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Imaging and ferroelectric orientation
mapping of photostriction in a single
Bismuth Ferrite nanocrystal
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The exploration of multiferroic materials and their interaction with light at the nanoscale presents a
captivating frontier inmaterials science.BismuthFerrite (BiFeO3, BFO), a standout among thesematerials,
exhibits room-temperature ferroelectric and antiferromagnetic behaviour and magnetoelectric coupling.
Of particular interest is the phenomenon of photostriction, the light-induced deformation of crystal
structures,which enhances theprospect for device functionality basedon thesematerials. Understanding
and harnessing multiferroic phenomena holds significant promise in various technological applications,
from optoelectronics to energy storage. The orientation of the ferroelectric axis is an important design
parameter fordevices formed frommultiferroicmaterials.Determining itsorientation in the laboratory frame
of reference usually requires knowing multiple wavevector transfer (Q-Vector) directions, which can be
challenging to establish due to the need for extensive reciprocal-space searches.Our study demonstrates
amethod to identify the ferroelectricaxisorientationusingBraggCoherentX-rayDiffraction Imaging (BCDI)
measurements at a singleQ-vector direction. Thismethod involves applying photostriction-inducing laser
illumination across various laser polarisations. Our findings reveal that photostriction primarily occurs as a
surface phenomenon at the nanoscale.Moreover, a photo-induced crystal length change ranging from30
to 60 nm was observed, consistent with earlier findings on bulk material.

In the realm of materials science, the study of multiferroic materials, par-
ticularly their interaction with light at the nanoscale, has emerged as a
captivating frontier1–3. Multiferroics are characterised by their ability to
exhibit multiple ferroic orders, such as ferromagnetism, ferroelectricity and
ferroelasticity, within a single phase4–6.

Amongst the interesting number of materials, Bismuth Ferrite
(BiFeO3, BFO) is particularly notable for its simultaneous ferroelectric and
antiferromagnetic behaviour at room temperature, leading to robust mag-
netoelectric coupling7–10.

BFO is a rhombohedral distorted perovskite unit cell with point group
R3c, which can be described using a hexagonal frame of reference with
lattice parameters ahex = 5.58Å and chex = 13.87Å11–13. The ferroelectric
polarisation emerges due to the displacement of Bi3+ ions from their cen-
trosymmetric positions along the [001]hex direction caused by the hybri-
disation between Bi3+ 6s andO2− 2p orbitals7. This causes the formation of a
local dipole moment and gives rise to a macroscopic spontaneous electric
polarisation in the order of 100 μC/cm2 8,14.

A phenomenon of significant interest in this context is photostriction -
the light-induced deformation of crystal structures15–18. BFO, with its per-
ovskitemetal-oxide composition and a relatively small 2.8 eV band-gap, is a
prominent candidate for studying the interplay between light and material
properties7,19–23. Photostriction in BFO and similar ferroelectrics arises from
the coupling of photovoltaic and inverse piezoelectric effects, offering a
window into the nano-scale manipulation of material properties. The
incident light generates electron-hole pairs, which are subsequently sepa-
rated along the bulk electric field direction generated by the ferroelectric
polarisation. In turn, this creates a depolarisation field screening effect,
which gives rise to the inverse piezoelectric effect21,24–26.

The magnitude of the effect is dependent on the wavelength, intensity
and polarisation of the impinging light27–29. Importantly, for the photo-
striction effect to be observed, the laser polarisation direction must align, at
least partially, with the ferroelectric axis of the material19. The degree of
photostriction is further enhanced when larger components of the laser
polarisation are aligned along this ferroelectric axis, which is along the
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(001)Hex direction. This alignment-dependent response highlights the ani-
sotropic nature of the photostriction effect in these materials.

The technological potential of photostriction inmultiferroics like BFO
includes applications in optoelectronics30–32, energy storage33,34, and
advanced magnetoelectric memory devices35–38. Determining the ferro-
electric axis orientation accurately in the laboratory frame of reference is,
therefore, crucial as it governs thematerials’ response to external stimuli and
influences their practical device applications.

Bragg Coherent X-ray Diffraction Imaging (BCDI) is a powerful tool
for unveiling the intricate dynamics of quantum materials at the nanos-
cale. BCDI allows for three-dimensional visualisation of crystal defects
and is particularly adept at elucidating the intricate dynamics within these
materials39–42. The technique involves illuminating a sample with a spa-
tially coherent X-ray beam such that the coherence length exceeds the
dimensions of the crystal43,44. Scattered light from the entire volume of the
crystal interferes in the far field, producing a three-dimensional k-space
diffraction pattern45. The experiment collects the 2Ddiffraction pattern of
a selected reflection onto a detector while the 3rd dimension is obtained by
rocking the sample in increments and collecting the diffraction pattern at
each step40.

The Fourier space density and real space electron density are fun-
damentally related to each other via Fourier transforms46,47, highlighting
the necessity of phase information in BCDI experiments for accurately
computing a sample’s real space electron density48. However, the experi-
ment only measures the diffraction pattern intensity, rendering the direct
extraction of phase information not possible and as a result, computa-
tional methods must be utilised to recover the phase49,50. Iterative phase
retrieval methods such as the Error Reduction51,52 and Hybrid Input-
Output (HIO)53–55 and, more recently, deep learning algorithms based on
Convolutional Neural Networks (CNNs)56–60 have proven effective to
recover the complex three-dimensional electron density and phase
information.

The recovered real space image reveals the crystal’s morphology
and atomic displacements from equilibrium positions projected onto
the
Q-vector utilised in the experiment61. Specifically, the real space
amplitude reveals the crystals’s morphology while the atomic dis-
placements are encoded in the phase information according to ϕ =Q ⋅
u, where u is the displacement field, and ϕ denotes the phase infor-
mation, thus offering a detailed understanding of the crystal structure
and dynamics.

In the following, our study advances the understanding of the photo-
striction effect in a single nanocrystal by observing laser polarisation-
dependent photostriction and quantitatively characterising its surface nat-
ure. We introduce a method to pinpoint the ferroelectric axis of a single
multiferroic nanocrystal in the laboratory frame of reference using a single
Q-vector directly from phase information. This technique is particularly
valuable as BCDI evolves towards in-operando imaging of nanocrystals in
devices, where knowing the crystal orientation is critical. Our approach
significantly simplifies the otherwise daunting task of extensive reciprocal
space exploration for a single nanocrystal. The integration of a rapid CNN
deep learning algorithm with this finding enhances both the speed and
accuracy of determining crystal orientation, representing an important
development for future BCDI applications and device functionality
characterisation.

Results
Bragg coherent diffraction imaging experiment
Nanocrystals of BFO were synthesised following the procedure
detailed in theMethods section. The Bragg Coherent X-ray Diffraction
Imaging (BCDI) experiments were conducted in air at the Diamond
Light Source synchrotron facility on beamline I16, using 9 keV X-rays
in Bragg geometry. This setup, illustrated in Fig. 1, was equipped with a
6-axis kappa diffractometer. The X-ray beam was focused to a size of
200 × 30 μm, using front slits of 20 × 20 μm. Through surface area

scans, we identified and positioned a single BFO nanocrystal at the
(110)Hex specular reflection, whichwas aligned at the eucentric point of
the diffractometer.

A 5mWpolarised 405 nm blue laser was directed onto the sample and
focused at the eucentric point. Rocking curve measurements were then
performed for the ground state crystal and under 5 different laser polar-
isation directions to obtain a series of 3D diffraction pattern data sets.

Deep learning phase retrieval
For phase retrieval, we utilised a deep learning model based on a CNN
architecture56 for its improved robustness and efficiency over traditional
iterative phase retrieval techniques, which are prone to stagnation problems
leading to missing density or pebbling effects in the reconstructed density.
The enhanced robustness ensures a more complete and faithful recon-
struction of the object, mitigating common issues associated with iterative
approaches.

Figure 2a presents the CNN used, which operates on an encoder-
decoder framework, wherein the measured diffraction amplitude is first
encoded into a feature space, then split into two branches for independent
amplitude and phase recovery. The procedure of our network’s training is
elaborated in the Methods section, while the training and validation losses
are depicted in Fig. 2b.

The simulated data set, designed for the initial training phase of our
CNN, comprises idealised Fourier transform pairs56. These pairs consist of
two main components: the real space representation, characterised by
perfectly hexagonal objects with uniform dimensions and a Gaussian-
correlated phase profile, and their corresponding Fourier transform, which
represents the ideal simulated diffraction patterns. In contrast, the experi-
mental data sourced from synchrotron facilities includes deviations from
these ideal conditions, encompassing noise and variations in object
dimensions and phase profiles and lacks a predefined ‘ground truth’ for the
real space image.

Therefore, our prediction methodology incorporated a reconstruction
refinement step, paralleling a transfer learning mechanism, where the pre-
trained neural network initiated the reconstruction process. We processed
the experimental diffraction patterns through the network for hundreds of
epochs, continuously adjusting the network’s parameters based on com-
puted losses and penalty terms. This strategy offered refined fine-tuning for
reconstructions, enhancing the robustness and specificity of the model to
our datasets.

Furthermore, we integrated a real-space support penalty to guide the
algorithm more effectively toward adhering to the system’s known
dynamics and constraints. In iterative phase retrieval algorithms, the sup-
port serves as a constraint, selectively adjusting or discarding amplitudes
outside a predefined spatial region to enhance phase recovery62,63. In con-
trast, in our framework, this concept is re-imagined as a penaltymechanism
that penalises the network during the refinement phase for generating
amplitude outside the defined support, thereby training the network to
minimise loss by adhering closely to the crystal morphology. This

Fig. 1 | The experimental setup. An illustration of the experimental geometry in a
Bragg CDI experiment. Crystal structure visualisation presented as an inset is pre-
pared using the VESTA software66.
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translation of a classical phase retrieval technique into a modern deep
learning setting leverages the strengths of bothmethods and also provides a
pathway to improve algorithmic performance and fidelity in the CNN
framework.

This penalty bridges the different conditions during training and
prediction, adapting the CNN trained on idealised data for application
to themore complex and variable experimental data. It compensates for
the absence of real-space ground truth in experimental measurements,
enabling the network to make informed predictions about real-space
information.

This penalty was added to the real space amplitude’s loss term when
predictions fell outside a predefined support region, thus ensuringfidelity to
the system’s constraints. The penalty-augmented loss functionderived from
ref. 56 is formulated in Eq. (2c), with the addition of ζwhich represents the
penalty function, defined in Eq. (3) and S denotes the support; Ip and Ig
represent the predicted and ground truth Fourier space intensities,
respectively, and L1 is the normalised mean-squared error, Eq. (2).

LPredict ¼
1

α1 þ α2
½α1L1

ffiffiffiffiffiffiffiffiffiffi
IpðqÞ

q
;

ffiffiffiffiffiffiffiffiffiffi
Ig ðqÞ

q� �
þ α2ζðρðrÞ; SÞ� ð1Þ

L1 ¼
P

q∣IpðqÞ � Ig ðqÞ∣2P
qIg ðqÞ2

ð2Þ

ζðρðrÞ; SÞ ¼
P

r=2SρðrÞP
rρðrÞ

ð3Þ

The support region is defined in an iterative process, starting with a model
prediction with a loose predefined support determined from the diffraction
patterns’autocorrelation function to identify the crystal’s general shape initially.

Subsequently, a tight support is crafted around the identified object using a
shrink wrap method, effectively excluding any noise-induced amplitudes.

Including this penalty term significantly enhanced the algorithm’s
capability to produce precise and consistent reconstructions for complex
datasets as is depicted in Supplementary Fig. 5, making it an invaluable
asset in phase retrieval. This approach’s flexibility allows for its extension
to phase penalties, aligning the reconstructionsmore closely with known
system dynamics. Since all diffraction patterns originated from the same
crystal structure, we employed a consistent support region across all
datasets. This provided a uniform framework for analysis. The model
was then used to reconstruct the diffraction patterns for 1100 epochs
using the ADAM optimiser64, consistently producing low loss across all
five data sets, underscoring its robustness and adaptability to complex
crystallographic data.

The recovered 3D images demonstrated good convergence, consistent
amplitude profiles, and reproducible phases. The phase retrieval transfer
function (PRTF) computed for each of the reconstructed images demon-
strated good resolution, Supplementary Fig. 1. Fig. 2c highlights the low
losses achieved using thismethod, demonstrating a closematch between the
original diffraction pattern and the Fourier transform of the predicted
objects. Detailed χ2 losses for each data set are presented in Supplementary
Table 1.

Ferroelectric axis orientation determination
The 3D images were then subjected to a coordinate transformation into
the laboratory frame of refs. 45,65. From this, the nominal size of the
crystal was determined to be 960 × 660 × 990 nm3 with a spatial reso-
lution of 15 nm. The recovered phase information, ranging from −π to
π, signifies atomic displacements relative to equilibrium positions along
theQ-vector direction. A phase of π indicates a displacement of one unit
cell in the direction of theQ-vector, whereas−π represents an equivalent

Fig. 2 | Phase retrieval method. a A block diagram
representation of the CNN during the prediction
phase. During the training step, the support penalty
is replaced with the ground truth loss for the
amplitude and phase. In the encoder branch, the size
of the array is halved at every step using Max Pool
operations and the depth of the feature map is
doubled using a convolution layer. The initial layer
expands the number of channels by 64. In the
decoder branches, the size is doubled using an
upsampling method and the depth is halved at each
step using a deconvolution layer. The size of the
output array is made to be half the size of the input
diffraction pattern. We used a Leaky RELU activa-
tion function for all the layers except for the last
layer, where a RELU function is used instead. b The
loss diagram during the training and validation of
the model. c The loss during the prediction of the
final reconstruction for each laser polarisation.
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displacement in the direction opposite toQ. This interpretation of phase
values allows for a detailed mapping of lattice distortions along the
Q-vector direction, which is visualised as a colour map projected onto
the amplitude in Fig. 3 for cross-sectional planes through the centre of
the crystal.

From the experimental geometry, the direction of the Q-vector of the
BCDI experiment was determined relative to the reconstructed crystal,
specifically in the lab frame. In addition, the directions of the laser polar-
isations, L, were determined in conjunction with the Q-vector direction
calculations for each of the five data sets, as shown in Fig. 3.

The orientation of the ferroelectric axis within the crystal is deter-
mined based on the understanding that incident laser light induces
electron-hole pair generation within BFO. These pairs are subsequently
separated along the direction of the internal electricfield, a consequence of
the ferroelectric polarisation inherent to BFO. This separation effect leads
to the establishment of a depolarisation field, which, in turn, triggers the
inverse piezoelectric effect. The core of our analysis lies in identifying the
direction along which the maximum structural deformation occurs. This
is directly influenced by the direction of the ferroelectric polarisation, as
the induced depolarisation fields are aligned accordingly. By analysing the
directional phase variation, we can pinpoint the direction showcasing the
greatest phase change, which we interpret as the ferroelectric axis of the
material.

A critical step in our analysis was defining the set of all possible
vectors for the known (001)Hex ferroelectric axis direction F in the
laboratory frame of reference, using the experimental geometry con-
straints. This involved calculating the angle between the (110)Hex

reciprocal space vector, which aligns with the experiment’s Q-vector,
and the (001)Hex vector direction which aligns with the material’s fer-
roelectric axis. This calculation, based on lattice parameters and crystal
properties, was pivotal for establishing the set of all possible vectors for
the (001)Hex ferroelectric axis, oriented around theQ-vector. This angle
computation provided a fundamental boundary condition, guiding our
interpretation of phase variations in relation to laser polarisation and
ferroelectric axis alignment.

Using an optimisation approach, we determined the optimal direc-
tion of the ferroelectric axis, F*, within the set of geometrically possible
vectors. This involved calculating the relative phase difference

(δϕn = ϕn− ϕ0), where ϕ0 represents the ground state phase information
with no laser illumination, andϕn is the phase information under different
laser polarisation conditions. This step, aimed at isolating the phase
variation due to photostriction, helped minimise the influence of crystal
imperfections. We employed a metric, the root sum square of the phase
directional derivative (denoted asΩ anddefined inEq. (4)), to quantify the
degree of phase variation along a particular direction. We applied this
metric for the set of all feasible ferroelectric axis directions across all the
reconstructed phase information data sets (δϕn) to identify the direction
that maximises Ω.

ΩðFÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i¼x;y;z

dðδϕÞ
dri

× Fi

� �2
s

ð4Þ

F� ¼ argmax
F

ΩðFÞ ð5Þ

Figure 4 a visually illustrates our analysis, displaying a uniform pattern
across all data sets, with different magnitudes. This consistency in direction
across the various sets emphasizes the strength and dependability of our
method in identifying the ferroelectric axis. Notably, twopeaks are observed
at exactly the same positions, separated by an angle of 180°. Such symmetry
indicates flexibility in choosing the direction of the ferroelectric axis, either
positive or negative, without affecting the overall analysis. In our study, one
of these maxima was selected, and the corresponding vector from the set of
all possible ferroelectric vectors was determined to be the optimal vector F*.
The primary objective of our study is to ascertain the ferroelectric axis, with
the polarity of direction being a secondary consideration that does not
impact the findings.

We determined the relationship between the phase variation
metric Ω along the determined ferroelectric axis direction F* and the
alignment of laser polarisation with the ferroelectric axis. We quanti-
fied the alignment between each individual laser polarisation direction
and the determined ferroelectric axis direction using an inner product
calculation, 〈L∣F*〉. Using the data available, we observed a linear
relationship, confirmed by fitting a linear regression line (Fig. 4b) with
a mean squared error that was calculated to be 0.047, confirming the
good alignment. This indicates a proportional increase in phase

Fig. 3 | Three-dimensional crystal rendering. The
phase in the reconstructed crystals ranging from−π
to π represented through a colour map projected
onto the amplitude image. Cross-sectional slices
were taken through the centre of the crystal in three
different orientations for each laser polarisation.
Each column corresponds to the crystal under the
influence of varying laser polarisations illustrating
variations in the reconvered phase information
which is representative of the photo-induced lattice
distrotions. Each row showcases different cross-
sectional planes within the crystal to offere a com-
prehensive 3D perspective of the internal structure.
The 3 vectors rendered on the surface represent the
Q-vector (red), the determined optimal ferroelectric
axis (yellow) and the laser polarisation direction
(purple).
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variation as the laser polarisation aligns more closely with the ferro-
electric axis, thus highlighting the connection between laser polarisa-
tion alignment and photo-induced strain.

Photostriction’s impact on the crystal’s dimensions was also evi-
dent in our findings through analysis of the reconstructed crystal
amplitude. We observed a modest increase in crystal length along the
ferroelectric axis between the ground state and the dataset with max-
imum laser polarisation alignment. The measured length change,
within the spatial resolution of the reconstruction, was found to be
30−60 nm,which is in good agreementwith previous studies conducted
on a macroscopic crystal19.

Volume uniformity of photostriction determination
To discern whether the observed photostriction effect primarily ori-
ginates at the crystal’s surface or within its bulk, we examined the core
of the crystal, progressively including a higher percentage of the
crystal’s amplitude, ranging from 30% to 90%. Our analysis, detailed in
Fig. 4e, shows a noticeable decline in the effect’s magnitude on smaller
isosurfaces. As more of the crystal was included, we observed a non-

constant effect, although its magnitude did not match that of the full
crystal.

Conversely, the effect was investigated at the surface for varying
shell thicknesses ranging from 10% to 85% of the crystal amplitude’s
density. As shown in Fig. 4f, even at a minimal 10% shell thickness, the
effect was non-linear andwith amagnitude comparable to that of the full
crystal. This effect became increasingly evident at a shell thickness of
25%, albeit with a slightly reduced effect magnitude. Further inclusions
of the crystal in the analysis yielded only marginal increases to the effect.
These patterns strongly suggest that the photostriction predominately
occurs with the outer 25% of the crystal in a shell of approximately
120 nm thickness. The surface-dominated effect is consistent with other
findings28.

Discussion
In this study, we have imaged a single BFO nanocrystal using Bragg
Coherent X-ray Diffraction Imaging (BCDI) while varying laser
polarisation directions to observe the photostriction effect. Our
experimental design, combined with a deep learning approach,

Fig. 4 | Phase variation analysis. a The relationship
between the directional phase variation metric Ω
and the azimuthal angle of the ferroelectric vector
around the Q from the set of all possible vectors for
all the data sets. The maximum of which corre-
sponds to the direction of the optimal ferroelectric
axis. c An illustration of the Q-Vector (yellow) and
the set of possible ferroelectric vectors (cyan) with
the optimal vector highlighted (purple). b A plot of
the directional phase variation metric Ω along the
determined ferroelectric axis F* showing its rela-
tionship with the projection of the laser polarisation
along the F* expressed as an inner product 〈L∣F*〉. A
linear regression was also fitted to confirm the
relationship. d A visualisation of the core sizes and
shell thicknesses. e Determining the directional
phase variation behaviour at the core of the crystal
for different sized cores and (f) at the surface with
different thicknesses of the shell.

Core
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Thickness

Core 
Size

Shell

d

https://doi.org/10.1038/s41524-024-01287-6 Article

npj Computational Materials |           (2024) 10:90 5



facilitated the successful generation of 3D real-space images of our
series of diffraction patterns. This was achieved by integrating a sup-
port constraint into the CNN as a penalty term on reconstructed
amplitude, resulting in high-quality image reconstruction.

Moreover, we introduced amethod to determine the orientation of the
ferroelectric axis in three dimensions using a singleQ-vector. By employing
an optimisation approach, we identified the principal axis of phase variation
across all data sets from the set of geometrically possible directions for the
ferroelectric axis. Notably, we observed directional coherence between the
datasets, as they all indicated the same directions, thus underscoring the
reliability of our method. This methodology enabled us to accurately
determine the ferroelectric axis orientation in a single multiferroic nano-
crystal subjected to polarised laser illumination, utilising only theQ-vector
and recovered phase information.

In addition, our results also revealed a photostriction-induced change
in the lengthof the crystal by30–60 nm, in agreementwithpreviousfindings
performed on bulk material. This consistency further validates our experi-
mental approach. Significantly, we confirmed that the photostriction effect
predominantly manifests as a surface phenomenon occurring within a
thickness of approximately 120 nm.

The implications of our research are far-reaching, offering valuable
insights that could significantly advance the development of materials and
technologies. Therefore, this work lays the groundwork for the non-contact
characterisation of integrated multiferroic devices, providing a vital tool for
scientists and engineers.

Methods
Synthesis of BiFeO3 nanocrystals
Nanocrystals of BiFeO3 were synthesised using a bottom-up epitaxial
method on a Sapphire R-plane substrate using pulsed laser deposition
(PLD). A 248 nm, 20 mJ KrF excimer laser was used to ablate a solid
target of BiFeO3 at a temperature of 700 °C in vacuum conditions of 10−4

mbar and Oxygen partial pressure. An initial slow deposition cycle with
short laser cycles is performed to seed the nanocrystal growth which is
left to anneal for a few hours. Subsequent faster laser cycles at slightly
higher temperature ensures the ablated material condenses at the seed
sites. X-ray diffraction measurements confirm a single-phase BiFeO3

growth. The particles’ size formed a uniform distribution in the
500–1500 nm range.

Training of convolutional neural network
Simulated Fourier pairs are used during the network training process,
wherein the Fourier space objects are forwarded through the network to
generate phase and amplitude predictions, which are subsequently com-
pared to ground truth objects using a loss function, L, as in Eq. (6). Here, L1
and L2 represent losses for real space amplitude and phase, respectively.
Additionally, L3 leverages Fourier transforms of predictions to compute
losses relative to the square root of input intensities, where the relative
weights of these functions are determined by integer parameters α1, α2, and
α3. Back-propagationand training spanned150 epochsusing30,000Fourier
pairs which achieved low and consistent loss profile while employing the
ADAM optimiser.

LTrain ¼
1

α1 þ α2 þ α3
α1L1ðAp;Ag Þ þ α2L2ðϕp; ϕg Þ þ α3L3

ffiffiffiffi
Ip

q
;

ffiffiffiffi
Ig

q� �h i
ð6Þ

Data availability
The data underpinning the findings of this study are available fromM.C.N.
upon reasonable request.

Code availability
The code utilised in this study are available from M.C.N. upon reasonable
request.
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