across the grains

( σ g ) was found to be much larger than conductivity of the grain

boundaries ( σ gb ): σ g ~ 10 4 σ gb . At the same time, C-AFM mea-

surements do not show such a pronounced difference between

the grain conductivity and conductivity of the resistive GBs (intra-

cluster GBs). This may happen because the grains and conductive

(inter-cluster) GBs are connected in parallel and the interfacial ca-

pacitance is negligible, while the grain capacitance is dominant.

As such, significantly higher conductivity of the grains is due to

the large contribution from the conductive GBs. It should be also

mentioned, that DC conductivity of the BFO films reported here

is almost two orders higher than that of epitaxial BFO thin films

[85] produced by sol-gel technique, and this strong increase in the

conductivity may be a result of the large contribution from the

presented above local mechanism. 

We believe that observed effect is not specific for sol-gel BFO

thin films but can be universally applied to all polycrystalline fer-

roelectrics. Thus, it should be considered for the understanding of

the electrical properties of these, which are governed by the con-

ductive GBs appearing at the stage of materials synthesis. It be-

comes even more important for the system with nanosized grains

attracting great interest in applications nowadays, where the effect

of multiple GBs is dominant. 

4. Conclusions 

The observed polarization-dependent conductivity along the

GBs in polycrystalline bismuth ferrite thin films presents a new

class of emerging collective phenomena in nanoscale systems. The

interaction between domain walls and GBs at elevated tempera-

ture demonstrates the importance of the defect mobility in the

compensation of the electric and elastic fields via depolarization

field screening process. We argue that the discovery of these col-

lective states and their response to external stress and chemical

stimuli will provide further insight into the physics of complex fer-

roelectric oxides and may strongly affect practical applications of

bismuth ferrite thin films as a material for actuators, sensors and

modern nanoelectronic devices. Indeed, the observed two-orders

of magnitude increase of the conductivity at the GBs provides a

possibility to control the properties of ferroelectric perovskites via

defect engineering and control of polarization during cooling from

high temperature. This may have a significant impact on the re-

sulting functional properties of polycrystalline ferroelectrics. 
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