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Abstract

Antiferromagnets hosting structural or magnetic order that breaks time reversal symmetry
are of increasing interest for ‘beyond von Neumann’ computing applications because the
topology of their band structure allows for intrinsic physical properties, exploitable in
integrated memory and logic function. One such group are the non-collinear
antiferromagnets. Essential for domain manipulation is the existence of small net moments
found routinely when the material is synthesised in thin film form and attributed to symmetry-
breaking caused by spin canting, either from the Dzyaloshinskii—Moriya interaction or from
strain. Although the spin arrangement of these materials makes them highly sensitive to
strain, there is little understanding about the influence of local strain fields caused by lattice
defects on global properties, such as magnetisation and anomalous Hall effect. This premise
is investigated by examining non-collinear films that are either highly lattice mismatched or
closely matched to their substrate. In either case, edge dislocation networks are generated
and for the former case these extend throughout the entire film thickness, creating large
local strain fields. These strain fields allow for finite intrinsic magnetisation in seemly
structurally relaxed films and influence the antiferromagnetic domain state and the intrinsic
anomalous Hall effect.

Introduction

Recently there has been great interest in antiferromagnetic materials for their use in energy
efficient computing [*#] and neuromorphic hardware [>6], with the potential for terahertz
operating frequencies, lower thermal losses and enhanced on-chip packing density. [1°] In
particular, non-collinear antiferromagnets (AFM) such as MnsA (A = Sn, Ge, Pt) and MnsAN
(A =Ni, Ga, Sn) have been show to possess intrinsic anomalous Hall effect (AHE) [*117],
magneto-optical Kerr effect (MOKE) [*¥-?°], anomalous Nernst effect (ANE) [?22%] and the
tunnelling magnetoresistance effect [?#] which allows for easy read-out of the
antiferromagnetic state, an obstacle for many collinear antiferromagnetic families [*>27]
although encouraging progress with altermagnets may help overcome this bottleneck [2831].

Although it is theoretically understood that the AHE may be observed in fully compensated
non-collinear AFM with M = 0, [32°] experimentally the observation of anomalous Hall effect
in non-collinear AFM systems is accompanied with a small net moment. This moment has



been attributed to several sources. For example, in bulk Mn3Sn single crystals, it is proposed
to be a Dzyaloshinskii-Moriya interaction leading to a canting of the spins; [*¢] in MnsNiN thin
films grown on closely lattice-matched substrates, the net tetragonal distortion of the lattice
is claimed to create a resultant piezomagnetic moment; [*’-*°] and a recent report on MnsSnN
thin films grown on mismatched SrTiO3 (STO) substrates show that the global cubic crystal
symmetry masks local Mn displacements which creates local symmetry breaking, proposed
as the possible source. [*°] In all cases, the net moment is coupled to the AFM ordering and
is believed to be an essential requirement that allows the AFM domains to be saturated in an
applied magnetic field. Were this not the case, all the quantities of interest (AHE, ANE,
MOKE) would vanish when averaged out over multiple domains.

Further to this situation, the presence of a weak net moment may confuse the true origin of
the AHE, as the association of the AHE in ferromagnets is predicated on a magnetic moment
and spin-orbit coupling (SOC). For non-collinear systems moment is not necessarily
required, but if a moment is present the origin of the AHE may be obfuscated. Such a
guestion is particularly pertinent in the antiperovskite MnsAN and cubic MnsA materials,
which predominantly adopt one of two non-collinear antiferromagnetic structures - the 9
structure, which shows anomalous Hall effect, and the ™9 structure, which does not.
Presence of the AHE is frequently used to distinguish between these two structures (114041),
meaning attributing its origin correctly is important.

Within this context, we choose to investigate epitaxial thin films of the non-collinear AFM
MnzAN family with either large or small lattice-substrate mismatch, and examine how the
global properties, AHE and magnetisation, are influenced by atomic scale deformations. The
chemical flexibility of this family may allow for future tuning of material properties to suit
application. Firstly, MnzCuosSnosN (MCSN) grown on mismatched MgO substrates, with fully
relaxed cubic crystal structure determined globally by X-ray diffraction (XRD) and a Néel
temperature of 325K +/- 5K. Secondly, MnsNiN (MNN) grown on closely lattice matched STO
substrates, with a tetragonal distortion c/a = 1.028 and a Neel temperature of 215 K. [*] All
films support an enhancement of AHE at room temperature. In each case, transmission
electron microscopy reveals a network of edge dislocations within the films, which produce
intense local deformations and strain fields. Edge dislocations are confined to a region 10s
of nm from the interface for closely lattice matched films, whilst for the highly mismatched
case the dislocation network extends through the entire 70 nm thickness of the film. We
demonstrate that although local strain fields are large, their contribution to global strain is
vanishingly small when averaged over the entire film, and by considering the interactions of
these deformations with the antiferromagnetic structure we show that an enhanced
piezomagnetic moment may still be produced. But despite this enhancement, these
dislocations are still ultimately detrimental to the intrinsic properties of interest, such as AHE.
This work highlights the need for further investigations into the nanoscale properties of these
materials, with particular scrutiny of the properties of the interface with disparate materials,
where they are being frequently employed such as in tunnel junction applications [*2].

Strain field mapping using scanning transmission electron microscopy

For the case of MCSN grown on MgO, it may be anticipated that the large misfit (~6%) will
give rise to strain relaxation via plastic deformation and dislocations within a few nm of the
interface. [*®] In addition, it has been shown that this system demonstrates large
magnetovolume effects that manifest as a region of negative thermal expansion on cooling
[*4] and it can be expected that this will also enhance the internal strain of the sample, due to
mismatch between the thermal expansion of the film and the substrate. [*] In Figure 1, we
demonstrate that dislocations are indeed present. Figure 1 (a) shows a schematic of an



edge dislocation, a real space topological defect where an extra half-plane of atoms is
present in the material. Figure 1 (b) shows an image of the interfacial region taken using
scanning transmission electron microscopy (STEM). Electron energy loss spectroscopy
(EELS) identifies a 3 nm thick mixed-phase interface (1 (c,d)). Although not immediately
apparent in the STEM image (1b), the appearance of the dislocations is made clear in Bragg
filtered images (1f,g), generated by masking 100 and 001 spots in the FFT (1e)). Using
geometric phase analysis (GPA) (see methods), we are able to extract the strain fields from
this image in the in-plane direction (1(h)) and in the out-of-plane direction (1(i)) by
comparison to the substrate. Within the first 3 nm, the film is closely matched to the
substrate in-plane, but sees an expansion out-of-plane, indicating that strain is
accommodated elastically within the unit cell. Averaging over rows of atoms (Figure 1 j), this
distention is clearly visible, and was present in all areas of the interface examined. Beyond
this region, a complex network of edge dislocations develops, producing large strain fields
and alternating regions of positive and negative strain, both in- and out-of-plane.
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Figure 1. a) Schematic of an edge dislocation, with the slip plane highlighted. The edge
dislocation is a defect in the crystal lattice where an extra half plane of atoms is introduced.
b) High resolution transmission electron microscopy image of the MCSN film in the interfacial
region with the mismatched MgO substrate. c) High-angle annular dark-field image of
dashed-white box in b). d) Line profile plot of intensity extracted from c), with a 3 nm wide
interface clearly defined. e) Power spectrum of image b). The frequencies circled in blue and
red are masked and an inverse Fourier transform performed to produce images f) and g)
respectively. f,g) 100 and 001 Bragg filtered images. Insets magnify a region featuring an
edge dislocation, where the extra half-plane is clearly visible. h,i) Strain maps of the €. and
€yy components of the strain tensor. The maps reveal a network of dislocations within the
film, resulting in large internal strain fields. j) exx and €y averaged over rows of atoms and
plotted as a function of distance from the interface.



In order to understand further the strain distribution we sequentially imaged the entire
thickness of the film, moving from the interface to the surface, (Figure 2 (a)). From these
images, it is clear that the dislocation network extends throughout the film thickness. After
averaging the large local strain fields that reach up to 15% at the dislocation core (Figure 2
(c)) the residual behaviour is a small net tetragonality, c/a, that relaxes back to cubic after 35
nm (Figure 2 (b)). Over the entire image series, the mean tetragonality is 1.006. Using X-ray
diffraction (XRD), we extract the lattice parameters of the film a = 3.965 +/- 0.005 A and ¢ =
3.969 +/- 0.002 A (Figure 2 (d-f)), which shows a close match with the lattice parameters
extracted from XRD of MCSN powder a = 3.970 +/- 0.001 A. This would normally suggest
that the MCSN film is relaxed, and the unit cell is cubic within error. Typically a cubic unit cell
forbids a piezomagnetic origin of the magnetisation.
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Figure 2. a) Cross-sectional transmission electron microscopy images and corresponding
strain fields, moving from the interface towards the surface of the film. Edge dislocations are
present throughout all regions of the film. b) Average strain and tetragonality as a function of

distance from the interface. Numbers 1 — 9 correspond to the regions highlighted in a).

Within 35 nm of the interface, the film possesses a small average tetragonality, c/a > 1. ¢)

Line scan over the region in a) marked by arrows. Cloe to the dislocation, the strain reaches
a maximum value of 15%. d) X-ray diffraction of the 002 reflection as a function of
temperature, demonstrating epitaxy between the film and the substrate in agreement with

TEM. At 575 K, the highest temperature probed, the film shows signs of oxidation. Small
peaks marked with an asterisk are due to the heater stage. e) Reciprocal space map around
the 113 and 002 reflection respectively, from which we extract a = 3.965 +/- 0.005 A and ¢ =

3.969 +/- 0.002 A. As X-ray diffraction samples properties over the entire film, the film
appears cubic within error. (f) Relative change in c lattice parameter as a function of
temperature. In the film, a change in the coefficient of thermal expansion is observed at Ty =
325 +/- 5 K, in agreement with powder diffraction data, although no region of negative



thermal expansion is observed. The presence of the magnetovolume effect in this
composition is a contributing factor to the high density of dislocations.

We now turn to the closely matched sample, MNN on STO, with misfit of 0.6% (Figure 3).
Similar to the case of MCSN, immediately beyond the interface region a network of
dislocations develops, but unlike in MCSN the dislocation density is greatly reduced after a
critical thickness of ~20 nm. Images taken further away from the substrate (see
supplementary) suggest the film grows relatively defect-free, but with a constant tetragonality
c/a =1.028. This allows for a piezomagnetic moment and therefore control of the
antiferromagnetic domain structure with applied field, as we have previously reported. [*113]
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Figure 3. a,b) High resolution transmission electron microscopy images from two foils from a
MNN film grown on STO substrate. c-f) Strain maps of the e and €,y components of the
strain tensor. As in Figure 1, beyond the interface a network of dislocations develops, but
above 20 nm the dislocation density is reduced, with the red dashed line acting as a guide to
the eye. g,h) exx and &y, averaged over rows of atoms and plotted as a function of distance

from the interface.

Magnetisation and Magnetotransport measurements

To understand the effect of the internal strain on the magnetic properties, we focus on the
magnetisation and magnetotransport of the highly mismatched MCSN film. In ferromagnetic
materials, the Hall resistivity, py, may be written as the sum of the ordinary Hall resistivity
pon (linear in magnetic flux density B) and the anomalous Hall resistivity p,, proportional to
magnetisation M:

Pu = Pon t Pan = RoB + RspoM 1)

Where R, is the ordinary Hall coefficient and Rs is the extraordinary Hall coefficient. p,y may
further be divided into terms proportional to longitudinal resistivity p,, and p,,:



Pan = a(M)pxx + (b(M) + C) pxx2 (2)
Or, in terms of the conductivity:
Oxy = A(M)0yy + (M) + ¢ 3)

Where we have explicitly introduced the constant c¢ to represent an intrinsic contribution that
is independent of the magnetisation. The term proportional to o,, represents the skew-
scattering contribution which dominates in the “clean limit”, while the other terms represent
the intrinsic contributions due to the Berry curvature of the band structure, and dominate
within the intrinsic regime. [*549]

In a multidomain sample, the presence of an net moment intrinsic to the film (but
independent of its origin) is essential to control the domain orientation, meaning that the
coercive field (the field at which all domains are aligned to the applied field) is common to
both the magnetization and the intrinsic AHE. Indeed in Figure 4 (a,b) we see good
agreement between the M(H) and AHC curves, once a soft temperature independent
component of M(H) is removed (Figure 4 (c)) (see supplementary). Because of this shared
origin, plotting AHE versus M at 300 K yields the expected linear relationship (Figure 4 (d)),
and the gradient may then be used to extract Rs, according to equation 1. From this, we find
Rs = 1.01E-7 m3C? at 300 K, two orders of magnitude larger than in ferromagnets such as
Fe, Co and Ni. [*]. This suggests that the antiferromagnetic structure is the dominant
contribution to the AHE, beyond the contributions of the weak net moment, and is indicative
of 9. In addition, Figure 4 (e) demonstrates that o,,, is independent of g, and from

equation (3) the sample lies within the intrinsic AHE regime.

Additional evidence to support the premise that the AFM structure is 9 originates from the
temperature dependence of the ratio of the saturated magnetisation in-plane to out-of-plane,
which approaches 1/72, the anticipated ratio for a piezomagnetic moment in the [112]
direction produced from tetragonally distorted ¢ (Figure 4 (f)). [¥'] The presence of moment
out-of-plane excludes tetragonally distorted 9, which only presents a magnetisation in-
plane. [*®] Finally, a further indication that the AHE origin is not directly related to the
magnetisation can be seen by examining their temperature dependence. In Figure 4 (g), Msat
steadily increases from 340 K to 300 K, but does not increase upon further cooling. In
contrast, the AHE demonstrates only a small increase until 310 K, whereupon it rapidly
increases. However, we are unable to obtain Msat or Oxysa reliably at lower temperatures,
due to the large coercive field of the sample and the limit of our experimental facility to an
applied field of 7 T.
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Figure 4. a) The anomalous Hall conductivity at selected temperatures, indicative of the M9
magnetic phase. b) Out-of-plane M(H) at selected temperatures, with soft ferromagnetic
component subtracted. c) Out-of-plane M(H) at 300 K. The dashed curve indicates the
signal measured after subtraction of the diamagnetic background. The solid curve is the

resultant signal after further subtraction of a soft ferromagnetic component (see
supplementary material). d) Anomalous Hall conductivity vs magnetisation. The dashed
curves are produced using M(H) as measured, while the solid curve shows the linear
relationship once the soft ferromagnetic component is subtracted. €) Remnant 0,y VS Oxx
demonstrating the sample lies in the intrinsic regime. f) Temperature dependence of the ratio
of in-plane to out-of-plane saturated magnetisation. On cooling, the ratio approaches 1/+2,
the anticipated ratio for the piezomagnetic moment produced from tetragonally distorted 9.
g) Temperature dependence of saturated oy, and out-of-plane magnetization. The observed
temperature dependencies demonstrate that o, cannot be said to be caused by the
magnetisation.

Discussion

The large strain fields from the dislocations will produce piezomagnetic moments. [37-3947]
The global properties we measure, AHE and magnetisation, will be a result of the
interactions between the antiferromagnetic domain structure, the localised strain fields and
the net moments. As we will now explain, the impact of dislocations, while producing a
magnetisation, could be damaging to the magnitude of the measured anomalous Hall effect.

In various studies of antiperovskite thin films [*1:374041] it has been consistently observed that
the measured magnetisation is larger than that anticipated from the net tetragonality (as
observed by XRD) and the theoretically predicted magnitude of piezomagnetism. These
observations are illustrated in Figure 5 (a). But as XRD is a global measurement, it is not
sensitive to the local tetragonal distortions produced by edge dislocations, which present in
the form of a “butterfly” shaped region surrounding the defect where c/a > 1 above the slip
plane, and c/a < 1 below it (Figure 5 (b-e)). It has also usually been observed that the M(H)
loops possess a soft component that is not present in the AHE(H) loops, as is also the case
here. Now considering the AFM structure, the ¢ structure has eight possible variants,
corresponding to the 8 (111) planes. [?!] Each variant may, under a tetragonal distortion,
produce a piezomagnetic moment oriented in one of the eight <112> directions, with the



direction of the moment determined by the local ¢ variant (Figure 5 (f)). However, for a
single M9 variant, moving from ¢ > a to ¢ < a reverses the direction of the net moment
(Figure 5 (g,h)).
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Figure 5. a) Comparison of theoretically predicted piezomagnetic magnetisation, using
tetragonality measured via X-ray diffraction, to experimentally measured values out-of-plane.
Data are from ref. [1, 49, 4] and this work. b) Schematic of tetragonal distortions created from

the stress field of an edge dislocation. c¢,d,e) Components of the stress tensor surrounding
the dislocation. f) lllustration of the possible piezomagnetic moments produced from
tetragonal strain. The non-collinear AFM structure may be arranged in any of the eight {111}-
type planes (highlighted in grey) and each arrangement produces a unique moment in one of
the eight equivalent <112> directions. This feature allows saturation of the domain state with
a magnetic field applied in an appropriate direction. g,h) The piezomagnetic moment for a
fixed antiferromagnetic domain state may be reversed by reversing the tetragonality i.e.
going from c/a > 1 to c/a <1. Regions of mixed tetragonality produced by edge dislocations
therefore may impact the magnetic properties of the film.

To understand the implications of this we first consider the case of a single dislocation
(Figure 6). Figure 6 (a) shows the simplest case, where the antiferromagnetic ordering
surrounding the defect is constant, which we label Type 1. In this instance, the tetragonal
regions above the slip plane produce a net moment in the opposite direction to the regions
below the slip plane, similar to a ferromagnetic domain wall, but the sign of the intrinsic AHE
is the same in all regions. These counteracting net moments prevent control of the
antiferromagnetic order by magnetic field, creating frozen regions within the film. A heavily
defected sample will therefore show reduced AHE and M, as the lightly strained regions
between defects are the only part that is sampled when sweeping magnetic field, greatly
reducing the active volume of the film. Experimentally, the presence of exchange bias in
films of Mn3Sn has been explained using frozen antiferromagnetic domains, which also
demonstrates piezomagnetism, although the crystal structure and magnetic symmetries
differ in this case.[*"]



In the second scenario (Figure 6 b) we consider that regions above and below the slip plane
may have opposite antiferromagnetic order, with an antiferromagnetic domain wall between
them (Type 2). Now the moments add, and the order may be controlled by applied field, but
the domains will always be opposite above and below the slip plane. This leads to
cancellations in AHE in the areas surrounding defects, as they are locked into a multidomain
state that cannot be changed with applied magnetic field. The step feature present in M, but
not in AHE, can now be understood as due to the presence of Type 2 structures. The large
distortions in the vicinity of the dislocation produce large piezomagnetic moments, which
strongly couple to the applied field. On the other hand, DFT calculations (see Sl) find no
strong dependence of the magnetic anisotropy with strain. This combination leads to a
narrow coercive field in comparison to the rest of the sample.

Figure 6. a,b) Schematics demonstrating how the strain surrounding a dislocation, as shown
in Figure 4, may influence the magnetic behaviour of the sample. We identify two types: a)
Type 1, where the antiferromagnetic domain structure is unaffected by the presence of the

edge dislocation. The reversal of tetragonality above and below the slip plane creates a
region of opposed magnetic moments that will not respond to an applied field. The structure



produces vanishing net moment and cannot be measured in a typical AHE measurement, as
the analysis typically requires antisymmetrization of the signal in applied field. This scenario
leads to a “frozen region” of the film in the vicinity of the dislocation. b) Type 2, where there
is an antiferromagnetic domain wall located in the slip plane of the dislocation. Now, the net
magnetic moments are aligned, and the feature may be switched in magnetic field. Due to
the mixed domain state, this structure will not produce a net AHE, but will show a net
magnetisation, in contrast to Scenario 1. ¢,d) M(H) and AHE at 300 K. The step feature
present in M, but not in AHE, can now be understood as due to the presence of Type 2
structures. The large distortions in the vicinity of the dislocation produce large piezomagnetic
moments, which strongly couple to the applied field, leading to a narrow coercive field in
comparison to the rest of the sample. The anomalous Hall conductivity measured is an
average behaviour and is non-zero due to the small deviation from cubic tetragonality as
determined by the HRTEM strain field analysis.

Both scenarios cause a reduction in the measured intrinsic properties of the film. One can
imagine further scenarios where the antiferromagnetic domain wall is present at an arbitrary
angle to the slip plane. But in any such scenario, the region of mixed tetragonality still
interferes with manipulating the domains in the ways we have highlighted. For this reason,
further understanding of the internal strain, to ensure there is uniform tetragonality
throughout the entire sample, is essential. We speculate that the confinement of the
dislocations to a significantly smaller region from the interface in the MNN film, compared to
MCSN, is primarily due to the 10x smaller misfit between MNN and SrTiO3; compared to
MCSN and MgO. We propose that the defected region effectively acts as a “buffer layer” for
the rest of the film, but another contributing factor may be the much smaller magnetovolume
effect in MNN compared to MCSN. [3844%9] In a recent study on MnsSnN on SrTiO3 with
intermediate misfit of 3.9% it was observed that Mn atomic displacements observed using
highly brilliant grazing incidence XRD reached a maximum for films 50 nm thick, and this
was attributed to internal strain. [*°] Although the specific details of the internal strain
distribution in the film will depend on multiple factors, this result is consistent with our own
observations. Taken together, this suggests that by reducing lattice/substrate mismatch, or
by introducing buffer layers, or by tuning the MnzAN lattice parameter through doping, the
dislocation density of these fascinating nitride films can be controlled. Understanding the
proportions of Type-1 to Type-2 defects would allow for a reliable estimate for the global
magnetisation. We note very recent reports on resolving atomically sharp domains in AFM
materials using advanced TEM techniques, meaning such exacting characterisation might
be feasible in due course. [°1,%2] However, this requires highly specialised techniques, both in
terms of the sample preparation and equipment, that is beyond the scope of the present
manuscript. In MNN thin films, our measurements of AHE [*1131€] MOKE [?°] and ANE [?%23],
while still large in comparison to the weak magnetic moment, are greatly reduced in
comparison to theoretical predictions, which may partially result from mixed tetragonality
regions within the films, particularly close to the interface as we have shown here.

Conclusions

The properties of non-collinear antiferromagnets are highly sensitive to strain, and this
includes large local strain fields generated by dislocations. Although thin films may appear to
be relaxed under global XRD techniques, high-resolution TEM and corresponding GPA
analysis reveals a network of dislocations originating from misfit strain. In the case of MCSN
on MgO, the network extends throughout the entire film thickness. MNN films grown on
closely lattice matched STO substrates show a similar region of high dislocation density, but
confined to a critical thickness, and beyond this region the film grows with a net tetragonality
and few defects. Regions of mixed tetragonality, generated by dislocations, may enhance



the magnetisation but will reduce intrinsic quantities of interest due to the interactions
between the strain fields and the AFM structure. A future challenge is to investigate
techniques to minimize the dislocation density when growing on highly mismatched
substrates, while maintaining a constant net tetragonality of the unit cell by identifying
appropriate compliant or buffer layers. This analysis will be increasingly important as efforts
are made to integrate these materials into multilayer devices. It is clear from this study that
these defects, whilst enhancing the local moment associated with piezomagnetism, are in
fact deleterious to the physical properties important for application.

Experimental Methods section

Samples were prepared using standard solid state synthesis techniques. First, Mn,N was
formed by reacting elemental Mn powder (Alfa Aesar, 99.95% purity, 325 mesh) under dry,
flowing nitrogen gas at 973 K for 48 h. This Mn2N precursor was first ball-milled using 3 mm
ceramic balls at 300 RPM for 1 hour with IPA as the solvent and then thoroughly mixed with
elemental Cu (Sigma-Aldrich, 99.7% purity, 3 um). The resulting mixture was pressed into a
~2 g pellet, wrapped in Ta foil and transferred to a crucible. The crucible was heated at 1053
K for 2 days and allowed to cool to ambient temperatures. This sample, with composition
MnsCuN as determined by x-ray diffraction, was turned into a powder via ball-milling. The
previous technique was repeated with elemental Sn (Alfa Aesar, 99.85% purity, 100 mesh) to
form Mn3SnN powder. The two powders, Mn3zCuN and MnsSnN, were thoroughly combined
according to the ratio MnzCuosSnosN. This mixture was subsequently pressed into a pellet
with a 2 cm diameter and heated under dry, flowing nitrogen at 1053 K for 2 days, again
allowing the sample to cool to ambient temperatures.

Thin films of Mn3Cu 05ShosN were grown by pulsed laser deposition at 500 °C using a KrF
excimer laser (A = 248 nm) with a laser fluency of 0.8 J/cm?, under 5 mTorr nitrogen partial
pressure. The bulk lattice parameter of the Mn3CuosShosN target is a = 3.970. Four terminal
magnetotransport data were collected in a square geometry using the van der Pauw method.
Magnetization measurements were performed using a Quantum Design Magnetic Property
Measurement System (MPMS 3).

Transmission electron microscopy data were taken using an JEOL ARM 200cF and FEI Titan
in STEM mode. Images were obtained using an annular dark-field (ADF) detector (Figs. 1 &
2) and a high-angle annual dark-field (HAADF) detector (Fig. 3).

The geometric phase analysis was performed using the Strain++ software, which contains
algorithms for determining strain fields in high-resolution TEM images as detailed in [>3°4].
Raw STEM ADF and HAADF images were used for analysis, by selecting two orthogonal
spots in the FFT (100 and 001). For images that contained the MgO substrate, refinement of
the GPA analysis was performed using a small region of the substrate. For images that did
not contain the MgO substrate, a calibration image was taken of the substrate using identical
imaging conditions to the subsequent images of the film. In this case, refinement was done
using the substrate calibration image.
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