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We present measurements of crystallographic domain tilts in a (001) BiFeO3 thin film using

focused beam x-ray nanodiffraction. Films were ferroelectrically pre-poled with an electric field

orthogonal and parallel to as-grown tilt domain stripes. The tilt domains, associated with higher

energy (010) vertical twin walls, displayed different nanostructural responses based on the poling

orientation. Specifically, an electric field applied perpendicular to the as-grown domain stripe

allowed the domain tilts and associated vertical twin walls to persist. The result demonstrates that

thin film ferroelectric devices can be designed to maintain unexpected domain morphologies in

working poled environments. VC 2011 American Institute of Physics. [doi:10.1063/1.3665627]

Bismuth ferrite, BiFeO3, has emerged as a model thin

film multiferroic material exhibiting antiferromagnetic spin

ordering in conjunction with strong ferroelectric polarization

(�95 lC/cm2).1 The (pseudo)rhombohedral spontaneous

strain of the BiFeO3 unit cell couples to the polarization and is

accommodated by structural twin walls that separate crystallo-

graphically distinct domains with coherent interfaces.2–4 Of

particular interest are domain walls that orient vertically in

(001) epitaxial rhombohedral thin films. These vertical do-

main walls (VDWs) produce ferroelastic domains that are

tilted away from the surface normal, requiring disclinations

at the film-substrate interface to accommodate the tilted

local crystallography.5 Although they have been observed in

BiFeO3 heterostructures and other rhombohedrally distorted

ferroelectrics, the energy of vertical domain walls is expected

to be relatively high,6 provoking questions about their stabil-

ity, especially under the influence of external electric fields.

In this work, the stability of VDWs was investigated in

an epitaxial (001)p BiFeO3 thin film grown by radio fre-

quency magnetron sputtering at 690 �C on a (110)o ortho-

rhombic TbScO3 single crystal substrate7 (details provided

elsewhere8). Since the local domain tilting needed to create

(100)-type VDWs requires additional coherency defects at

the substrate, and because VDWs exhibit a larger surface

energy in comparison with slanted (110)-type domain walls,6

vertical (100) domain walls are expected to be present less

frequently in working BiFeO3 ferroelectric devices. This

idea is supported in some reports where poled BiFeO3 thin

films preferentially exhibit ferroelastic domains with slanted

(110)-type twin walls.9,10 However, we show that by using a

specific as-grown domain structure and applied electric field,

(100)-type domain walls will persist after poling, highlight-

ing the role of the as-grown nanostructure and external field

orientation.

In order to study the response of tilt domains associated

with vertical domain walls to applied fields, a 200 nm

BiFeO3 film was selected such that the as-grown structure

exhibited tilt domains separated by (010) twin walls. This

was achieved in part by exploiting the low symmetry (110)o

TbScO3 surface, which biases the as-grown domain popula-

tion. Instead of the four ferroelastic domain variants pre-

dicted for a rhomohedral film grown on a cubic surface

(domain types r1–4 correspond to rhombohedral elongations

along each of the four cubic h111i directions), two comple-

mentary domain variants (e.g., r1 and r4) populated the

film.4,11 These two ferroelastic domain variants can, in turn,

exhibit four ferroelectric states ðrþ1 ; r�1 ; rþ4 ; r�4 Þ. As shown in

Figure 1, the as-grown sample exhibited vertical (010)

domain twin walls and was comprised of alternating tilted

ferroelastic stripe domains. This domain structure allows fer-

roelectric 109� boundaries between r�1 jrþ4 or rþ4 jr�1 at the

(010) twin walls as well as 180� boundaries between r�1 jrþ4
and r�1 jrþ4 within a single ferroelastic domain. These as-grown

ferroelastic and ferroelectric states have been previously

observed and verified with x-ray diffraction, transmission

electron microscopy, and piezoresponse force microscopy in

samples fabricated under the same condition.9,11

To investigate the stability of the (010) VDWs in

applied electric fields, gold interdigitated electrodes (IDEs)

were patterned on the surface of the film in two orienta-

tions12 and in-plane electric fields were applied perpendicular

and parallel to the as-grown stripe direction (see Figure 1).

The gap between IDE fingers was 6 lm, the IDE finger width

was 9 lm, and the deposited gold thickness was �80 nm.

Both electrodes were cycled with 1 ms pulses of 6150 V

until the film exhibited full saturation (102 cycles for E\ and

104 for Ejj). The hysteresis loops after cycling for each IDE

are also shown in Figure 1.

The focused x-ray beam at the Hard X-ray Nanoprobe

(operated by the Center for Nanoscale Materials at the

Advanced Photon Source) was used to map local diffraction

from ferroelastic domain distributions in the as-grown film

and in the poled regions. Using an x-ray zone plate optic,

10 keV x-rays were focused to a 40 nm diameter spot that

was broadened as needed by defocusing. As shown in Figure 1,
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the incoming beam direction was parallel with the as-grown

stripe direction and incident on the sample at an angle of

18.25� to satisfy the (002)p BiFeO3 film diffraction condi-

tion. As the beam was scanned over the surface of the film, a

CCD area detector was used to record nanodiffraction pat-

terns from which local tilts were extracted. This provides a

means to directly measure local structural domain interac-

tions and can be a powerful compliment to polar domain

mapping with piezoresponse force microscopy.13

Schematic cross sections are shown in Figure 2 of left

tilted (LT), right tilted (RT), and untilted domains (UT) illu-

minated by a nanofocused beam along with corresponding

characteristic specular diffraction patterns. Domains with

(001)p lattice planes tilted away from the surface normal (LT

and RT) diffract intensity to either side of the specular

(00 L)p reciprocal space vector, whereas domains with

untilted (001)p lattice planes (UT) have no reciprocal space

displacement. The film diffraction in this work could be

quantified as some combination of these cases. Other domain

tilt variants (i.e., into or out of the page in Figure 2) were

infrequently observed and are not considered in this analysis.

Diffraction from a given volume can, therefore, be separated

into RT, LT, and UT components by summing the detector

in three regions of interest (shown as white boxes in

Figure 2).

Nanodiffraction maps of the two orthogonal IDEs were

measured with a defocused beam (250 nm diameter) to first

survey the ferroelastic domain tilting in the poled film (Fig-

ures 3(b) and 3(d)). The larger beam diameter provided local

tilt information from several simultaneously diffracting

domains at each scan point to more effectively survey

micron-scale areas of the film. These tilt magnitude contrast

maps clearly resolve the poled film regions from the as-

grown regions covered by the Au electrodes. Scanning elec-

tron microscope (SEM) images of equivalent areas are

shown for comparison in Figures 3(a) and 3(c), and they

reveal a distinct difference in ferroelastic response to poling

by in-plane fields Ejj and E\. The as-grown out-of-plane do-

main tilting persisted after being poled with a perpendicular

field and switched to an untilted ferroelastic state after being

cycled with a field parallel to the stripe direction. Where E\

was applied, the non-uniform electric field at the electrode

edge induced local domain reorientations allowing the out-

line of the electrodes to be observed in diffraction. To under-

stand the local structure in more detail, three characteristic

regions, denoted as 1-3 in Figure 3, were chosen that repre-

sent three distinct BiFeO3 film conditions: (1) the as-grown

film under the Au electrode, E¼ 0, (2) fully poled along the

as-grown stripe direction, E along [010]p, and (3) fully poled

perpendicular to it, E along [100]p.

The nanoscale tilt domains in these regions were

mapped in detail using diffraction from a focused 40 nm di-

ameter beam (Figure 4). At this scale, the characteristic mor-

phology of the as-grown tilt domains is unchanged after

poling with a perpendicular applied field (Figures 4(a) and

4(c)), suggesting that ferroelectric alignment can occur in

this geometry without removing the (010) twin walls (TWs).

These nanodiffraction maps also confirm that the BiFeO3

film is predominantly untitled in regions poled parallel to the

as-grown VDWs, consistent with slanted (110)-type twin

FIG. 1. (Color online) Schematic of the BiFeO3 film, in-plane IDEs, and

nanodiffraction experimental setup. Au IDEs were deposited to apply elec-

tric fields perpendicular and parallel to the as-grown VDWs. The ferroelec-

tric hysteresis loops from cycling the two IDEs with 1 ms 6 150 V pulses are

also shown. Focused beam specular nanodiffraction (shown schematically)

was used to probe as-grown and poled regions of the film.

FIG. 2. (Color online) Schematic cross sections are shown (bottom row) of

LT, RT, and UT stripe domains that are each illuminated by a nanofocused

beam that fits fully inside the domain. The orientation of the illuminated lat-

tice planes determines the local diffracted intensity distribution. The BiFeO3

(002)p Bragg peak region is coarsely divided into three regions of interest

(LT, RT, UT) used to characterize the local domain tilt state.

FIG. 3. (Color online) SEM and corresponding x-ray nanodiffractions maps

are shown of the IDE regions poled with Ejj and E\ fields. The tilt magni-

tude maps were made with a �250 nm diameter defocused x-ray beam and

are shown with a color scale given by ð
P

RTþ
P

LTÞ=
P

UT. Areas 1-3

were further studied with a �40 nm beam.
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walls (dashed lines in Figure 4(b)) as have been seen experi-

mentally in other studies.9,10

Domain walls in ferroelectric thin films interact with

electric fields, strain, polarization, and charged defects.14,15

We found that maintaining a film nanostructure with out-of-

plane domain tilts and vertical domain walls required a spe-

cific poling direction, a factor which is also correlated to the

work needed to pole the film. Poling in the direction normal

to the as-grown stripes (maintaining a tilted domain struc-

ture) required fewer cycles than were necessary to pole along

the stripe direction (crystallographically reorienting the

film). This asymmetry (102 cycles of E\ vs. 104 of Ejj)
indicates a difference in the energy barriers associated with

ferroelectric dipole alignment in the two directions and

reflects changes in the ferroelastic domain structure and the

associated coherency defects in the BiFeO3 film. Additional

contributions to the asymmetric poling behavior may be dif-

ferences in the mobility of non-ferroelastic (180�) and fer-

roelastic (109� and 71�) walls in ferroelectric thin films16,17

as well as preferred polarization rotations of 71� in

BiFeO3.12,15 Future work is needed to isolate these processes

and determine their relation to the observation of (010) TWs

in poled BiFeO3 thin films.

In summary, focused beam nanodiffraction was used to

non-destructively compare domain characteristics in ferroelet-

rically poled epitaxial BiFeO3 multiferroic films. It was deter-

mined that (010)-type twin walls present in the as-grown

structure were maintained using a perpendicular electric field

orientation. This result demonstrates that applied field orienta-

tion contributes to the stabilization of unexpected twin wall

formations, having potential impacts on utilization of these

nanostructures in functional devices.
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FIG. 4. (Color online) Focused beam nanodiffraction tilt maps of the as-

grown and poled BiFeO3 film are shown with contrast given by

ð
P

RT�
P

LTÞ=
P

UT. The as-grown and poled E\ areas exhibit out-of-

plane tilting indicative of vertical domain walls, while the Ejj poled film

switched to an untilted state consistent with a monodomain film or with

slanted domain walls (dashed lines).
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