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Cation intermixing at functional oxide interfaces remains a highly controversial area directly

relevant to interface-driven nanoelectronic device properties. Here, we systematically explore the

cation intermixing in epitaxial (001) oriented multiferroic bismuth ferrite (BFO) grown on a (001)

lanthanum aluminate (LAO) substrate. Aberration corrected dedicated scanning transmission

electron microscopy and electron energy loss spectroscopy reveal that the interface is not

chemically sharp, but with an intermixing of �2 nm. The driving force for this process is identified

as misfit-driven elastic strain. Landau-Ginzburg-Devonshire-based phenomenological theory was

combined with the Sheldon and Shenoy formula in order to understand the influence of boundary

conditions and depolarizing fields arising from misfit strain between the LAO substrate and BFO

film. The theory predicts the presence of a strong potential gradient at the interface, which decays

on moving into the bulk of the film. This potential gradient is significant enough to drive the cation

migration across the interface, thereby mitigating the misfit strain. Our results offer new insights on

how chemical roughening at oxide interfaces can be effective in stabilizing the structural integrity

of the interface without the need for misfit dislocations. These findings offer a general formalism

for understanding cation intermixing at highly strained oxide interfaces that are used in

nanoelectronic devices. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862556]

I. INTRODUCTION

The use of substrate-induced epitaxial strain to modulate

physical properties has been a powerful and effective

method to realise new functional behaviour in oxide

heterostructures.1–3 Recently, Zeches et al. have demon-

strated that a morphotropic phase boundary comprising a

“mixed-phase” can be induced in (001) epitaxial bismuth fer-

rite (BFO) thin films by careful tuning of the applied epitax-

ial strain.4 The so-called “mixed-phase BFO,” comprises a

nanoscale mixture of tetragonal (T-like) and rhombohedral

(R-like) phases and is obtained by depositing (001) BFO on

a substrate which induces in-plane compressive strains, such

as a (001) lanthanum aluminate (LAO). Mixed phase BFO

has garnered significant technological interest as it possess a

much larger electromechanical coefficient compared with

the individual R and T phases,5 electromechanical strains as

large as 5% for fields greater than 1000 kV/cm are attributed

to the interphase (R-T) boundary motion.6,7 Further He et al.
demonstrated that the underlying strain, due to the co-

existence of T and R mixed phases can lead to enhanced

spontaneous magnetic moment and this is switchable only by

the electric field.8,9 An enhanced spontaneous polarization of

�150 lC/cm2 was reported for the pure T-rich BFO film.10

These additional functionalities have made the mixed phase

BFO thin film system an attractive candidate for lead-free

multiferroic device platforms, where the observed control of

magnetic moments by the electric field and very high

spontaneous polarization have opened new avenues for real-

ising nanoelectronic devices.

One of the most intriguing characteristics of these

mixed-phase BFO heterostructures is the lack of periodic

misfit dislocations (MDs) at the BFO-substrate interface.

LAO imposes a 4.5% compressive strain on the BFO layer.

In the context of typical heteroepitaxy conditions, this is an

enormous value. Typically, such large strains would be

relaxed by the formation of MDs at the interfaces beyond

certain levels of critical thicknesses, known as the Mathews-

Blakeslee criteria for MD formation.11–14 Yet this does not

occur (or at least has never been reported) for mixed phase

BFO thin films. From a device perspective, it is imperative

to understand this as it has been shown that the strain field

associated with defects at an oxide interface can propagate

several nanometres into the material bulk and drastically de-

grade device performance.15

Prima-facie, the spontaneous phase separation of BFO

into the T- and R-like phases can be considered to be the

strain-relief mechanism accommodating this epitaxial com-

pressive misfit strain.16,17 One could argue that the very

close in-plane matching of the T-phase (typically it has in-

plane lattice parameter of 0.377 nm) with LAO should not

generate any misfit dislocations. However, there are two key

inconsistencies with this line of thought. Firstly, such phase

transformations occur only once the film begins to cool

down below the Curie temperature. On the other hand, misfit
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dislocations are expected to form at the growth temperatures

and hence should ordinarily be the first response mechanism

by the thin film heterostructure to relax the induced epitaxial

strain. The phase separation model is thus not able to explain

why mixed phase BFO thin films remains unaffected without

any dislocation formation even at much larger thicknesses

(�100 nm). Secondly, the R- (or R0 as defined by some

reports) phase still has a very large mismatch with the under-

lying substrate. Therefore, it is very likely that the mecha-

nism of compensation for such a large misfit strain at the

interface is an alternate defect or chemical transport mecha-

nism that has not been considered yet. This information is

critical, as it is now well-known that both the physical prop-

erties and the local chemistry at defect cores which can be

substantially different from the bulk parent lattice for perov-

skite ferroics, have large bearing on the ferroelectric polar-

ization required for the nanoelectronic device.18–21

In functional oxide heterostructure interfaces, phenom-

ena, such as cation mobility across the interfaces19,22–24 and

interfacial misfit strains and its associated octahedral

tilts,25–27 are very important since they can significantly alter

the interfaces, as well as the bulk physical and chemical

behaviours.28–30 Furthermore, the presence of interfacial

defects, such as oxygen vacancies, and chemical diffusion

arising due to misfit strain, can directly influence the ferro-

electric order parameters.31

It is necessary to know if these mechanisms are applica-

ble to the LAO-BFO system. The high level of structural in-

tegrity achieved could be a consequence of chemically

driven strain-relaxation mechanisms at the interface, such as

chemical diffusion, interfacial charge imbalances, built-in

fields, and vacancy formation. Furthermore, the effect on the

stability of these interfaces due to high temperature kinetics

issues, such as cation volatility, surface roughening, and

reconstruction during growth, still needs to be understood.

Hence, a detailed investigation into interface chemistry and

its associated long-range field effects on the structural integ-

rity and chemical variation across this highly strained oxide

interface becomes necessary.

In this study, we report atomically resolved electron

energy loss spectroscopy (EELS) chemical information

which reveals the intermixing of cations across the LAO-

BFO interface over a length of �2 nm. Theoretical calcula-

tions based on parameters, such as misfit strain, spatial

distribution of defects concentration, and interfacial built-in

potential, indicate the presence of a strong potential gradient

at the interface, which decays on moving into the bulk of the

film. The misfit strain, and other interfacial effects, induces a

potential gradient which drives the cation migration across

the interface, thereby bringing in the additional structural

stability to the interface.

II. MATERIALS AND METHODS

Epitaxial mixed phase BFO was deposited on a (001)

LAO substrate using pulsed laser deposition (PLD) with a

krypton fluoride (KrF) 248 nm laser. LAO substrate used in

this study is a commercial single crystal substrate with

purity of 99.99% and one-side polished. Prior to deposition,

substrate was ultrasonically cleaned for 5 min in acetone and

then blown to remove residue on substrate by nitrogen gas.

The laser energy density was �4–5 J cm�2 with a repetition

rate of 10 Hz. The BFO film was deposited at 750 �C and an

oxygen pressure of 100 mTorr. A BFO target with a

7.3 g cm�3 density and 99.99% purity was used. After the

deposition, the heterostructure was cooled at 20 �C min�1.

The deposition parameters were controlled to yield a BFO

thin film of �50 nm thickness.

X-ray diffraction (XRD) was carried out using a Pan

Analytical MRD, in theta-2theta mode for a scan angle rang-

ing between 15� and 90�. Copper K-alpha radiation with a

wavelength of 0.154 nm was used as the X-ray source.

Atomic force microscopy (AFM) studies were carried out

using a Multimode—AFM (Digital Instruments).

Cross-sectional transmission electron microscopy sam-

ples were prepared using conventional tripod grinding fol-

lowed by room temperature ion beam thinning using PIPS.32

Atomic resolution Z-contrast scanning transmission electron

microscopy (STEM) images were obtained using a dedicated

aberration corrected STEM (Nion UltraSTEM100) operated

at 100 kV, equipped with a cold field emission electron

source. Atomic resolution STEM-EELS studies were carried

out by acquiring line scans across the LAO-BFO interface

(moving the electron probe serially across the interface and

recording a spectrum at each point) using a Gatan Enfina

spectrometer. Although the native resolution of the instru-

ment is �0.35 eV, the spectrometer energy dispersion was

set up to observe simultaneously the O-K, Fe-L2,3, and

La-M4,5 edges, resulting in an effective resolution of

�0.80 eV (estimated by the full width at half-maximum of

the zero loss peak), limited by the detector point spread func-

tion. The convergence and collection semi-angles were

29 mrad and 36 mrad, respectively.

III. RESULTS

A. Basic structural data of BFO-LAO film

The XRD data for the LAO-mixed phase BFO hetero-

structure is shown in Figure 1(a). Three distinct peaks char-

acteristic of (001), (002), and (003) LAO planes were

observed at 2 theta values �23.7�, 47.8�, and 75.1�, respec-

tively. The (001), (002), and (003) planes for T-like BFO

were characterized by peaks at �19.1�, 38.5�, and 59.5�,
respectively. The peaks at �22.3� and 45.5� represent the

(001) and (002) planes for R-like BFO, respectively.4,33

There are no additional peaks observed thereby confirming

the epitaxial nature of the LAO-BFO film.

The topography of the BFO film can be observed from

Figure 1(b) and it consists of two distinct features (a) the fea-

tureless region from the pure T-phase and (b) local striated

regions arising from the mixed T and R phases. The striated

regions are in two orientations (shown in two circles, blue

and orange) that are almost perpendicular to each other. This

confirms that a mixed phase with a stable minimum energy

was achieved.6,34

The out of plane lattice parameter for the T-like phase,

based on the reciprocal space mapping (RSM) data shown in

Figure 1(c), is measured to be 0.464 nm, whilst it is 0.416 for

054103-2 Sankara Rama Krishnan et al. J. Appl. Phys. 115, 054103 (2014)
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the R-like phase. The measured values for the T-like phase

are in very close agreement with those reported for single-

phase T-like films.10,35 This means the R-T phase separation

does not relax the dimensions of the T-phase. In fact, recent

studies on the phase evolution of this system reveal that it is

only when film thicknesses reach as high as 350 nm does the

T-phase entirely disappear.36 An epitaxial strain of the order

of 4.5% cannot be sustained to such thicknesses (despite

well-known barriers to dislocation formation in complex

oxide thin film heterostructures).37 This strongly hints to an

alternative strain relaxation mechanism driven by the pecu-

liarities of the interface between mixed phase BFO and the

underlying LAO substrate.

B. High-resolution STEM results

STEM high angle annular dark field (HAADF) images

of the LAO-BFO interface are shown in Figure 2(a) and

confirm the thickness of the BFO layer to be �50 nm. The

atomic resolution image of the interface shown in Figure

2(b) reveals that while the interface is dislocation-free, there

is clearly some distortion of the atomic planes due to the lat-

tice mismatch. Furthermore, the change of image contrast

between the LAO and BFO sides is not abrupt. The contrast

in HAADF images depends approximately on the average

atomic weight Z of the observed material as �Zn

(n¼ 1.7–2), and this technique is thus often referred to as

Z-contrast imaging.38–40 In the case of an atomically sharp

interface between layers containing elements of different

atomic weights, the contrast change should thus be

reasonably abrupt, although this situation, is of course, often

complicated by thickness and probe channelling effects so

that the direct interpretation of image contrast in terms of

interface sharpness is often not straightforward.41 We note,

however, that in almost identical conditions (sample growth,

preparation and thickness as well as microscope observation

conditions), abrupt image intensity changes were observed

for the case of the closer matched La0.7Sr0.3MnO3/BiFeO3

interface, which was determined to be chemically sharp.42 In

the LAO-BFO interface image shown in Figure 2(b), a

region marked with a white dotted line acts as a guide to the

FIG. 1. (a) XRD spectra confirming

the epitaxial nature of the film and the

presence of mixed phase (R-T like

phases) BFO, (b) AFM image showing

the topography confirming the forma-

tion of mixed phase BFO. The obser-

vation of plain and striated regions

confirms the co-existence of T phase

and mixed phases (R and T like),

respectively, and (c) the RSM of LAO-

BFO sample.

FIG. 2. (a) STEM HAADF image showing the �50 nm thick BFO film

grown on a LAO substrate. (b) High resolution STEM HAADF image of the

LAO/BFO interface, showing a diffuse contrast across the interface (dotted

white lines are added as a guide to the eye), suggesting some chemical inter-

diffusion. The image was sheared by 6.5� to correct for scan non-

orthogonality, and filtered using a low-pass Butterworth filter for clarity.
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eye and clearly displays an intermediate contrast level rais-

ing the possibility of cation intermixing across the interface.

In order to understand the chemical profile across the

interface, a number of atomic resolution electron energy loss

(EEL) linescans were acquired by moving the STEM probe

serially across the LAO-BFO interface and recording an

EEL spectrum at each point. Figure 3(b) shows examples of

EEL spectra for the O-K, Fe-L2,3, and La-M4,5 edges from a

linescan recorded along the direction schematically indicated

by the red arrow in Figure 3(a). The example spectra,

acquired from the LAO substrate into BFO film are labelled

1–8, corresponding to the positions marked 1–8 on

Figure 3(a). Moving from the LAO substrate towards the

BFO, the La-M4,5 peak at 832 eV, indicative of the presence

of La, does not disappear abruptly, weakening gradually

instead with some La signal still visible at spectrum 7.

Similarly, although visually the interface would appear to be

around spectrum 5, the Fe L2,3 edge at 708 eV is already visi-

ble in spectrum 4, i.e., in the region of “intermediate” con-

trast. The chemical profile of Figure 3(c) shows periodic

oscillations corresponding to the various lattice planes of the

structure and was obtained by integrating the Fe and La sig-

nals over a 50 eV window above the edge onsets (after back-

ground subtraction using a power law fit). It confirms the

presence of a region of mixed chemistry containing both Fe

and La, over a distance of 1.5–2.5 nm or 3–5 perovskite unit

cells along the linescan. As for Z-contrast images, the inter-

pretation of EELS data in terms of interface sharpness is

not straightforward.19,24 Effects, such as the intrinsic deloc-

alisation of the signal, collection conditions, or probe

de-channelling and sample thickness, must thus be carefully

considered before drawing any conclusion.43,44 Here, several

factors may contribute to some La and Fe signal being

observed slightly away from the apparent interface: the La

M edge is typically quite delocalised,45 although a large col-

lection angle (36 mrad semi-angle for a 29 mrad conver-

gence semi-angle) was, however, used to minimize

delocalisation effects; the sample, while relatively thin (the

estimated thickness using the log-ratio method is �35 nm),

did not allow a regime where the electron probe remained

within a single atomic column. However, using extremely

similar experimental conditions, it was possible to clearly

distinguish between narrower chemical inter-diffusion pro-

files across related complex oxide heterojunctions.27,42,46,47

Taken together, the observation of mixed cation signal over

3–5 unit cells and the very gradual Z-contrast change across

the interface in spite of favourable observation conditions,

provide strong evidence for the presence of pronounced cat-

ion inter-diffusion across the LAO/BFO interface.

The driving force behind such interdiffusion remains

unclear: with no observable defects or dislocations providing

pathways for cation migration, it was hypothesized that the

imposed large misfit strain may play an important role.

C. Development of thermodynamic theory

In order to understand the influence of the misfit strain

on cation migration, previously developed phenomenologi-

cal theory based on Landau-Ginzburg-Devonshire (LGD)

formalism48 was combined with models of Stephenson and

Highland,49 and Sheldon and Shenoy28 to calculate the

charged defects spatial distribution in thermodynamic equi-

librium. The cation profile in a BFO film of thickness h
clamped to a thick rigid LAO substrate is shown schemati-

cally in Figure 4(a). The axis x3 is perpendicular to the BFO

film surface. Calculation details are explained in Appendix A

of supplementary material.50 The approximate analytical

expression for the cation concentration Nðx3Þ across the

LAO-BFO interface was derived as follows:

N x3ð Þ / N0exp
W um � Q12

�P
2
3

� �
s11 þ s12ð ÞkBT

�
eZu x3ð Þ

kBT

0
@

1
A
; (1)

where N0 is the equilibrium bulk concentration of donors, W
is the Vegard strain coefficient,51–53 um is the film-substrate

misfit strain, Q12 is the electrostriction tensor coefficient, P3

is the out-of-plane polarization component, sij are elastic

compliances, Z is the cation effective charge in the units of

the electron charge e; u is the built-in electric potential, and

T is the absolute temperature.

FIG. 3. (a) STEM-EELS survey image

showing the path of the EELS line

scan (red arrow) acquired across the

LAO-BFO interface. The image was

sheared by 6.5� to correct for scan

non-orthogonality, but otherwise

unprocessed. (b) Raw spectra (aver-

aged over 3 adjacent data points to

improve S/N) extracted from the

STEM-EELS linescan at the position

indicated on (a), showing the simulta-

neous presence of La and Fe over an

extended region. (c) Chemical profiles

for La and Fe across the interface,

obtained by integrating the EELS in-

tensity over a 50 eV window above the

edge onsets for Fe and La, after back-

ground removal using a power law.

The vertical dotted lines correspond to

those on (a).
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The electric potential can be expressed as

u x3ð Þ � exp 6x3=Rd

� �
, where Rd is the Debye screening ra-

dius that determines the scale of the potential gradient and

the scale of dNðx3Þ in accordance with Eq. (1). The radius Rd

is exponentially dependent on the misfit-related product

W um � Q12P2
3

� �
of Eq. (1) as follows:

Rd ffi R0
dexp �

W um � Q12
�P

2
3

� �
2 s11 þ s12ð ÞkBT

0
@

1
A
: (2)

The typical values of R0
d ¼

ffiffiffiffiffiffiffiffiffiffiffi
e0ebkBT
2e2ZN0

q
� 1� 10ð Þ nm for the

effective charge Z ¼ 0:1� 1, T¼ 300 K, background permit-

tivity54 eb / 5 (e0 is the dielectric permittivity of vacuum),

and defect equilibrium concentration N0 ¼ 1023 � 1024ð Þ
m�3. The absolute values of the strain coefficient (W) for

perovskite ABO3 compounds can be estimated as jWj /
(0.1–1 nm)3, at an equilibrium concentration of N0 � 1026

m�3 (since the concentration of one defect per unit cell with

a size �0.4 nm is about 2:25� 1028 m�3). The dependence

of the scale Rd=R0
d on the misfit strain um calculated from

Eq. (2) for different Vegard coefficients is shown in Figure

4(b). For the moderate Vegard coefficient of 60.1, the effect

of misfit strain is sizeable, leading to a two orders of magni-

tude change of the Debye screening radius when the misfit

changes from �4% to þ4%. At higher Vegard coefficients

(61), there is a giant change (of up to six orders of magni-

tude) in the Debye screening radius with respect to misfit

strain. Furthermore, in both cases, there is convergence indi-

cating a minimal or zero screening radius, as the misfit strain

is reduced approximately to zero. This result is the direct

confirmation of the critical influence of the misfit strain on

the screening radius in interfaces comprising ABO3 perov-

skites. Considering that, the misfit strain between LAO-BFO

interface is �4.5%, the screening radius is expected to be

influenced heavily, thereby affecting the charge equilibrium

at the interface, irrespective of the high or moderate Vegard

coefficient.

Having clearly established the influence of strain on the

LAO-BFO interfacial charge neutrality, the estimation of

interfacial potential was carried out. Considering the case of

a fixed potential at the BFO/LAO interface x3 ¼ h, u hð Þ ¼
ub (ub is a built-in potential) and the absence of any electric

FIG. 4. (a) Schematics of a BFO film clamped on a rigid LAO substrate. Mismatch strain um exists at the interface. (b) Dependence of the scale Rd=R0
d on the

misfit strain um calculated for different Vegard coefficients W¼�10, �1, 1, 10� 10�30 m3 (labels near the curves in 10�30 m3). (c) Potential barrier profiles

euðx3Þ (black solid curve) and the individual contributions u1ðx3Þ (red dashed line), u2ðx3Þ purple dotted line, and u3ðx3Þ, blue dotted and dashed. The

half-film near BFO/LAO interface is shown. The interface is located at 50 nm, while 25 nm refers to the middle region of BFO film. (d) Relative concentration

of charged cations Nðx3Þ=N0 profile (black solid curve) and its contributions: N1ðx3Þ red dashed line, N2ðx3Þ purple dotted line, and N3ðx3Þ blue dotted and

dashed. Curves are calculated for BFO film thickness h¼ 50 nm, built-in potential ub product on effective charge eZ was taken eZub ¼ �0:2 eV, defects equi-

librium concentration N0 ¼ 1024 m�3, W ¼1� 10�30 m3, bulk spontaneous polarization PS ¼ 0:9 C/m, P3ð0Þ ¼ �0:5 C/m, e33 / 100, elastic compliances

s11¼ 5.29� 10�12 Pa�1, s12¼�1.85� 10�12 Pa�1, electrostriction Q11¼ 0.032, Q12¼�0.016 C4/m2; kBT¼ 0.025 eV at room, um¼�0.045. The interface is

located at 50 nm and 0 nm refers to the top of BFO film.
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displacement normal component D3 at the BFO/air surface

x3 ¼ 0, D3 ¼ P3 0ð Þ � e0e33u 0ð Þ=@x3 ¼ 0, and the approxi-

mate analytical expression can then be derived (see

Appendix A of supplementary material for more details)50

for the electric potential

u x3ð Þ ¼ u1 x3ð Þ þ u2 x3ð Þ þ u3 x3ð Þ; (3a)

u1 x3ð Þ ¼ ub

cosh x3=Rd

� �
cosh h=Rdð Þ ; (3b)

u2 x3ð Þ ¼ �
P3 0ð ÞRd

e0e33

exp 2h� x3ð Þ=Rd

� �
� exp x3=Rd

� �
exp 2h=Rdð Þ þ 1

;

(3c)

u3 x3ð Þ � �
R2

deZN0

e0eb
1� exp

W um � Q12
�P

2
3

� �
s11 þ s12ð ÞkBT

0
@

1
A

0
@

1
A

� 1�
cosh x3=Rd

� �
cosh h=Rdð Þ

 !
: (3d)

Equation (3a) has three contributions to the electric

potential inside a BFO film of thickness h. The first contribu-

tion, u1ðx3Þ given by Eq. (3b), is purely extrinsic and is pro-

portional to the BFO/LAO interface built-in potential ub.

The second contribution, u2 x3ð Þ given by Eq. (3c), is propor-

tional to � �P3

e0e33
; it originates from the depolarization field55

in turn caused by the spontaneous and abrupt polarization-

breaking at the BFO top surface x3 ¼ 0. The third contribu-

tion, u3ðx3Þ given by Eq. (3d), follows from the intrinsic

screening mechanism of charged defects and the difference

between mismatch strain and spontaneous strain

�N0
m um � Q12P2

S

� �
. The contributions to the potential

(3a)–(3d) are analyzed in Figure 4(c) for typical BFO and

LAO parameters.56,57 On the x-axis, the LAO-BFO interface

is located at 50 nm so that the middle region of the BFO film

is located at a position of 25 nm. It can be observed that the

contribution from the interface built-in potential u1ðx3Þ
(red dashed line) drops over two orders of magnitude and

reaches a minimum while moving towards the center of the

film (25 nm) from the interface (50 nm). The contribution

from the intrinsic screening mechanism due to charged

defects (u3ðx3Þ blue dotted and dashed) changes by one

order of magnitude on moving towards the center of the film

from the interface. The contribution from the depolarizing

field (u2ðx3Þ purple dotted line) is relatively small and can

be considered insignificant at the LAO-BFO interface, while

this becomes a dominating factor at the top end of the BFO

film (Figure A, in supplementary information).50 The com-

bined built-in potential (euðx3Þ black solid line) shows an

overall decrease in potential from the LAO-BFO interface

towards the center of the film. Thus, results of the modeling

relating the influence of misfit strain on the charge equilib-

rium and the built-in field clearly indicate the existence of

substantial built-up potential at the LAO-BFO interface. The

critical influence of one on the other can be summarized as

follows: the high misfit strain influences the Debye screening

radius which, in turn, results in creating built-in potential

and charged defects at the LAO-BFO interface. Furthermore,

as the misfit strain is relaxed at regions away from the inter-

face both the screening influence and the built-in potential

gradually decay.

Similar to the separation of the potential into three

contributions, the defects concentration spatial redistribution

N x3ð Þ given by Eq. (1) has three origins, Ni x3ð Þ / N0

exp � eZui x
3ð Þ

kBT

� �
. The first one originates from the built-in

potential at the LAO/BFO interface, N1 x3ð Þ; the second one

originates from the depolarization effect, N2 x3ð Þ; and the

third one originates from the intrinsic screening mechanism

of charged defects N3 x3ð Þ. It is noted that the x3-independent

factor exp
W um�Q12

�P
2
3ð Þ

s11þs12ð ÞkBT

� �
in Eq. (1) is not related to defect

charge (i.e., it exists for neutral defects also), but this factor

cannot lead to cation motion towards the film boundaries.

Only charged species can move in accordance with our

calculations.

The spatial distribution of charged species is analyzed in

Figure 4(d). Along the x-axis, the interface is located at

50 nm, while the top free end of the BFO film is situated at

0 nm. The moderate built-in barrier of eZub ¼ �0:2 eV

across the LAO-BFO interface results in the charged defects

segregating by factors of up to hundreds of times at the inter-

face (z ¼ h, N1 x3ð Þ, red dashed line). It should be noted that

higher built-in barriers (eZub / �1 eV) would lead to giant

accumulations (more than 105 times) that would not be con-

sistent with the Boltzmann approximation used in our model:

this case was therefore not considered. The depolarization

field can lead to a strong depletion (up to 103 times) for a

negative sign of P3 0ð Þ, at the top surface z ¼ 0 (N2 x3ð Þ, pur-

ple dotted line). The intrinsic screening mechanism also

causes the charged defects to redistribute, but it is essentially

weaker than the previous two mechanisms (N3 x3ð Þ, blue dot-

ted and dashed line). The combined charge distribution

(N x3ð Þ black solid line) shows a gradual decay in concentra-

tion while moving from the LAO-BFO interface (50 nm)

towards the top free end of the film (0 nm). It can therefore

be stated that the charged species concentration is maximum

at the interface and reduces on moving towards the top of the

film. Furthermore, the built-in mechanism can be switched

off for the case ub ¼ 0; the depolarization effect can thus be

eliminated in the condition P3 0ð Þ ¼ 0, while the intrinsic

screening mechanism created due to misfit strain remains.

Overall, LGD-based theoretical modeling indicates the criti-

cal influence of misfit strain on modifying the LAO-BFO

interfacial charge equilibrium and the creation of a potential

gradient at the interface. Emphatically, it finds this interfa-

cial potential is adequate to generate sufficient flux to result

in the intermixing of cations across the interface.

Note that, using Eqs. (1)–(3) for numerical calcula-

tions, we used the spontaneous polarization value renorma-

lized by a misfit strain, i.e., from the formulae

�P3 ¼ PS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2Q12um

a s11 þ s12ð Þ

q
, where PS ¼

ffiffiffiffiffiffiffi
� a

b

q
is the “bulk”

polarization of the second order ferroelectric in agreement

with the Landau model. The high compressive strains

(�4.5% in our case) stabilize the out-of-plane polarization,
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which are typical for most perovskites. The expression for
�P3 does not account for the structural order parameter that

exists in BFO and may lead to the effects described else-

where.58 To include the structural subsystem correctly, one

must know all of the corresponding expansion coefficients,

including the rotostriction tensor and the oxygen octahedral

tilt temperature dependence. Unfortunately, all these param-

eters are not presently available. So, we fit the polarization

using “purely ferroelectric” expressions for BFO. Also, we

study how sensitive are the contributions to the potential

(Eq. (3)) and cations concentration to the polarization �P3

value. As one can see from Figures 4(c) and 4(d), the main

contributions to the electrostatic potential and concentration

variation come from the built-in potential (Eq. (3b)) and

from the intrinsic screening mechanism of charged defects

(Eq. (3d)). Both weakly depend on �P3. Thus, the temperature

variation of the polarization would not substantially affect

the cation interdiffusion at the growth temperature.

D. Analysis of Fe EEL spectra-rationalization
of theoretical predictions on charged defects

From these theoretical considerations, it is apparent that

the presence of charged species at the LAO-BFO interface

plays a vital role in neutralizing the potential gradient and in

turn acts as a driving force for cation interdiffusion across

the interface. In the present LAO-BFO system, the exchange

between La and Bi can be considered as charge neutral, since

the La charge state is typically fixed as þ3 (a þ2 oxidation

state exists, but is much less stable).59 Hence, any possible

charge imbalance on the BFO side of the interface should

manifest itself as a change in the valence state of Fe (possi-

bly accompanied by the creation of oxygen vacancies),

which can typically vary from þ2 to þ3 (although a wider

range of oxidation states, �2 to þ6, can be observed for Fe).

In order to experimentally verify the presence of charged

species in the form of Fe valence state change across the

LAO-BFO interface, an analysis of the EELS Fe L3/L2 inten-

sity ratio was carried out. The observed spectral features in

Fe-L2,3 EEL spectra arise due to the hybridization between

2p and un-occupied d orbitals.60,61 Any subtle variation of

these features is a direct measurement of local electronic

structural changes.62 The L3/L2 peak intensity ratio, in par-

ticular, was shown to be dependent on the oxidation state of

Fe.63,64 Here, the Fe L3/L2 ratio was calculated, in practice,

by integrating the positive component of the second deriva-

tive of the EEL spectrum at the energy range between 700

and 730 eV,65,66 using standard functions available in the

Digital Micrograph software package.

Figure 5 shows the calculated L3/L2 ratio from an EELS

linescan acquired across the LAO/BFO interface. It reveals a

marked drop at the interface region from a relatively con-

stant value of 5.3 away from the interface (in what could be

described as the “bulk” region of the BFO film), which is in

good agreement with reported values for Fe3þ compounds.

The drop in the interface region convincingly indicates a

subtle Fe valence decrease at the interface region,65 to

Fe2.xþ, although it is not sufficient to provide a quantitative

measure of the exact valence due to the measurement

uncertainty. Note that the slight upward slope in the bulk

region is likely due to plural scattering effects subtly affect-

ing the edge fine structure analysis, the sample being thicker

away from the edge. Nevertheless, it is interesting to note

that the L3/L2 ratio change occurs across a distance of

6–8 nm, which is wider than the observed chemical interdif-

fusion profile described in Figure 3, suggesting that the cat-

ion migration only partially compensates for the potential

gradient and explains why both are observed simultaneously.

These extra experimental considerations seem to be in very

good agreement with the thermodynamic theory developed

above, suggesting that the interfacial strain is high enough to

create a potential gradient around the interfacial region,

which, in turn, drives cation migration.

IV. DISCUSSION

The misfit strain between LAO and BFO is ��4.5%. As

stated in the introduction, heteroepitaxial thin films with

such massive interfacial strain are expected to relax by the

formation of dislocations beyond a critical thickness.12,67

The critical thickness at which the dislocation formation

takes place is inversely related to the lattice mismatch, i.e.,

the higher the misfit strain between the film and substrate,

the lower the thickness for the formation of misfit disloca-

tions.2,14,36 Furthermore, our MATLAB-based calculation

(data not shown) for typical LAO-BFO parameters showed

that the critical thickness for the formation of misfit disloca-

tions at the LAO-BFO interface was of the order �0.28 nm,

which is less than half unit cell. Hence, it appears that other

than the formation of dislocations, there exists an underlying

mechanism for strain relaxation at the interface. Although,

Roytburd et al. suggested the R-T phase separation as a pri-

mary mechanism for misfit strain relaxation,17 the present

experimental study and the modelling indicate the possibility

of misfit strain induced cation diffusion, in addition to phase

separation. The RSM data (Figure 1(c)) shows the d value of

T-like phase as 0.464 nm and that of R-like phase as

FIG. 5. Profile of the Fe EELS L3/L2 ratio across the LAO-BFO interface

and into the bulk of the BFO film indicating an apparent change in valence

of Fe across an extended region near the interface.
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0.416 nm, thereby confirming that BFO film reported here is

severely strained, not relaxed.8,36 It can be stated that despite

the phase separation, the film is not completely relaxed.

Furthermore, the STEM-HAADF and EELS studies reveal

that the interface is physically coherent, but chemically

incoherent.

Based on diffusion and thermodynamics theories, the

magnitude of the diffusion length scale is influenced by the

time and temperature and this applies to all types of interfa-

ces.68 The cation migration in the oxide heterostructures is

expected to be critically influenced by the retention time of

the heterostructure at high temperature during fabrication.42

A similar behaviour is observed in the LAO-BFO interface

as well. The parameters, such as flux concentration and dif-

fusion coefficient show a remarkable variation, when time

and temperatures are varied (supplementary information,

Sec. 2, Figure S1).50 In addition, the observed cation migra-

tion across the LAO-BFO interface is higher than the

reported diffusion in Ref. 42. Considering the high tempera-

ture stability of LAO, one can expect the high temperature

cation migration to be less pronounced. It appears this is not

the case. Hence, we strongly believe that in the LAO-BFO

system, misfit strain plays a critical role in the observed cat-

ion migration.

In order to explain this anomaly, we considered LGD

theory and Shenoy formulations and identified three sets

of parameter, namely: (a) cation concentration at the inter-

face, (b) the built-up potential, and (c) screening radius

(Debye), which can influence the cation inter-diffusion

across the LAO-BFO interface. The critical influences of

misfit strain on these parameters were considered and the

reported values of LAO/BFO system were used for calcu-

lations.56 The combined analysis clearly indicates that

misfit strain originated at the ferroelectric film-substrate

interface acts as stimulus for strong built-in potential at

the region close to the interface and gradually decreases

towards the free end of the film. Built-in electric potential

leads to the accumulation/ depletion of charged defects at

the interface. The corresponding screening potential shows

an exponential dependency with misfit strain and shows a

gradual decay on moving from the interface towards bulk

of the film (Figure 4(c)). The modelling results further

confirm that the electrical potential gradient created due to

charged defects (cations, vacancies, etc.) can indeed move

towards the BFO film boundaries. Furthermore, in order to

validate the presence of charged species at the interface,

based on the L3/L2 EELS intensity ratio,69 (Figure 5) we

make a very subtle claim of this possibility. Overall, the

combined influence of misfit strain, inherent charge imbal-

ance at the interface and the bismuth volatility results in

creation of charged species/vacancies in the form of Fe

with a very slightly modified valence state. Furthermore,

the local electronic structure is modified due to volatility

of Bi in the form of changes in the Bi-O bond length. Due

to this, Fe-O bond length and Fe valance are also expected

to be affected. This further leads to charge build-up at

interface region. Thus, the experimentally observed cation

intermixing over a length scale of �2 nm can be originated

in order to neutralize the built-in field created mainly due

to misfit strain. The built-in potential provides the flux for

the cation migration.

The peak pair analysis (PPA)70 (Sec. 3, Figure S2, sup-

plementary information)50 further confirmed that the film is

maximum strained along the direction perpendicular (Exx) to

the interface; while the forces required to create dislocations

along the interface direction (Eyy) are much lower thereby

dislocation formation is not kinetically favorable. Thus, the

overall misfit strain is compensated by local chemical varia-

tion and phase separation of BFO into T and R like phases.

The model therefore explains the experimental results quali-

tatively. This study further confirms that the presence of

built-up potential and the corresponding cation diffusion is

purely an interfacial phenomenon. These charged defects

created by the asymmetrical boundary conditions have a det-

rimental effect in scaling down the polarization and electro-

mechanical behaviour of strained thin films.71 It should be

noted that in the present study, only the interfacial effects

arising due to misfit strain between LAO substrate and BFO

film are reported. In any meaningful device architecture

based on mixed phase BFO, a bottom electrode, such as lan-

thanum strontium cobalt oxide (LSCO) or lanthanum nickel

oxide (LNO) would be included between the substrate and

film.5,8,9 Thus, the appropriate electrode barrier should not

only provide electrical contact but also significantly offset

the detrimental effects on the ferroelectric polarization by

the potential gradient and diffusion due to misfit strain at the

LAO-BFO interface. Overall, in this study, high resolution

analytical electron microscopy in combination with LGD

theory and Shenoy formulation was used to investigate the

misfit strain relaxation mechanism in a highly strained

hetero-epitaxial interface. Furthermore, the versatility of

high resolution analytical electron microscopy as a tool to

resolve the complex interfacial phenomena of the emerging

novel functional materials is also demonstrated.

Finally, it is worthwhile to mention that in the present

study, only one state of (compressive) misfit strain between

the LAO substrate and the BFO film is reported. There are

available reports which state that it is possible to strain engi-

neer BFO films with different strain (bulk-like, pure T-like

phase) states by fabricating BFO films on varied substrates,

such as strontium titanate, DyScO3, and YAlO3.6,10

Analytical electron microscopy based investigation on the

misfit strain relaxation in these BFO thin films can be under-

taken as a future work in order to gain a comprehensive

understanding on misfit strain relaxation mechanisms in the

interfaces comprising the emerging multiferroic oxide.

Similarly, in future studies, the factors, such as the influence

of the high temperature and time scale on the diffusion

kinetics and the process kinetics of PLD can also be included

in the modelling as an additional parameter in order to

understand the influence between kinetics and strain relaxa-

tion mechanisms.

V. CONCLUSIONS

In summary, BFO with mixed R and T phases was fabri-

cated on an LAO substrate using PLD. Atomic resolution

images confirmed the formation of a defect free LAO-BFO
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interface. Chemical analysis across the interface showed that

the LAO-BFO interface was chemically inter-diffused. The

Fe from the BFO film and La from substrate inter-mixed

over a length scale of �2–3 nm. LGD theory combined with

Stephenson and Highland and Sheldon and Shenoy formal-

ism was used to understand the role of misfit strain to attract

charged vacancies to the interfaces. It can be stated that the

observed diffusion is essentially due to the presence of an

electric potential gradient across the interface. The gradient

and strength of the potential are controlled by misfit strain

between film and substrate via the Vegard mechanism. It is

established that in the LAO-BFO interface, in addition to

phase separation of BFO into T and R like phases, potential

gradient (created due to interfacial charge imbalances)

assisted chemical diffusion acts as a misfit strain relaxation

mechanism.
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