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Electronic Properties of Isosymmetric Phase Boundaries
in Highly Strained Ca-Doped BiFeO;
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Interfaces in complex oxide materials are currently receiving
increased interest in condensed matter science.'”! Engi-
neered interfaces created through heteroepitaxy are a key focal
point,24% while “natural” interfaces such as domain walls draw
considerable attention as well.*'¥ As a prominent example,
the complex oxide BiFeO; (BFO) has been shown to host sev-
eral interesting aspects brought about by domain walls and
has generated interest across many scientific disciplines.[>-!]
Promising concepts of BFO nanoscale domain and domain wall
engineering through strain and doping have been demonstrated
recently, including the fabrication of the nearly tetragonal (T)
variant of BFO.?22] Remarkably, this T structural phase has
an extremely large c/a ratio of around 1.25 achieved through
substrate strain on LaAlO3 (LAO) (4.5% lattice mismatch). Due
to the high in-plane compressive strain a large expansion of
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the out-of-plane lattice parameter is observed. Epitaxial stabili-
zation of the T-phase is of significant interest as it has a high
polarization value of over 150 pC cm™, which is about 50%
higher than its rhombohedral (R) counterpart.?®! BFO films
grown on LAO substrates show a mixed T- and R-phase char-
acter with the relative fraction dependent on the film thick-
ness. In these films needle-shaped R domains are embedded
into a T-phase matrix, with the ability to selectively switch
between the two phases by application of electric fields.?3]
This R-T phase mixture exhibits a giant piezoelectric coeffi-
cient, enabled by phase boundary motion.?*l The finding of a
strain-stabilized isosymmetric phase boundary in this multi-
ferroic compound is unusual, resulting in strong interest in
this system and considerable prospects for new phenomena.
The strain induced transition between crystallographically
equivalent (isosymmetric) structures offers a new landscape
for tailoring highly anisotropic electronic responses in complex
oxides. The fundamental understanding of electronic properties
of such boundaries presents a very interesting new aspect of
oxide interface functionality after electronic properties of ferro-
electric domain walls as “natural” oxide interfaces have recently
received considerable interest.?’-*¥l Here, we demonstrate ani-
sotropic electronic conductivity of isosymmetric phase bounda-
ries in BFO, which are the (fully epitaxial) connecting regions
between two different structural variants of the same material,
including its coupling to the phase transformation. For this, we
employ a combination of temperature dependent conductive
atomic force microscopy (c-AFM) with high angle annular dark
field (HAADF) imaging and electron energy loss spectroscopy
(EELS) using spherical aberration-corrected scanning transmis-
sion electron microscopy (STEM). Strong correlations between
nanoscale phase transition and local electronic conductivity are
found. We further demonstrate that a high degree of control
over the electronic properties of the phase boundaries can be
attained through non-local electrical switching.

Strain relaxation through control of the BFO film thickness
allows control of the fraction of T and R phase mixture. In our
case the growth of 80 nm thick films of BFO doped with 2%
Ca result in the mixed phase morphology shown in Figure 1a
as imaged by atomic force microscope (AFM). The individual
stripe-like regions with a length of =500 nm and a width of
50-100 nm are the R-phase regions, which are visible with
high resolution in the deflection signal (Figure 1b). Figure 1c
shows the local conductivity of the same region measured
by c-AFM. Interestingly the phase boundaries appear as con-
ductive lines. The graph in Figure 1d shows a cross-sectional
line-profile of the mixed phase area (see cut in Figure 1c),
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Figure 1. a) AFM topography of Ca-doped BiFeOj3, b) AFM deflection signal, ¢) conductive AFM current image, image size 3 micron, d) cross sections
(at positions indicated by blue line in (a—c)) showing the correlation between the deflection signal (upper panel), topography (middle panel) and loca-
tion of conducting features (bottom panel), e) temperature dependent c-AFM data and extracted activation energies for local conduction of sharp R-T

boundary regions and pure T phase regions (two bias voltages shown for comparison).

revealing the position of the conductive feature in relation to
the surface morphology. Clearly, the highest conductivity is
found close to the steep side of the surface corrugation formed
around the R-phase. In addition, the ends of the R-stripes
show enhanced conduction coincident with the large curva-
ture of the boundary (Figure 1c).?”) Temperature dependent
measurements of the boundary conductivity are shown in
summary in Figure le. As can be seen the conductivity is ther-
mally activated for both boundary regions as well as the flat
T-phase region. Absolute values for the activation energies lie
in the 0.2-0.4 eV range. The differences in activation energy
between the two are small of the order of 0.1 eV. Similar acti-
vation energies have been found for 109° ferroelectric domain

walls in BiFeO;.2! The slightly higher activation energy of the
boundary as compared to the bulk region (Figure le) is a fea-
ture that has been observed at 109° ferroelectric domain walls
as well.

The mixed phase system has been attracting a lot of atten-
tion with the evidence of a strain driven morphotropic phase
bondary??l and the evidence of a large electrostrain®’! as the
application of a local electric field results in the reversible phase
transition from the (T) to the (R+T) phases. The capability to
manipulate these phase boundaries, and its corresponding
electronic properties, with electric field in the doped mixed
phase to induce electrically conductive features was probed
in Figure 2. The images give an example of the consequence

-142 R phase

-144.]

-146

AZ(nm) ©
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A
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Figure 2. a) Local nanoscale phase transition between R- and T-phase induced by biased AFM tip and coupled creation / erasing of conductive R-T
conductive boundaries. Red and blue dots indicate tip position for applied bias. b) Strain loop and simultaneous |-V curve showing correlation of
nanoscale phase transition and local electronic conductivity. The |-V curve and strain loop were acquired simultaneously by placing the AFM tip on a
conductive phase boundary and recording data during a bias voltage sweep.
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of the electrostrain phenomenon on the conduction distribu-
tion. The red and blue dots in the images indicate the posi-
tion where biases of +10V and —10V are applied, respectively.
After the application of the local bias, increased conductivity is
observed at a newly created R-phase boundary (arrows) at a dif-
ferent position (series in Figure 2a). While the dimension of
the conductive tip is estimated to be 10-20 nm, the range of the
observed non-locality is about one order of magnitude larger
(100-200 nm). This effect is attributed to the local strain envi-
ronment and its coupling to the field-induced local phase tran-
sition. This non-volatile conductive pattern can be erased after
the application of the opposite bias polarity, evidencing the
reversibility of the process. The correlation between local -V
curves and strain loops (Figure 2b) unveil the strong correlation
between the phase transition and the occurrence of electronic
conductivity variations. The phase transition between R and T
phase can clearly be observed in the height change during the
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strain loop due to the large difference in c-axis parameter of the
two phases. Upon creating local R-phase in a T area the local
measured c-AFM current increases because phase boundaries
are created, and the reverse process can be seen as well. Note,
that the cycling of coupled creation / erasing processes seems
not perfect and slightly different patterns are obtained in panel
2 and 4 of Figure 2a. We believe this is a very unusual finding
and at the moment there is no direct application. However,
the fact that a material can be influenced at one point in space
and a change is seen at a different location some few hundred
nanometers away is very intriguing, and we believe not very
common. This effect might be interesting for example for non-
local sensors and actuators that operate on the nanoscale.

In order to acquire deeper insight into the structure-
conductivity relation, we performed combined HAADEF-
STEM and EELS studies of the various structural phases and
boundaries, see Figure 3. The high quality HAADF image
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Figure 3. a) HAADF image of a region with mixed phases. The boundaries between R and T phases are indicated by dashed lines. Plot of the iron
and bismuth displacement vectors D¢y for upper and lower R phases, T phase and the R-T interface are shown in (b). Both R phases have the same
polarization orientation along the projection of electron beam direction. c,d) Asymmetric boundaries: structural analysis of the c-axis parameter reveals
a “soft” 5 uc wide and a “sharp” 2 uc wide phase boundary. Blue line indicates profile position. In the insets the variation of Fe L3/L2 ratio is plotted
as the probe is scanning across the R to T (soft) and T to R (sharp) boundary (R-T and T-R at the same common T area), respectively. Local strain

changes &, and g, from peak pair analysis (PPA) using R-phase as reference are also shown indicating large strain gradients at the boundaries which
result in altered octahedral tilts and bonding angles at the phase boundaries.
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was obtained from the spherical aberration-corrected micro-
scope (TEAMO.5). The structural R and T phases can readily
be distinguished in the HAADF image and the local ferroe-
lectric polarization vector can be assigned by the relative iron
displacement vectors Dgp, which can be determined by fit as
two-dimensional Gaussians and has a linear relationship with
the projected polarization Py;.**! The change of polarization
from one phase to the other appears rather abrupt on the
length scale of 2-5 unit cells (Figure 3d). Previous studies of
the undoped material on the same substrate revealed the tran-
sition from structural variant R to T was occurring within a
length of 10 unit cells.[??l Ca-doping therefore seems to lead to
narrower phase boundaries. Interestingly, a strong asymmetry
in the atomic structure of the boundary can be visualized. Our
results show that the transition on opposite boundaries, i.e.,
from the same tetragonal grain to the next neighboring rhom-
bohedral regions (from R-T and T-R) reveals both a “soft”
5 uc (unit cell) wide and a “sharp” 2 uc wide phase boundary
(Figure 3d). This asymmetry was measured by HAADF-ST on
several T domains showing that this is not a local effect, i.e.,
the phase boundary pairing seems universal in this material
and is also reflected in the surface morphology (Figure 1).
Especially the local AFM deflection signal shows this asym-
metry as well and the local conductivity map reveals the sharp
boundary exhibiting the largest currents (Figure 1d). Local
strain changes &,, and &, from peak pair analysis (PPA) using
R-phase as reference are also shown in Figure 3c indicating
large strain gradients (atomic distance changes) at the bounda-
ries which result in altered octahedral tilts and bonding angles
at the phase boundaries. A non-negligible difference in the
strain gradient between the R to T and T to R interface is vis-
ible. In the present case, changes in oxygen octahedral tilt
and changes in Fe—O-Fe bond angle lead to changed orbital
mixing angles. The Fe-O-Fe angle is important because
it controls both the magnetic exchange and orbital overlap
between Fe 3d and O 2p orbitals, and as such it determines
the magnetic ordering temperature and the conductivity of the
material. The observed difference in conductivity at the phase
boundaries (Figure 1) can then be attributed to local changes
in the Fe—O-Fe angle. The pronounced asymmetry in phase
boundary conductivity of the soft and sharp boundaries, sug-
gests that the structural property of the interface, i.e., different
local strain state and octahedral tilt play a more important role
in the conductivity difference.? Thus, the exact nature of
these phase boundaries determines the level of conductivity
observed.[®1>?7]

Local EELS measurements operated in the probe corrected
STEM mode are used to investigate the nanoscopic differ-
ences in electronic structure associated with the structural
phase boundaries, see insets in Figure 3d. The fine structures
of the Fe L,; edges recorded from R-phase, T-phase, soft and
sharp phase boundaries are shown (R-T and T-R at the same
common T area). While no obvious change in chemical com-
position, e.g. local oxygen content, could be evidenced within
the error bars of the measurement (see Supporting Informa-
tion), the Fe L3/L2 ratio profiles show a variation depending
on the probe position, thus clearly revealing a distinguished
decrease at the phase boundaries when scanning along the
sharp, i.e., more conducting interface (Figure 3d). Recent
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microscopy workl*! has shown the interplay between strain
at the interface and octahedral tilt in BiFeO; thin film hetero-
structures. Furthermore, it has been discussed that boundary
conductivity can be affected by the oxygen octahedral tilt.[*®l
We note that such structural changes are not accompanied
with composition changes. In other words, the conductivity
anisotropy could be attributed to local difference in octahedral
tilt angles resulting from the dramatic changes in width of the
interfacial regions.

In summary, we have shown that there is a strong correla-
tion between the local strain state and the electronic properties
at isosymmetric phase boundaries in mixed phase Ca-doped
BiFeO; thin films. We clearly identify two types of phase
boundary in this system: a sharp and a soft one. The strain gra-
dient results in local oxygen environment changes causing the
emergence of different activation energies and an anisotropic
conductive pattern. This rather unusual electrically writable fea-
ture might find applications in nanotechnology where local bias
application is not feasible and a remote, non-local switching is
desirable. Furthermore, the recent discovery of enhanced ferro-
magnetism in highly strained BiFeO3 thin films with the mag-
netic moment lying along the needle's long axis suggest the
high potential of this system for magnetoresistive nanoscale
technologies.

Experimental Section

BiFeO; thin films doped with 2% Ca were grown on top of 10 nm thick
LagsSrosCoO; epitaxial conductive electrode layers on LaAlO; substrates
using pulsed laser deposition at 700 °C in 100 mTorr oxygen pressure.
Typical deposition rates were approximately 2 nm min~" with a laser
repetition rate of 2 Hz. The pulsed KrF excimer laser with 248 nm was
focused to reach a laser fluence of =1 ] cm™ on the target surface. The
films were cooled down with the rate of 10 °C min~' at =1 atm oxygen
pressure. Ca-doping was chosen because it provides a way of controlling
the defect structure in this material system, as oxygen vacancies are
produced naturally in order to compensate calcium acceptors and
maintain a highly stable Fe3* valence state.'#3 The crystal structure
details of the Ca doped material as compared to the undoped material
were determined by X-ray diffraction 26-@ scans (Panalytical X'Pert
MRD Pro with Cu Ko radiation). The X-ray data shows the structural
distortion of the R-phase, with out-of-plane lattice parameter of
(c = 417 A). From reciprocal space maps the in-plane dimensions of
this highly strained R-phase are found to be 3.82 A (for details see
Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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