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We present a comprehensive study of the physical properties of epitaxial cobalt-doped
BiFeO3 films ∼50 nm thick grown on (001) LaAlO3 substrates. X-ray diffraction and
magnetic characterization demonstrate high quality purely tetragonal-like (T′) phase
films with no parasitic impurities. Remarkably, the step-and-terrace film surface mor-
phology can be fully recovered following a local electric-field-induced rhombohedral-
like to T′ phase transformation. Local switching spectroscopy experiments confirm the
ferroelectric switching to follow previously reported transition pathways. Critically,
we show unequivocal evidence for conduction at domain walls between polarization
variants in T′-like BFO, making this material system an attractive candidate for domain
wall-based nanoelectronics. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5011783

Bismuth ferrite (BiFeO3–BFO), by virtue of its ferroelectric and antiferromagnetic order at
room temperature, is a well-studied multiferroic.1 In addition to exciting multiferroic functionalities,
such as the possibility to modulate magnetic properties with an electric field,2 BFO thin films3 have
also proven a fertile playground for exploring photovoltaic4 and linear5,6 and nonlinear7 optical
effects.

In BFO films under compressive strains above ∼4.5%—as is the case for films epitaxially grown
on (001) LaAlO3 (LAO) substrates—a monoclinic phase with a giant axial ratio of ∼1.23 can be
stabilized.8,9 The modification of the structure from the rhombohedral phase to this “tetragonal-
like” (T′) monoclinic phase is accompanied by a change in oxygen coordination from octahedral
to square pyramidal and a large displacement of the Fe3+ ion toward one of the apical oxygens.10

Usually, increasing the film thickness above 20-30 nm triggers strain relaxation, and, instead of
the usual formation of misfit dislocations, a mixture of both the T′ phase and a more stable bulk-
derived rhombohedral-like (R′) phase9 is formed. The presence of this “strain-induced morphotropic
phase boundary” (MPB),11 along with the added versatility that the T′ and R′ phase fractions can
be modulated with an electric field,11,12 has generated increased interest in BFO as a potential lead-
free piezoelectric material. Furthermore, the significant electronic, magnetic,13 elastic,14 and optical
modifications15–19 related to the change in coordination, oxygen bond angles, and strain gradients
offer interesting perspectives for multifunctional devices.3,20

Although BFO is one of the few known room temperature multiferroic materials, its ferroelectric–
antiferromagnetic character—with a notable absence of significant magnetic moment—makes it less
conducive to next-generation device applications, to which a ferroelectric-ferromagnetic material
would be more suited. As such, there have been widespread efforts to enhance the magnetic moment
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in BFO by various means and with varied levels of success: finite size21 and film thickness or strain
effects,22 and doping on the B-site23 of the perovskite structure. Doping of BFO in general offers
attractive features that can alter the material’s properties in technologically relevant ways,17,24,25

particularly with respect to domain wall and phase boundary conductivity.26,27 More specifically,
the introduction of cobalt into the BFO structure has been predicted to induce discrete high and low
spin states28 and through this mechanism increase the magnitude of the weak magnetic moment.29

It has also been shown that doping BFO nanoparticles with cobalt can have significant effects on
the magnetic and magnetoelectric behavior.30,31 Finally, since the ground state of the end member
BiCoO3 is tetragonal with a large axial ratio,32 doping with Co has been shown to promote the
stabilization of the T′ phase.33,34 A pertinent task therefore is to understand the influence of Co
doping on the structure and functional properties of BFO, particularly in the T′ phase.

In this Letter, we present a comprehensive structural, ferroelectric, and magnetic characterization
study of 2% cobalt-doped T′ BFO films grown on (001) LAO substrates. Structural and magnetic
characterizations show that the properties of our films remain nominally identical to undoped T′ BFO
samples, with the notable exception of a lack of mixed-phase regions.35 The high film quality allows
us to demonstrate almost perfect interconversion between the T′ and R′ polymorphs using a local
applied electric field provided by a conductive atomic force microscopy (AFM) tip. Furthermore,
spectroscopic ferroelectric switching measurements show that the threshold field for conversion
from T′ to R′ is lower than the coercive field required to switch the polarization, and we show that
the domain walls between two polarization variants of T′ BFO are strongly conductive, which is
beneficial for the design of nano-devices based on epitaxial T′ BFO (Ref. 36).

The films were grown on LaAlO3 (LAO) substrates by pulsed laser deposition. A ceramic
Bi1.1Fe0.98Co0.02O3 target was ablated by a KrF excimer laser (λ = 248 nm, fluence ∼4 J/cm2, repe-
tition rate 3 Hz), while the substrate (∼105 mm from the target) was held at 650 ◦C. These growth
conditions yielded a typical deposition rate of ∼0.015 Å per pulse. The samples were cooled in
450 Torr of oxygen at 20 ◦C/min. To facilitate electrical characterization, a 3-nm thick
La0.67Sr0.33MnO3 (LSMO) bottom electrode was inserted between the substrate and the film, grown
at 800 ◦C and 100 mTorr of oxygen.37,38

High-resolution x-ray diffraction (XRD) was used to determine phase purity and examine the
crystallinity of the films. Full θ-2θ scans (not shown) indicate that the films grew in a single phase with
only (00l) peaks appearing in the diffraction patterns. The XRD pattern around the (001) reflection
[Fig. 1(a)] of a representative sample shows that the film crystallizes in the T′ BFO structure (out-
of-plane lattice parameter c ∼ 4.67 Å) and possesses a high level of crystalline perfection and sharp
substrate-film and film-air interfaces, evidenced by the large number of Laue fringes around the film
peak. Simulation of these data yields a film thickness of 56 nm, consistent with the results of x-ray
reflectometry measurements [Fig. 1(b)].

Since the film thickness is well above the typical threshold for the formation of mixed T′/R′

phases,9,39 XRD reciprocal space mapping (RSM) around the (001) reflection [Fig. 1(c)] was car-
ried out to search for the presence of such phases. The absence of satellite peaks [circled regions
in Fig. 1(c)] shows that the tilted phases,9 usually present for films of thickness above ∼20 nm,
are either not present, or their volume fraction is too low to be detected. This effect is ascribed
to the presence of a strain-stabilizing Bi2O3 phase.35,40 More specifically, it has recently been
found that fine tuning of growth conditions can favour the formation of “stacking fault” like nano-
regions in our T′ films: these regions appear to help maintain the strain required for T′ BFO
up to larger thicknesses. To determine the structural symmetry, XRD RSMs around the (103)
and (113) reflections [Figs. 1(d) and 1(e)] were acquired. The characteristic splitting of the BFO
peaks in these maps confirms that the film symmetry is monoclinic MC, consistent with previous
reports.3,41

Next, the magnetic characteristics of the T′ Co-BFO are presented. The magnetic properties
of a representative film (without LSMO buffer layer) were measured by superconducting quantum
interference device (SQUID) magnetometry and x-ray magnetic circular dichroism at the BL11A
Dragon beam line of the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. The
Fe L2-3 edge and Co L2-3 edge spectra were collected at room temperature using total electron yield
(TEY) mode with a magnetic field of ±1 Tesla applied to the sample. The magnetic moment obtained
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FIG. 1. Structural properties of a BiFe0.98Co0.02O3//LaAlO3 (001) film. (a) XRD pattern around the pseudocubic (001)
reflection, black: data, red: simulation. The film thickness is 56 nm. (b) XRR pattern with fit in red and (c) reciprocal space
map (RSM) near the 001 reflection; note the absence of peaks corresponding to the tilted S′ phase9 (red circles). (d) and (e)
show RSMs near the 103 and 113 reflections, respectively; these patterns are consistent with a monoclinic MC phase for the
film.

by SQUID measurements [Fig. 2(a)] is rather low, as expected for nominally stoichiometric BFO
(Refs. 42 and 43). Although the long-range magnetic order is antiferromagnetic (either G-type as
observed in Ref. 8 or incorporating some fraction of C-type as seen in Ref. 44), we cannot distinguish
with our present measurements which type of magnetic order is present in our films. The low value
of magnetic moment is attributed to the slight spin canting that is characteristic for BFO films.8,45

FIG. 2. Magnetic properties of a BiFe0.98Co0.02O3//LaAlO3 film (without LSMO layer). (a) Magnetization M(H) loop
indicating low saturation moment of ∼4 emu/cm3. XAS and XMCD spectra of Fe (b) and Co (c) showing the L2,3 electron
edges and no signal in XMCD.
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X-ray absorption spectroscopy (XAS) at the Fe L edges shows that the oxidation state of Fe is close
to 3+ [Fig. 2(b)], while the presence of cobalt is detected in the Co L edge XAS spectra [Fig. 2(c)].
Neither iron L-edge nor Co L-edge magnetic circular dichroism (MCD) is detected for the 2% Co
doping case, further confirming the low magnetic moment of both Fe and Co in the sample. Although
our SQUID measurements detect a non-zero moment, we point out here that the sensitivity of MCD
is not high enough to discern such a low moment. These magnetic measurements thus confirm that
the film has a negligible amount of iron or cobalt-containing parasitic phases.

Additional information on the symmetry and ferroelectricity of the film was obtained by piezore-
sponse force microscopy (PFM) (Ref. 46). The as-grown out-of-plane ferroelectric state is oriented
toward the LSMO bottom electrode, evidenced by the solid contrast of the PFM phase image [Fig. 3(a)]
(found from poling results; not shown). Also note that the surface topography [inset, Fig. 3(a)] shows
only atomic steps, with no characteristic striations in the surface. Such an observation is consistent
with the XRD RSM results above, confirming that there are no tilted phases. The in-plane PFM phase
response [Fig. 3(b)] of the same area shows the presence of micron-long striped domains47 oriented
along the 〈110〉 direction, with a period deduced from the FFT of this image [inset of Fig. 3(b)] of
∼80 nm. Notably, the domain wall orientation is in the (110) plane, consistent with the MC symmetry
inferred from XRD data.41

Electric-field induced switching between the T′ phase and the R′ phase12 is demonstrated by
applying a �6 V DC bias to the tip along a 1 µm line scan [Figs. 3(c)–3(f)]. The as-grown topography
[Fig. 3(c)] shows unit-cell high atomic steps, while after the applied bias, the characteristic “sawtooth”
pattern9 is observed in the surface topography [Fig. 3(d)], along with a change in height of 1-1.5 nm,
corresponding to a strain of ∼2-3%. Application of a +7 V DC bias to the same region restores the
original step-like topography; see Fig. 3(e). Line profiles of the region at the three stages [Fig. 3(f)]
confirm almost completely reversible interconversion between the T′ and R′ phases.

Having shown reversible switching between the two polymorphs by using an electric field, further
insight into the dynamics of the ferroelectric and T′↔ R′ switching was gained by time-dependent
domain nucleation measurements; see Fig. 4. Set biases at different pulse widths were applied to
the PFM tip, while the lower LSMO electrode was grounded. Analysis of the resulting topography

FIG. 3. Domain structure and interconversion between T′ and R′ variants. (a) Out-of-plane PFM phase scan (1 µm2) with
topography inset; (b) lateral PFM phase image of the same region. AFM scans (1 × 0.66 µm2) of (c) the as grown film,
(d) mixed phase induced, and (e) after erasure of mixed phase topographies. (f) Line profiles of the surface along the indicated
line showing the indicative sawtooth pattern of the mixed phase and the recovery of the original stepped surface upon switching
back to the pure T′ phase (the profiles have been offset vertically for clarity).
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FIG. 4. Ferroelectric domain switching dynamics. (a) AFM scan showing induced topography changes from a �12 V applied
bias at different time scales. Corresponding PFM amplitude (b) and phase (c) scans show the induced ferroelectric switching.
(d) Line profiles taken along the dashed lines. (e) Induced ferroelectric domain size with increasing pulse duration at �12 V
(black), �15 V (blue), and �18 V (red), lines are logarithmic fits for the eye; the inset shows the applied electric field pulse
shape. (f) shows the topography after �15 V pulses.

[Fig. 4(a)], PFM amplitude [Fig. 4(b)], and phase [Fig. 4(c)] scans indicated that in the case of �12 V
DC applied bias, for pulse durations below 50 ms, only mixed phase transformation occurs, as shown
by the sawtooth pattern induced in the topography and the nucleation of the mixed phase before the
onset of ferroelectric switching.15 After ferroelectric switching begins, the domain size increases with
increasing pulse duration in a logarithmic fashion for different applied biases [Fig. 4(e)], in agreement
with proximal tip-based switching dynamics studies of ferroelectric crystals and thin films.48,49 Also,
as expected, the size of the switched ferroelectric domains increases with the increasing magnitude
of the applied bias [Fig. 4(e)]. Interestingly, for biases larger than �15 V and pulse widths larger than
50 ms, a secondary annular topography is observed directly beneath the PFM tip; see Fig. 4(f). This
feature is rather peculiar as it would appear that after nucleation, a “ring” of mixed phase BFO appears
to emanate circularly from the location of the AFM tip. Further investigations into this phenomenon
are ongoing.

Finally, the controlled switching of the domain variants allows us to show functional conductivity
properties of the domain walls (DWs), as shown in Fig. 5. To perform such experiments, a pristine
region of the film was located, and an artificial upward domain was polarized in the matrix of
the downward polarized film; see the PFM amplitude image in Fig. 5(a). One can clearly observe
the presence of domain walls at which the PFM amplitude signal is characteristically low. The
corresponding conductive AFM map [Fig. 5(b)] indicates that these walls possess a higher level of
conductivity than the domains they separate. Note that the presence of low current values between the
walls rules out the possibility that the polarization direction of the domains50 is the governing factor
for the conductivity—the walls themselves are indeed the conductive channels. An interesting feature
of Fig. 5(b) is the apparent suppression of conductivity at the round wall regions of the z-character.
This phenomenon is an artefact of the scanning. In Fig. 5(b), the fast scan direction of the AFM tip
is from left to right, and the slow direction is from bottom to up. The change of scan angle by 90◦

leads to a behaviour which is opposite to that seen in Fig. 5(b): i.e., conduction is enhanced at these
round domain wall regions compared to that seen at the straight domain wall sections. Another point
of note is that the measured values of the domain wall currents can change over repeated C-AFM
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FIG. 5. Conductivity of domain walls in T′ Co-BFO. (a) PFM amplitude of an artificially written domain structure. Notice the
low amplitude at the domain walls. (b) Conductive-AFM map of the same region (DC bias = �2.8 V), showing strong
conductivity at the domain walls. (c) Local current-bias characteristics measured at (blue) and off (red) domain wall.
(d) Retention behaviour of the domain wall current recorded at a DC bias of �3 V.

scanning due to variations in the tip-sample contact. However, the conduction seen at the domain
walls is always enhanced compared to the negligible levels of electrical conduction at the domains
(∼0 pA). The onset of conductivity is shown to occur at an applied bias of around –3 V [Fig. 5(c)],
while the current measured with the tip positioned on a domain wall is rather stable over ∼200 s; see
Fig. 5(d).

In summary, we have investigated the structure, ferroelectric switching properties, domain wall
conductivity, and magnetic properties of 2% cobalt-doped “super-tetragonal” BiFeO3 thin films. The
results presented here may suggest that cobalt doping is a possible route to suppress the presence of
the mixed phase, i.e., the sustaining of pure T′ phase for relatively large film thicknesses, and is in
agreement with recent studies.34,35 It is probable that the cobalt doping alone is not responsible for the
suppression of the mixed-phase regions, as growth conditions can also be fine-tuned to favour nomi-
nally pure T′ phase films.35,44 Detailed ferroelectric switching measurements find domain dynamics
similar to typical R-like BFO films, while conductive AFM mapping evidences strong conductivity
at the domain walls between polarization variants, opening up encouraging possibilities for domain
wall-based nanoelectronics using T′ BFO.
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This work was supported (in part) by the Collaborative Research Project of Laboratory for
Materials and Structures, Institute of Innovative Research, Tokyo Institute of Technology, and
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(2008).
46 P. Sharma and J. Seidel, Advanced Materials Interfaces (Wiley, 2016), pp. 63–125.
47 Y. Sharma, R. Agarwal, C. Phatak, B. Kim, S. Jeon, R. S. Katiyar, and S. Hong, Sci. Rep. 7, 4857 (2017).
48 B. J. Rodriguez, R. J. Nemanich, A. Kingon, A. Gruverman, S. V. Kalinin, K. Terabe, X. Y. Liu, and K. Kitamura, Appl.

Phys. Lett. 86, 12906 (2005).
49 P. Sharma, T. Nakajima, S. Okamura, and A. Gruverman, Nanotechnology 24, 15706 (2013).
50 A. Rana, H. Lu, K. Bogle, Q. Zhang, R. Vasudevan, V. Thakare, A. Gruverman, S. Ogale, and N. Valanoor, Adv. Funct.

Mater. 24, 3962 (2014).

https://doi.org/10.1103/physrevlett.102.217603
https://doi.org/10.1063/1.4944558
https://doi.org/10.1103/physrevlett.108.047601
https://doi.org/10.1126/science.1177046
https://doi.org/10.1038/srep32347
https://doi.org/10.1063/1.4767335
https://doi.org/10.1063/1.4804641
https://doi.org/10.1002/aelm.201600283
https://doi.org/10.1002/admi.201600033
https://doi.org/10.1021/acsnano.6b07869
https://doi.org/10.1038/ncomms10718
https://doi.org/10.1063/1.3364133
https://doi.org/10.1063/1.3364133
https://doi.org/10.1063/1.4864100
https://doi.org/10.1021/nl063039w
https://doi.org/10.1063/1.3600064
https://doi.org/10.1063/1.2965799
https://doi.org/10.1039/c2cp43082g
https://doi.org/10.1103/physrevb.94.035123
https://doi.org/10.1038/am.2013.72
https://doi.org/10.1002/adma.201400557
https://doi.org/10.1103/physrevlett.108.137202
https://doi.org/10.1016/j.physb.2014.08.028
https://doi.org/10.1016/j.jallcom.2014.12.052
https://doi.org/10.1016/j.jmmm.2014.12.085
https://doi.org/10.1021/cm052334z
https://doi.org/10.1143/jjap.50.031505
https://doi.org/10.1002/adma.201602450
https://doi.org/10.1126/sciadv.1700512
https://doi.org/10.1002/adfm.201000265
https://doi.org/10.1063/1.4990839
https://doi.org/10.1063/1.4875579
https://doi.org/10.1002/adma.201701475
https://doi.org/10.1063/1.3525378
https://doi.org/10.1063/1.2009808
https://doi.org/10.1103/physrevb.74.020101
https://doi.org/10.1103/physrevb.85.100406
https://doi.org/10.1063/1.2940327
https://doi.org/10.1038/s41598-017-05055-z
https://doi.org/10.1063/1.1845594
https://doi.org/10.1063/1.1845594
https://doi.org/10.1088/0957-4484/24/1/015706
https://doi.org/10.1002/adfm.201400110
https://doi.org/10.1002/adfm.201400110

