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Simulation of diffraction patterns from perfect crystal

Figure S1 shows simulations of [100] diffraction patterns for pseudotetragonal cells of
BiFeO3 with different polarisation values, which have been calculated for a wide range of
thicknesses. These show that whilst there is noticeable left-right asymmetry between
opposed diffraction spots, polarisation alone does not change the symmetry of the bright
field disc, as would be expected.
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Figure S1: Simulations of [100] convergent
beam electron diffraction patterns for a
pseudotetragonal unit cell of BiFeO3 with four
different values of polarisation and a range of
specimen thicknesses from 5 to 80 nm. The
polarisation direction, [001], points towards
the right. In every case, there is a contrast
asymmetry between the 001 and 001
diffraction spots. There is never any
asymmetry in the bright-field spot.

The diffraction patterns were calculated using
MBFIT software [1], with 101 beams in the
zeroth order Laue zone from 000 to {044}.



The charge, field and polarisation distribution around the APB
Figure S2 shows the model for the APB. The boundary itself contains significant
negative charge in the form of excess oxygen atoms, and this was estimated previously
at -0.68 Cm by atom counting in the 3D atomic model [2]. This would, in the absence of
any other surrounding material result in a perpendicular E-field. Since this is in
material, we have to consider this in terms of a D-field including contributions from both
E and P. As a result of the excess positive charge in the matrix, the D-field is reduced as
one goes away from the boundary according to Gauss’ law:

VD=¢,VE+VP=p (D)

According to measurements of the polarisation from the atomic movements quantified
using HRSTEM [2], P falls to zero in about 7 unit cells of perovskite. The obvious
boundary conditions for a solution of equation [1] are that is E and D are zero far from
the boundary. Thus, D = 0 after about 7 cells for our case and consequently V.D =0
after about 7 cells. The boundary conditions therefore force a situation where E and V.E
are also zero after 7 unit cells. This steady drop in V.D with distance must correspond
to a pc corresponding to positive charge distributed in this region. This could be
provided in the material by the excess charge from the Ti** doping at +e per Ti atom if
the Ti concentration in this region is about 14% of B-sites. This requires that all the Ti
atoms are effectively fully ionised - 3 electrons per atom would be devoted to bonding
in the TiOs3- octahedra. The consequence of this is that a free electron is donated to the
material. The obvious destination for these donated electrons would be the excess
oxygen atoms in the boundary to ensure that all are fully ionised to 0%-. This would
therefore set up a stable structure where the boundary is negatively charged and the
surrounding matrix is positively charged - which could explain our polarisation profile
in accordance with Gauss’ law.

Please note, that there is no evidence for any free charges (e.g. free electrons) in this
material at room temperature. These boundaries interlock in three dimensions in this
material and if there were free electrons associated with these boundaries, they would
contribute to boundary conductivity that would be significant and measurable. The
conductivity of this material is below 1 pS cm-! and there is no separate boundary
contribution[3] thus there are no free electrons at room temperature, supporting the
fact that any free electrons from ionisation of Ti dopants have been transferred to other
atoms - most likely O atoms, such as in the boundaries.

The required doping level for this effect is slightly above the target doping level of 10%,
but not unreasonable. Such a structure could well have arisen during sintering as a
charge-compensation mechanism to deal with the excess positive charge otherwise
present in the matrix due to the high Ti doping level. The additional enrichment close to
the boundary could have easily formed via electrostatic effects during sintering in order
to minimise the internal electric fields. It should be noted that the boundary conditions
therefore require that the total positive charge outside the boundary is equal to that in
the negatively charged boundary, i.e. that there is global charge neutrality.



+ + B

©
Perovskite with excess & Perovskite with excess
positive charge in Ti4+ = positive charge in Ti4+
. © .
ions ions

>

Tl

S ©

=)

c

©

o 2

o ©

Zz Q

v

Figure S2: Schematic model of the negatively charged antiphase boundary and its
surroundings used in the experiments, based on the observations published previously

[2].



There are basically three possible solutions to equation (1) for these boundary
conditions:

1. There is no polarisation and just E in this region - this is like pure electrostatics
in vacuum with no dielectric response of the material to D and fixed charges. P
is zero everywhere. This is obviously not the case in our material, since P has
already been shown to follow the behaviour sketched in the lower part of Figure
S2 (see also reference [2]).

2. There is some mixture of E and P in the 7 cells around the boundary with both
tending to zero at its edge. This would, for instance, occur for the typical linear
dielectric response of many insulators. This is called partial dielectric screening.
We know from our experiments, that the E field is negligible in this region, as we
are seeing no detectable disc shifts in scanned diffraction. Thus, we must
conclude that this is not the solution in our case.

3. The last possible solution is that P is the only contributor to D and that E is zero
everywhere, which is to say that the D field is perfectly screened by polarisation
and falls away to zero because of some excess fixed positive charge from Ti
excess given by pc in this layer of about 7 cells thick.

Please note, beyond about 7 units cells from the APBs, a different charge compensation
mechanism comes into play to deal with the excess positive charge from ionisation of
the excess titanium doping. This results in the formation of novel Nd-core nanorod
structures via the formation of Nd vacancies [4, 5].

Supercells and scanning diffraction simulations
The scanning diffraction simulations were performed using the supercells shown in
Figure S3. Figure S3a) shows the supercell used in the calculation of Figure 4 in the

paper.
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Figure S3: Supercells of a) Head-to-head; and b) Tail-to-tail arrangements of polarised
BiFeO3 with a polarisation of 1 C m2 away from the interface (100 pC cm-2).
Approximate probe positions for the CBED simulations are shown.

In the case of the tail-to-tail simulation, the supercell of Figure S3b) gave the diffraction
patterns shown in Figure S4. These show similar features to those shown in Figure 4 in
the paper for the head-to-head case. Again, far from the boundary, there is some
asymmetry in the diffracted spots, but no asymmetry in the bright field disc. As would



be expected, the direction of the asymmetry in the diffracted spots is opposite to that
shown in Figure 4, since the directions of polarisation are reversed. In addition,
immediately to the left or right of the boundary, there is a significant asymmetry with
the bright field disc, which is exactly the same as seen in Figure 4, purely due to the
boundary itself.

Figure
S4: Diffraction patterns calculated from the supercell shown in Figure S3b), left to right
these are: 8 nm to the left of the boundary (position 1); 2 nm to the left of the boundary
(position 4); at the boundary (position 5); 2 nm to the right of the boundary (position 6);
8 nm to the right of the boundary (position 9).
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