Supporting Information
Ultrafast charge carrier dynamics in Vanadium Dioxide, VO:: Non-equilibrium
contributions to the photo-induced phase transitions

Supporting 1 - Tunable-Wavelength Ultrafast Pump-Probe Spectroscopy

Pump-probe spectroscopy is an established measurement technique for investigating the ultrafast
transport dynamics of charge carriers in materials on the order of sub-picoseconds [1,2]. In this
technique, and pertinent to the results presented in this work, the output a high-power
femtosecond laser (Spectra Physics 30W Spirit-HP) with pulse duration of 400 femtoseconds at
the fundamental frequency of 1040 nm with repetition rate of 500 KHz is split into two portions
with varying amplitude; the beam with stronger amplitude (pump) is frequency-doubled to the
wavelength of 520 nm and directed to a mechanical delay stage for advancing pump pulses
relative to probe in time. The pump is modulated at the frequency of 451 Hz with a chopper and
then is focused the surface of the target material, VO., with spot size on the order of 100 um. The
weaker beam (probe) is passed through an optical parametric amplifier (OPA), which filters out
the Idler beam and operates in the Signal/ mode. This enables spectrally varying the probe
wavelength from 1300 to 2000 nm.
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Figure S1. The experimental setup for low-perturbation pump-probe technique including the pump beam
to heat the sample and a probe beam with wavelength tunability in the near IR to measure the changes in

the optical properties of VO..

By solely considering the highest fluence, it appears that the MIT was triggered instantaneously
prior to electron-phonon coupling. According to the two-temperature and steady-state heating
models, one would expect that the lattice gains energy more rapidly at higher fluences. However,
our findings indicate that the transition consistently happens at a specific threshold phonon
temperature within sub-picosecond timescales. In extending this hypothesis to earlier works, we
calculated the lattice temperature rise using TTM at the timescale of the reported phase
transition; we find the reported MIT time is consistently associated with temperatures far in
excess of the equilibrium transition temperature. In other words, in prior works, the lattice is
calculated here to be sufficiently hot at the time of observed switching, thus supporting the posit
of a lattice-mediated transition.



Supporting 2 - Computational Details:

The ab initio calculations of electronic structure, geometry optimization, and ground state
molecular dynamics (MD) simulations are performed using density functional theory (DFT) with
the Vienna Ab initio Simulation Package (VASP) [3-5]. The Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional and the projector-augmented wave (PAW) method are employed
along with DFT+U method (U=4.0, J=0.6) for V atoms[6-8]. The plane-wave energy cutoff is set
as 520 eV, and 3 x 3 x 3 k-point mesh centered on the I'-point is used to sample the Brillouin
zone.

The pristine VO2 system is represented by a 2 x 2 x 2 conventional monoclinic supercell. After
geometry optimization, the other two systems containing defects are created by removing one
oxygen atom (oxygen vacancy Oy) and adding one oxygen atom (oxygen interstitial O;). Further
geometry optimization is performed on these two systems to relax the strain near the defects. The
three systems are then gradually heated to 300 K and relaxed for 3 ps with constant temperature
using the Nose-Hoover thermostat, followed by 3 ps simulations with the microcanonical
ensemble. The last 1 ps is used to compute the nonadiabatic coupling for the modeling of excited
state dynamics.

The nonadiabatic MD simulations are performed using surface hopping implemented within the
real-time time dependent DFT framework. The initial excitation corresponded to promotion of an
electron from the valence band maximum (VBM) to the conduction band minimum (CBM). In
order to achieve converged results, we considered states within several kgT of thermal energy
above the initially excited state. For this reason, the nonadiabatic MD simulations included
VBM, CBM, midgap states, 5 additional bands below the VBM and 5 bands above the CBM. We
use the PYthon eXtension for Ab Initio Dynamics (PYXAID) code for computing the NAC and
performing the nonadiabatic MD simulations[9,10]. The decoherence-induced surface hopping
(DISH) method is used with 100 initial geometries and 1000 random number sequencies for each
initial geometry[11].
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Figure S2. (a) Evolution of energy levels near the bandgap in VO, with O vacancy over 50 ps. Repeatedly
during the trajectory the bandgap approaches zero, demonstrating transient metallic behavior. (b) Evolution
of the bandgap. (¢) Evolution of the bandgap and distance between the two V atoms highlighted in green in
Figure S3b over the first 3 ps of the 50 ps trajectory. There is a strong correlation between the bandgap and
the distance, exhibiting approximately a 2ps periodicity. (d) Evolution of the between the two V atoms
highlighted in green in Figure S3b over 50 ps. There is a significant correlation between the distance and
the bandgap shown above in part (b), identified by the large value of MI, Figure S3a.
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Figure S3. (a) Mutual information (MI) correlating the bandgap and distances between all pairs of atoms
in the VO, system with O vacancy. The first 32 atoms are V, while the remaining 63 atoms are O. There
is a strong correlation between the bandgap and distance between two V atoms shown in green in part (b),
as evidenced by large MI values seen as yellow dots in top-left block. (b) Normal mode with 500 GHz
frequency, exhibiting strong contribution from the two V atoms shown in green and having a strong
correlation with the bandgap. The mode matches well with the 2 ps coherence oscillation seen in the
experiment. The location of the O vacancy is shown by the white dashed circle.
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