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What is RT-TDDFT? \—

J
» Extension of DFT to calculate electron dynamics due to time-
dependent phenomena (e.g. laser pulses)

* Non-linear effects automatically captured. Pump-probe.
- Normally TDDFT used for absorption spectra in linear-response regime.

« Adiabatic approximation used for XC potential
» (Good for first ~100fs (can add electron-ion coupling to go longer).
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» Optically induced inter-site spin transfer

doi:10.1038/srep38911

Doi: 10.1103/
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ONETEP+TDDFT I:LvN equation

TDKS Hamiltonian

Hs(t) — T + ‘A/XC [n(t)] + f/ext + E(t) - r

where E(?) is time-dependent electric field, i.e. the laser.
Then the TDKS equation is

i0:(t)) = Ha(t)|1(t))

which leads to the quantum Liouville equation (or Liouville-von-Neumann equation)
10p = _i[ﬁs (t). )

K =S 'HK - KHS™!
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ONETEP+TDDFT ll:Propagators

iK=S"'"HK — KHS™!
K(t) — U(tatO)K(tO)UT(t,to) U(t’ tO) — Te_i ftto dt’S™ "H(t")

1 1
UNt+Att) =1+ i§AtS_1H)_1(]l - i§AtS_1H)

 Other propagators: 4" order taylor, RK4, AETRS, Cf4 magnus

e« Often need H at times at or between t+At

- Extrapolate H
- In practice, self-consistency at each timestep ignored
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ONETEP+TDDFT IllI:Solids

* Gauge transform electric field in dipole approximation to a purely
time-dependent vector potential

Hy(t) =

l\.')lb—‘

(p - —A( )) 2 + Vie[n(t)] + Vext

~

. 1.
=T + Vxe[n(t)] + Vexe — P A(t)
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ONETEP+TDDFT IV:RTLR

alw) = B9 w=[drrnlrt)  pw) = Fult) - o)

E(w)
Absorption Spectrum 5. (w)
Adrw _ JpW _ 4_’71'
o4(w) = —=Sa(w) oy (W) E, () (W) =1+i—o(w)
Delta 'kick’

A(t)=—cx0O(t) K~K,+ir- - (KoDS™! - ST'DK,)

p(r,x' t=0") = e T r' t =0)

Scientific Computing 06/09/24 ONETEP Masterclass 2024

Peter Elliott



- - 8
Running RT-TDDFT in ONETEP |

e Setup the same as LR-TDDFT

- GS (SINGLEPOINT)
- COND

e Basic input
- TASK: TDDFT
- tddft_duration e.g. 413.4 au = 10fs
- tddft_timestep e.g. 0.01 au
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Running RT-TDDFT in ONETEP IlI: Lasers L

» Lasers Block (up to 10) _(Ho>2
E(t)=Af(t,t,0)sin(w(t—1,)+0) 7(t,t,0)=\e 207

%block lasers
E -0.0017 0.0 0.0 0.18374246655 0.0 444.5 247.256104728
%endblock lasers

 Type: E,AD
 Amplitude+polarization

 Envelope: Gaussian centered at t, with FWHM d=2+v2In20

« Carrier frequency w and phase ¢

Scientific Computing 06/09/24 ONETEP Masterclass 2024 Peter Elliott



Running RT-TDDFT in ONETEP llI: m
Other input parameters

o Kick: tddft_dipole_kick_strength 0.001 0.00 0.00

» Restart: writes kernel periodically (and at end)

- tddft_write_restart: 100
- tddft _restart: T
- tddft_restart from: 100

e Outputinterval: write buffer to reduce 1/O
- tddft_output_interval 100

e tddft_inv_overlap_exact, tddft_eig_ analysis, tddft_resolve_gs,
tddft_bare_ks, tddft_fourier, tddft_hub_proj_only
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Running RT-TDDFT in ONETEP IV: Outputs'—

* Electric fields (and vector potential)
* Dipole moment
 Current

- (for finite systems, derivative of dipole)
- Prints total and paramagnetic currents

 Energy: Norm, idempotency error, E[n], E, .[Nn]

* Forces (if requested)
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Comparison to other TDDFT codes

$ Benzene

Aluminium (108 atoms
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i'}t'%”d -| Big-Prefactor O(N?) O(N?) (but larger timestep possible)
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Benzene+Strong Pulse I—

4 : | ' | ' | ' | :

s mnm

2 2+ |- ocrorus| 4 || |

§ 0 vAvA/\/\/\[\p

G V\]U

Q-2r @{ }m J i

o U“HHHUNWH
40200 400 600 800 1000

Time (au)

Scientific Computing 06/09/24 ONETEP Masterclass 2024 Peter Elliott



14
TDDFT+Forces |—

* Forces: ion-ion, local pseudopotential, non-linear
pseudopotential, non-linear core correction, pulay, and ion-laser
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* Resolving GS very important
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TDDFT+MD L
 Molecular Dynamics: TDDFT+Ehrenfest

- TDDFT for electronic motion
- Coupled to classical ions, with forces from TDDFT
- Non-adiabatic, beyond Born-Oppenheimer
» Allows access to:
- Phonons
- Dissipation
- Energy scales from IR->visible->UV->XUV
- Longer time scales
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ToDo &

* Internal check: LR-TDDFT & RTLR-TDDFT should agree
 Demonstrate linear-scaling — e.g. hBN-nanoribbon
* Understand bottlenecks — density+XCpot ngwf

- Fast density,fast_locpot_int for joint basis?
- GPU for density

« Compatible with more functionals
- Hybrids (excitons)
- DFT+U
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ToDo m

* Non-collinear spin + spin current

- Magnons
- SOC, e.g. Spin-hall effect (and inverse-SHE)

» Solvant effects with embedding
« Spatially dependent A(r,t)

- EXcite in one regions, see current flow (energy dissipation, interface
transport)

- Vortex light
« TDDFT+Ehrenfest MD
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Ehrenfest |

K=—i(ST'(H-iB)K -K(H+iB)S™)

By ap = (Vi balds) = —(0alVIds)
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Ehrenfest li L

7'_[@5 = <€R7¢a|ﬁ8|¢6> + <¢a|ﬁ8|6R7¢@>

§=B,S'H+HS'B

ONETEP Masterclass 2024 Peter Elliott



21
Ehrenfest lll L
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Ehrenfest IV L
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