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Ultrafast manipulation of vibrational coherence is an emergent route to control
the structure of solids. However, this strategy can only induce long-range
correlations and cannot modify atomic structure locally, which is required in
many technologically-relevant phase transitions. Here, we demonstrate that
ultrafast lasers can generate incoherent structural fluctuations which are more
efficient for material control than coherent vibrations, extending optical control
to a wider range of materials. We observe that local, non-equilibrium lattice
distortions generated by a weak laser pulse reduce the energy barrier to switch
between insulating and metallic states in vanadium dioxide by 6%. Seeding
inhomogeneous structural-fluctuations presents an alternative, more energy
efficient, route for controlling materials that may be applicable to all solids,
including those used in data and energy storage devices.

Solid-solid phase transitions are ubiquitous processes in nature that can be induced
by changes in temperature, pressure, or applied fields, and are increasingly important
for next generation, non-volatile electronics'-6. Thermodynamically, phase transitions
are often heterogeneous, taking a percolation or nucleation-and-growth pathway”.
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However, phase transitions can also be non-thermally driven with light®®. These light-
induced phase transitions have the potential to transform solids in faster and more
controlled ways than allowed thermodynamically.

In particular, ultrafast light-induced transitions are generally assumed to be
homogenous and coherent®®. The long wavelength of the light, relative to the atomic
spacing, triggers coordinated and coherent motion of the atoms in many unit cells,
driving a coordinated transition in a large region of the sample. The dynamics of the
phase transition can be described entirely in microscopic terms and precise optical
control over the transition should be possible.

Indeed, numerous experiments have shown that light can induce large scale coherent
motion in solids'®-'3, and recent multi-pulse experiments in quasi-1D and 2D materials
have shown that the efficiency of light-induced switching can be modulated by this
coherent motion''5, bringing the concept of coherent control from chemistry'6-18 to
solids.

However, coherent control requires a well-defined long-wavelength and optically-
active phonon mode that connects the crystal structures of both phases®'. This
excludes many technologically relevant transitions such as those in chalcogenide
glasses which exploit the crystalline-to-amorphous transitions for data storage®3°. It
is thus unclear if ultrafast processes will bring any benefit for controlling phase
transitions in these materials.

Here we demonstrate an alternative, incoherent, route for material control on the
ultrafast timescale. We improve the energy efficiency of the insulator-metal phase
transition in VO2 by up to 6% when compared to a single pulse excitation by exciting
the sample with two pulses. The first pulse generates both large-scale coherent
structural motion and also temporally incoherent, yet spatially correlated, localized
lattice displacements. However, we find that the incoherent local modes, rather than
the coherent motion, are responsible for lowering the energy barrier for the formation
of the metallic phase. Density functional theory suggests that interactions between
polarons are responsible for the transient barrier reduction. As this correlated disorder
can, in principle, be induced in any solid, the incoherent approach may expand the
applicability of ultrafast control to a broad range of materials that cannot be coherently
steered.

VO2 is a prototypical system for understanding phase transitions in quantum
materials’®. At high temperatures the system is in a metallic rutile phase (R), but below
Tc ~ 60 °C the vanadium ions pair and twist around the rutile c-axis resulting in a
monoclinic insulating phase (M1). Weak photoexcitation of the M1 phase generates
coherent phonons, which dynamically modulate the amplitude of the dimerization and
tilting of the vanadium atoms'329,

Excitation of the M1 phase above a critical fluence threshold Fin drives the system to
the metallic rutile phase, R. Initially it was assumed that the coherent motion observed
at low fluences continues through the phase transition®'??, but more recent work
showed that the coherent motion is quickly transformed into a broad range of
incoherent phonon modes and the transition is driven by disorder?®24. This places VO2
between charge density wave systems, which are transformed by a few long-
wavelength modes?>26, and crystalline-amorphous phase transitions in which local
uncorrelated distortions drive the transition3#27. Thus, VOz: is an ideal material in which
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to test how ultrafast control can be applied in systems showing both coherence and
disorder.

Ultrafast control of a phase transition

We explore optical control of the phase transition by performing multi-pulse excitation
experiments in a high-quality single crystalline sample of VO2. We first use a weak
pulse (henceforth labelled prep pulse) to prepare a non-thermal coherently vibrating
state in the M1 phase. Subsequently we use a second pulse (labelled push) to further
excite the sample after a certain delay, fyp, and detect if the phase transition occurred
with a third probe pulse after a time t4(Fig 1a).

Fig 1b shows the transient reflectivity as a function of probe delay for a fixed prep-
push delay, typ = -700 fs, corresponding to 4 periods of the coherent 5.7 THz mode in
VOz2. The figure displays the cases where the push pulse has both sufficient and
insufficient fluence to initiate the phase transition. As the excitation is in-phase, a weak
push pulse amplifies the coherent motion as we remain in the M1 phase. However, a
strong push pulse induces a larger change in reflectivity and the coherent phonon is
suppressed, indicating a transformation to the R phase.
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Fig 1: (a) Double pump experimental scheme. (b) Transient reflectivity
signals as a function of ta. A low fluence prep pulse (Fprep =5 mJ/cm?)
generates coherent phonon oscillations in the M1-phase, while a second
excitation can amplify the coherent motion (6_mJ/cm?) or drive the system
into the R phase (20 mJ/cm?). (c) Total fluence dependence of the transient
reflectivity for a single pulse and double-excitation measured at t+=6 ps (with
Forep =5.5 mJ/cm?). (d) Relative gain, G, in the fluence threshold for a prep-
push experiment in comparison to a single pulse experiment, as a function
of prep-push delay. The standard error on the efficiency is shown by the
shaded region. There is notable gain at small time delays below the single-
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pulse fluence requirement. The solid line shows a double exponential fit with
4018 fs rise and 650+49 fs fall time, convolved with the 50-fs experimental
resolution. For experimental and fitting details see methods.

Fig 1c shows how the transient reflectivity changes as a function of the total incident
fluence (Fprep+ Fpush). For a single pulse excitation, a sudden change in slope at around
15 mJ/cm?is observed. This transition from relatively small changes in reflectivity with
fluence to a much higher rate of change marks the fluence threshold, Frro at which
the system begins to transform to the metallic phase. Above this fluence, the signal
grows rapidly before saturating. Remarkably, for a double-pulse scheme we find that
the total energy needed to both initiate and saturate the transition is reduced compared
to the single pulse, thus indicating that multiple excitations can lower the energy
needed to drive the phase transformation in VO2. We note, the use of a threshold
fluence is a different criterion to other works, which instead focused on changes in
volume fraction converted'#'®, rather than the energy required to initiate the transition
as used in this work.

Next, we explore the dynamics of the threshold reduction. We fix Fprep to 5.5 mJ/cm?,
to ensure that a coherent vibrational state is induced, and scan the push fluence, Fpush,
for different prep-push delays in order to determine Frupp(tp). FTHo can be
mathematically extracted using a variety of fitting procedures which we find give
consistent results, see Sl. In Fig 1d we plot the relative efficiency gain,
G=FtnPe(top)/FTHo-1, @s a function of prep-push delay, where 0 corresponds to no gain.
If coherent motion modulated the threshold energy, we would expect this quantity to
oscillate with the phonon period, whereas, if the transition is only limited by the total
energy supplied, and not how it is supplied, G should be independent of time.

We observe neither of these scenarios. Instead, the threshold is strongly reduced at
short delays and recovers with an approximately 650 fs time constant before returning
to zero after 2 ps, indicating that the threshold energy can be reduced through an
incoherent but nonthermal pathway. Although we cannot measure close to time zero
due to coherent interference between the prep and push fields, G must return to zero
at tpp = 0 to recover the single pulse threshold. Therefore, the gain must rapidly rise
within ~125 fs to approximately 6%. We fit this data with a double exponentially with a
4048 fs rise time and a 650149 fs fall time (see methods).

Structural dynamics of the photoexcited M1 phase

Photoinduced changes in the absorption following the initial photoexcitation cannot
account for the change in switching efficiency as they are both too small and should
display the coherent response in the threshold change (see Sl: Prep-induced change
in absorption) and previous photoemission experiments did not see dynamics on the
timescale seen here?®. Therefore, we examine if incoherent structural effects could be
responsible for the energy saving. Fig 2a shows total X-ray scattering measurements,
collected at the SACLA XFEL around the (-122) and (-113) M1 Bragg peaks. The M1
peaks measure the long-range order of the vanadium dimers, while the diffuse
scattering around the peaks measures momentum dependence of local fluctuations in
the structure.

Fig 2b shows the long-range structural dynamics after we excite the system with 9
mJ/cm?, just below the fluence required to initiate the phase transition (SI: Bragg Peak
Fluence Dependence). The intensity of the Bragg peaks drops rapidly within 65 fs,
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around our temporal resolution, before partially recovering over a few hundred
femtoseconds. On top of these dynamics, the large-amplitude coherent vanadium
motion can be observed. The signal decrease can then be ascribed to a combination
of coherent displacements and a Debye-Waller-like suppression resulting from
incoherent motion?3.
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Fig 2: (a) Image of 12 keV X-ray scatter from single crystal VO2. Bragg peaks
are labeled by the corresponding Miller indices of the M1 phase, while solid
boxes correspond to regions of interest (ROIs). Also shown is the signal inte-
grated across the vertical gy direction. (b) Dynamics near the (-122) and (-113)
Bragg peaks below threshold (small blue ROls, panel a), showing a rapid de-
crease in amplitude after photoexcitation and strong coherent phonon oscilla-
tions. (c) Temporal dynamics of diffuse scatter along the gx=(-1 -K K) direction
between the Bragg peaks (green ROl in panel a). Also shown are two regions
of interest (light-blue ROls in panel a) which show only a step-function behavior.
(d) Diffuse scatter averaged across the gx direction at 150 fs delay (red ROI
panel a), with the ROls of the different diffuse ROIls highlighted, showing the
transient diffuse scattering is centered between the two peaks at qy=0. (e) Dy-
namics around time zero for both the normalized Bragg traces and the mean of
the diffuse scatter. Dashed lines indicate the half-fall and half-rise times of the
two signals, respectively. Solid lines in plots b, ¢ and e are from fits, see meth-
ods.

Fig 2c analyses the diffuse scattering due to incoherent phonons. We find that the
diffuse signal is primarily confined to a stripe of reciprocal space along the (-1 -K K)
monoclinic direction spanning wavevectors from (-122) to (-113) (Fig 2d and red box
in Fig 2a). The signal shows a rapid increase upon photoexcitation, followed by a
recovery within 2 picoseconds. The dynamics are independent of wavevector along
the (-1 -K K) direction within our signal to noise. Outside this stripe-region we observe
lower signal levels and a step-like behaviour as shown by the two light-blue ROls (Fig
2a) and traces (Fig 2c).

The dynamics of the diffuse stripe-region upon weak excitation show a remarkable
similarity to the gain dynamics shown in Fig 1¢ in which the system is re-excited after
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an initial weak excitation. Critically, the increase in the diffuse scattering is delayed by
~50fs relative to the drop in M1 Bragg peak intensity (Fig 2e) and we can fit the diffuse
dynamics with the same function as the double-pulse gain dynamics in Fig 1¢c (See
methods).

Electronic and atomic structure simulations

Stripe-shaped fluctuations in diffuse scattering result from correlated disorder, where
the motion remains correlated in one dimension, but is disordered in the others?®. In
our case the stripes correspond to correlated fluctuations along the body diagonal of
the rutile unit cell ([111]r - rutile notation). This suggests that correlated fluctuations
along the [111]r are responsible for the energy saving in the multi-excitation scheme
that exhibit the same time dependence (Fig 1¢). We note that the [001]r direction is
often considered important for the physics of VOz2, but correlations along this direction
produce a very different scattering pattern, as demonstrated in Supplementary
Figure S3.

To understand the origins of the correlated fluctuations, we turn to Density Functional
Theory (DFT, see methods for details). Within the M1 phase, we find both the ground
state (Fig 3a) and a meta-stable structurally distorted polaronic state (Fig 3b). The
polaronic state is primarily electronically confined to two adjacent V sites along
monoclinic a-axis (rutile c-axis) with an estimated electronic radius of 3.1 A, causing a
change in V-V bonds (see Sl: DFT Structural Results). Notably, the polaron exhibits
a charge disproportionation where the initial two-V4* charges are separated into one
V3+and one V5* stabilized by a second-order Jahn-Teller (SOJT) octahedral distortion
that extends beyond the two electronically effected ions.

a b c
M1-phase M1-phase
®0 (Polaron) A
oV oy V1-v2
Ov1 ) o1 0.2}
oVv2 &0 i
ov3 i@ °E‘
oV4a °|° & S
olle @ oiio (] 0
Polaron Do }
oilo Q ° <
b AP V1-vV4
) iy V13

0/% 0.2}

»

b2 |

Lj Y Single Polaron
istorted chain

polaron interactions

Page 6 of 14



195

200

205

210

215

Fig 3: (a) Crystal structure of the undistorted M1 phase calculated via DFT
and symmetry-equivalent vanadium sites indicated (see methods). (b)
Polaron-distorted M1 structure with location of the polaronic distortion. Also
highlighted are the relaxed dimer chains resulting from the polaron distortion.
(c) Energetics of the polaron-polaron interactions (obtained in a 2x2x2
supercell) for different geometric configurations corresponding to the labelled
vanadium atoms in a (see methods). When polarons are at neighboring sites
along the monoclinic a-axis (rutile c), there is a high energy penalty (V1-V2).
However, if the polarons are on neighboring chains (V1-V3, V1-V4) then the
energy cost is reduced.

Such polarons could be expected to form following photoexcitation3%3!, but a local
defect alone cannot explain the stripe-shaped diffuse features we measure as these
emerge due to correlated fluctuations®®. Therefore, we examine possible polaronic
interactions. For clarity hereafter, we consider the polaron to be located at the V3+ site.

We find that the energy of the two polaron system strongly depends on the relative
location of the distortions (Fig 3c). In particular, two polarons at neighboring lattice
sites along the monoclinic a-axis (i.e. in the same dimer chain) induce a large energy
penalty, whereas two neighboring polarons along the rutile body diagonal (i.e; in
neighbouring dimer chains) reduce the energy penalty. This favorable interaction
direction, captured by DFT, corresponds to the direction associated with the diffuse
stripe features observed Fig 2. Based on these observations we propose that
cooperative distortions between polarons along [111]r are responsible for reducing
the barrier to the metallic phase.

The Mechanism of Control

Fig 4 summarizes our observations about the control of the phase transition and
dynamic modulation of the energy barrier (Fig 4a). Photoexcitation first induces
coherent motion that is correlated in all three dimensions; this reduces the Bragg
intensity of the M1 peaks, without increasing the diffuse scattering, but has no
appreciable effect on the threshold energy (Fig 4b). Next, after ~50 fs, this fully
correlated motion is reduced and only correlations along [111]r persist giving rise to
stripes in the diffuse scatter and which we associate to cooperative polarons (Fig 4c).

Once formed, the polaronic state lowers the barrier to the metallic R phase.
Consequently, driving the phase transition by exciting this state can be achieved with
less energy in agreement with our double-pulse gain data. Subsequently, after a few
picoseconds, the cooperative polaron interactions are lost and the system recovers a
thermal state, which manifests in a more homogenous thermal diffuse pattern. Re-
excitation of this state with the push beam does not cause any modulation of the
transformation barrier (Fig 4d).
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Fig 4 a Schematic energy for the M1 and R phase and effect of a multi-pulse
excitation. The phase transition from M1 to R is separated by an energy
barrier which can be overcome with a single laser pulse that excites the
system above a certain fluence threshold (FrHo). Pre-excitation of the M1
phase with a weak (prep) pulse increases the temperature (free energy),
but also creates structural fluctuations which enable a transient change in
the energy barrier (A(t)) and a reduction of the transition threshold (Frupre)
in a multi-pulse excitation regime. b-d Representation of the atoms
intersecting the [111]r (rutile notation) direction (top) alongside modelled
diffuse intensity maps (middle) and the time evolution of the energy barrier
(bottom). b Initially the phonon displacement is coherent and correlated in
three dimensions resulting in a reduction of the M1 Bragg peak intensities
without a rise in the diffuse scattering. Coherent motion has no appreciable
effect in the energy barrier. c¢ After 50 fs the coherence is lost and
correlations remain only along the [111]r direction due to polaronic
interactions. This results in the emergence of a stripe-shaped diffuse scatter
and a reduction of the energy barrier when the system is re-excited in the
strong correlation regime. d Finally, the correlations along the [111]r
direction decay as the system thermalizes and the single-pulse energy
barrier is recovered.

220

Recently, theoretical models have suggested that the energy barrier between the
insulating and metallic phase in VOz is reduced if the vanadium ions first untwist before
losing the dimerization along the rutile c-axis, rather than moving in a direct and
synchronized fashion to the high symmetry state32. Our experimental results validate
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this principle. However, our data reveal that the energy saving results from correlated
motion between vanadium ions on different c-axis chains.

Furthermore, the [111]r direction is also different from that of the k-vector associated
with the phase transition, [101]r, but is consistent with the dominant diffuse scattering
observed in metallic phase®. This suggests that, for driving the phase transition, it is
more important to produce correlated rutile-like distortions along the [111]r rather than
a specific long-wavelength distortions at the [101]r phase transition wavevector.

While DFT is unable to estimate the lifetime of the polaron state, it seems highly likely
that the coherent distortion first breaks down into polarons that are correlated along
[111]r before being converted to random thermal motion. As polaron formation takes
~50 fs (Fig 2e), these distortions do not contribute to the phase transition pathway
when the system is excited with a single sub-50-fs pulse femtosecond pulse. However,
we expect that the phase transition threshold is reduced for longer single pulses as
the falling edge of the laser beam could excite polarons created by the leading edge.

Future Perspectives

One interesting consequence of the inhomogeneous seeding is that, as the distortion
acts to lower the energy barrier between the two phases (Fig. 4a), the excess energy
needed to drive the transition in the double pump scheme is lower than for a single
pump. This excess energy is ultimately converted to heat and thus the resulting
metallic phase will be at a correspondingly lower temperature. The dynamic lowering
of the barrier also means we are able to selectively reduce the energy required for the
light-induced phase transition without also increasing the probability of thermal
switching, in contrast to other methods for improving the efficiency of switching
processes.

Optimization of the energy savings beyond the 6% we report may be possible via
targeted optimization of how the correlated disorder is generated and harnessed. This
might be achieved by more selective excitation of the relevant polaron modes, by
tuning the prep pulse wavelength or fluence, or by using more complex sequences of
preparation pulses, but further investigation along these lines is needed.

Notably, contrary to structural coherence, correlated disorder can, in principle, be
induced in any solid. Consequently, the inhomogeneous seeding strategy we report,
might be applicable to a broad range of solids, including those used in energy and
data strange applications, for which there is no available optical coherent control route
that enables rapid phase changes while still maintaining high energy and thermal
efficiency.
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Methods
Optical Prep-Push Experiments

A Ti:Sapphire Legend Elite Duo laser supplied by Coherent produces pulses of 35 fs
duration at a central wavelength of 800 nm and with an energy of 1 mJ at a 5 kHz
repetition rate. The beam is first split into pump and probe pulses, and then the pump
into prep and push using a Michelson interferometer where the power of both arms is
controlled independently and a motorized delay stage controls the prep-push delay.
After this, both prep and push pass through a chopper and to another delay stage that
controls the push-probe delay. The prep and push beams are focused to a spot size
10x bigger than the probe, incident on the sample at an angle of 45 deg. The fluence
is calculated using a beam-size extracted by fitting a Gaussian profile to an image
recorded by a CMOS camera. The visible probe supercontinuum probe is generated
by focusing the 800nm pulses into a sapphire crystal, and subsequently compressed
with a pair of chirped mirrors. The reflection of the probe beam from the sample is
collected and passed to a spectrometer.

Total X-ray Scattering Experiments

X-ray scattering experiments were performed at the SACLA X-ray free electron laser
in Japan. A multi-millimeter sized single crystal of VO2 with sample normal along the
[1 1 0] R (rutile) direction was illuminated by 12 keV X-rays at a grazing incidence of
=0.3°, which probes a depth of approximately 100 nm3*. Negligible diffuse scattering
at negative time delays and resolution limited Bragg peak widths suggest the crystal
is of exceptionally high quality. The resulting scattered X-rays were captured by a
multiport charge-coupled device detector placed 106 mm downstream. The VO2 was
then photoexcited with optical pump pulses at a central wavelength of 800 nm and 40
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fs pulse duration incident at an angle of 5° relative to the X-ray probe, giving an optical
penetration depth of around 60 nm3°. The timing jitter between optical and x-ray pulses
was measured and corrected using a spatially-encoded timing tool, resulting in a
temporal resolution of 50 fs. Fluence scans were performed to determine the point at
which the phase transition was initiated through a bi-linear fit to the drop in Bragg-peak
signal level, and subsequent measurements were performed below this fluence (See
Sl). In these scans we found that we were able to suppress the Bragg peak by ~70%
suggesting that the probe depth was comparable to the pumped depth.

Time-Trace Fitting

We fit both the efficiency gain G(tpp) in double pump experiments and the time
dependence of the correlated diffuse scatter along the (-1 —K K) direction by using a
double exponential function S(t) = H(t) » [1 — e~t/"][Ae~"/"2 + B], where H is the
Heaviside function, 11 describes the rise time of the signal while 12 describes the decay,
A is the amplitude of the transient and B describes the long-term asymptotic change
in signal level. The trace was then convolved with a Gaussian of FWHM 50 fs to
represent our temporal resolution. We find both the efficiency gain and diffuse signal
are well described when 11 = 408 fs and 12 = 650+49 fs, as shown in Figures 1d and
2c of the main text, which were chosen by initially allowing free-fitting of the optical
data. Free fitting of the diffuse scatter returns unphysically fast rise times (<10 fs) and
depends sensitively on the ROI used; fixing these two parameters, however, leads to
a robust fitting and good agreement. A double exponential format was chosen to best
describe the incoherent formation and decay of the structural defects. The dynamics
of the Bragg peaks were fit using

S(t) =Ax [erf(fi) + 0.5] [Be™t/72 + Ce™t/%a cos wyt + De™ /™ cos wyt + E].
1

It was necessary to introduce a 15 fs offset in time between the dynamics of the Bragg
peaks and that of the diffuse scatter in order to obtain good fitting of the rising edge;
this could be due to the need for the long term structural motion to breakdown before
the polarons can form, or simply due to the different forms of fitting functions used.
This does not, however, affect any of the analysis or conclusions presented here.

Diffuse scattering simulations

The reciprocal space maps shown in Fig 4b-d were calculated by performing the
Fourier transform of the positions of 20x20x20 vanadium ions. First the diffuse
scattering pattern was calculated for the perfect monoclinic structure, which acts as a
reference. Then the vanadium ions were moved in three different ways. The coherent
simulation moved each V ion by the same distance in a manner that preserves the M1
symmetry. The correlated case moved all ions on the same [111]r chain by the same
displacement, but the displacements were random between chains. The thermal case
moved each vanadium ion in a random and independent way. The resulting diffuse
patterns were then subtracted from the reference signal.

Computational methods

Density-functional theory (DFT) calculations were carried out using the Vienna ab initio
simulation package (VASP)3% and the projector augmented wave (PAW) method®’.
The PBE and HSE functionals were used to model exchange and correlation effects,
with HSE06 being the conventional mixing and screening (a = 0.25 and w = 0.2 A-1)
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approach. The DFT+U method® was used with a U-parameter applied to the V-3d
orbitals; We used Uett =U — J = 3 eV with a J value of 1.0 eV. Supercells with (3x3x3)
(324 atoms) were used for most calculations, with (6x6x6) and (4x4x4) Monkhorst—
Pack grids for PBE, PBE+U and HSE, respectively. K-point meshes were adjusted for
larger supercells. A plane wave cut-off energy of 500 eV was used, and the
calculations were converged to energies within 10-7 eV for electronic structure and
ionic relaxations to forces within 10-4 eV A-'. In our work, we localized electrons at
specific sites in VO2 by distorting VOs octahedra in the undistorted structure. To
explore the stability of the distorted structure, we utilized a combination of GGA+U and
the SCAN density functional®®. We controlled the number of valence electrons and
checked the charge density, local lattice environment, and magnetic moment to ensure
accurate occupation. We also used chrome pseudopotentials to create wavefunctions
with localized electrons. This method is a very efficient approach to form stable
polarons. To calculate the polaron formation energy, one needs to compare the total
energies of two different electronic states: the delocalized state and the localized state.
The delocalized state is typically a band-like state, while the localized state is

polaronic. The polaron formation energy (Ep;") can be defined as the energy
difference between the total energy of the delocalized state (E}4st) and the total
energy of the localized state (E{L5). Thus, EXSF = EQS — EYT2S. Determination of the
polaron radius by fitting a three-dimensional Gaussian to the electron density to
determine the radius where the density decreases to a desired percentage value (see
Figure S4). The properties of the polaron like its extension were benchmarked in a
large supercell of 3x3x3. However, to calculate the polaron-polaron interactions, a unit
cell size of 2x2x2 was used as at least 10 configurations were explored individually.
The symmetrical equivalence of different sites (as labelled in Fig3.a) was determined
from the M1 unit cell in this reduced cell.
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