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Part I. Nonadiabatic Molecular Dynamics Theory

The spin dynamics are simulated using the home-made Hefei-NAMD code, which
integrates the fewest-switches surface hopping (FSSH)! method with time-dependent
density functional theory (TDDFT)? The nuclear degrees of freedom are treated
classically within the classical-path approximation (CPA)?, where they remain
uncoupled from the dynamics of the electron subsystem. The electronic Hamiltonian
is parametrically dependent on the classical nuclear coordinates, which evolve along
an ab initio molecular dynamics (AIMD) trajectory. Therefore, the time-dependent
Schrodinger equation (TDSE) of electronic states incorporating spin-orbital coupling
(SOC) can be formulated as:

ih§|(l)(r,R,0)> = I:I(r,R,O')| (D(I‘,R,G» (S1)

where o denotes the spin index, and the total Hamiltonian consists of a spin-free
term and a SOC term

A% R,0) = A, (1 R(E)+ A (5, R (1) (S2)

The wave function can be expanded using Kohn-Sham (KS) orbitals ﬂl//l. (r;R(t))}} as

a basis set,

[@(R,0) =2 Jyifwi[@(nR o) = > cilys) (83)

Substituting Eq. (S3) into Eq. (S1) yields the equation governing the expansion
coefficients
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where T, _<l//i|%‘l//j> can be transformed to R-(gj —3[7' (v, |VR[:[‘§1/1.> and this

term is contributed by electron-phonon coupling (EPC). For nonadiabatic molecular
dynamics (NAMD) without SOC, the nonadiabatic coupling (NAC) term governs the
transition probability between KS orbitals. In addition to the EPC, the SOC
contribution is incorporated into the NAC. The spin-orbital Hamiltonian is given by
A ho -px V(r)
HSOC — KS
dm2c? (S5)
Where Vks(r) is the spin-dependent part of the KS potential. Due to the derivative of

the KS potential in Eq. (S5), the SOC is dominated by the regions close to the nuclei.
In the projector augmented wave (PAW) formalism, the all-electron orbitals in these
regions can be expanded as

vi= 2B\ ) (S6)

k

where 7 and # are the projector function and all-electron partial waves,

respectively. Then, the SOC matrix elements become

HSOC = Z<‘/7, |l~7k><¢k |I—NISOC|¢1><I~71 ‘&/> (S7)

kl
where the matrix elements in the right-hand side of Eq. (S7) are calculated by VASP.
In the NAMD simulations, two types of basis sets are used in Eq. (S3). One is the

spin-polarized KS orbitals, which are themselves eigenfunctions of H , and shall be
referred to as the spin-diabatic representation. In this case, the matrix elements not
only include the EPC term () but also the SOC term ( H;°° ). While the nonradiative
relaxation between the states with the same spin is determined by 7j;, the spin-flip
probability is decided by H;°° . These two different contributions can be

distinguished clearly. On the other hand, we can also diagonalize the Hamiltonian in
Eq. (S4) to get the spinor basis sets for the time propagation, which is referred to as
the spin-adiabatic representation. The two-component spinor wave function can be
written as

|4) = Vi) (S8)
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In this case, the NAC between different spinor states can be expressed as
0
.\d ‘lr//i >
L& (9)
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In the spin-adiabatic representation, both the EPC and SOC effects are mixed together

Ty = (v, |%"//1> - (<‘/’iT




in the NAC elements?.

Part II. Surface hopping, fewest surface hopping and spin flux
A. Surface hopping

Assuming that the splitting of the nuclear wave packet after passing through the
nonadiabatic coupling region can be modeled as a set of mutually independent
trajectories, where each trajectory evolves on a single potential energy surface at
any given time, the hopping of carriers between trajectories is referred to as the
surface hopping method.

The equation of motion for the nucleus is given by

MR, =-V E(R") (S10)

where 7 denotes the /th trajectory. The electronic wave function is then expanded in
a set of orthonormal basis functions as

' (r, R, 1) = Y. C} (1)} (. R) (S11)
Substituting equation (S11) into the time-dependent Schrodinger equation yields
. i :
Cl(t)= _chl‘ (t)E; - Ek:c,f (OR"-d}(R) (S12)

The expansion coefficients can further be expressed in an exponential form
C; = 51[ exp[—% Lt E;d 7]. Rewriting equation (S12) in the form of a density matrix

gives
) 1 )
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where p, () = C;f (t)C,(¢) and the trace is

P,[, :z_zRe[pj['kdj(k R[] (S14)

k#j

For a trajectory to hop between different potential energy surfaces, it must satisfy

the condition of N, ocp, , ensuring that the number of trajectories on the jth

electronic state is proportional to p ;. This requirement is known as the “internal

consistency” condition of the surface hopping method*. The fewest surface hopping
method introduced below adheres to this condition.
B. Fewest surface hopping

Assuming there are N mutually independent nuclear trajectories, where N is
sufficiently large and approaches infinity, and all trajectories share the same initial
conditions, at time ¢, N, trajectories reside on the potential energy surface

corresponding to the jth electron state ¢,,



N;(0)=p;(ON; 2N,0=N (S15)
J
Attime ¢ =1+ At, the number of trajectories on the jth electronic state changes to
N, () = p, ()N (S16)
Assuming AN, =N,;(t)-N,(t')>0 , while the fewest surface hopping, which

accounts for the reduction in occupation number, allows trajectories to hop out of
state j but does not permit transitions from other states into state ;.

Hence, the probability P, (z,At) of the system transitioning from state j to other

states over time [1,7+ At] is given by

AN, _ P —py(1) N _p(DAL

P (t,At)= (S17)
pjj pjj
Substituting equation (S14) into equation (S17) yields:
2Re|pyd ;- R
P, (t,Ar) = cloyd . R (S18)

Pjj

The sum of the transition probabilities from state j to other states &k # j represents

the total probability of the system hopping out of the state j:
])j(t:At)zzijjek(taAt) (819)

k#j
Assuming that the transition processes from state j to state k are mutually
independent, we obtain

2Re[p;d ;, - RIAL

Pj—)k (t’At) = (820)

)
The above derivation is based on the assumption that the occupation number of state
j decreases. However, in fact, there are cases where the occupation number of state j
increases. In such instances, trajectories do not hop out of the current electronic state,

namely P,_,(¢,At)=0. Therefore, the reasonable trajectory hopping probability can

be given by
G, (t,Ar)=max[P, ,, (t,Ar),0] (S21)

The implementation of the minimal surface hopping algorithm is introduced below.
A uniformly distributed random number & in the range [0,1) is generated. If the
following condition is satisfied

n—1 n

26 <E< X6, (S22)

k=lk=j k=lk#j



the trajectory hops from state j to state n. Conversely, no hopping occurs, and the
trajectory remains in state ;.
C. Definition of spin flux
At time ¢ = 0, the number of occupations on the kth energy band during the mth

hopping event is Pop,,,, =1, while k'=k, the number of occupations is Pop,,, =0.

In surface hopping simulations, based on the criterion given in equation (S22), each
time an electron transitions from band i to band ; at time 7 given by

Pop,,; = Pop,,; —1, Pop,, =Pop,, +1 (S23)

After N hopping attempts, the final fractional distribution of occupations is give by
N
pop; = ZPOszj /N (S24)
=1

For the spin flux of interest, each time a carrier transitions from state a to state b, the
corresponding count of evens is given by

F, Fpp+1 (S25)

mta—b — L'm

Subsequently, after N hopping attempts, the final spin flux from state a to state b is
given by

N
fmla%b = ZFmtaﬁb /N (826)
m=1

Part III. Figures in supplementary materials
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Supplementary Fig. S1 | Band structure and partial charge density of the V¢, defect system.
a Band structure. b-d Partial charge densities of the defect levels corresponding to D1, D2 and D3
labeled in a, respectively. D1 and D2 are doublets, and D3 is singlet at the I'-point. The isovalue of
isosurface charge density is 0.002 e/A3. Violet and blue balls represent I and Cr atoms,

respectively.
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Supplementary Fig. S2 | 2D visualization of complete SOC data. a-c the pristine, Vi and V¢,
systems. Short arrows “1” and “|” denote spin-up and spin-down states, respectively. “I”, “F”
and “D” represent initial, final and defect states, respectively.
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Supplementary Fig. S3 | Kohn-Sham orbital and population for the pristine system. a
Kohn-Sham orbital evolution. b-d population evolution of an electron with initial states at up-CBI1,
up-CB2 and up-CB3, respectively, and a final state at dn-VB. The up-CB1, up-CB2 and up-CB3
correspond to the lowest, second-lowest and third-lowest spin-up conduction bands, respectively.
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Supplementary Fig. S4 | Evolution of spin flux. a-¢ Evolution of the spin flux in up-CB states
for the pristine, Vi and V¢, systems, respectively. d Evolution of the spin flue in up-D states for the
Vi systems. Positive values represent electron inflow, while negative values indicate outflow. In all
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Supplementary Fig. S5 | Single-electron spin evolution of the V¢, system under the different
final-state conditions. a Electron transitions from the spin-up conduction band minimum to the
third-highest spin-down valence band, with two higher-energy spin-up valence bands above it. b

Electron transitions from the spin-up conduction band minimum to the spin-down valence band
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Supplementary Fig. S6 | Comparison of defect states in different supercells. a Viina4 x4 x |

system. b Vcrina4 x4 x 1 system. ¢ Viina 3 x 3 x 1 system. d Vgrina 3 x 3 x 1 system.
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Supplementary Fig. S7 | Comparison of population evolution in different supercells. a Vi in a
4 x4 x1system. b Verina 4 x4 x 1 system. ¢ Viina3 x3 x 1system.d Verina3 x3 x 1

system.
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Supplementary Fig. S8 | Comparison of time-dependent Kohn-Sham orbital evolution in
different supercells. a Viina 4 x4 x 1 system. b Vcrina4 x4 X 1 system. ¢ Viina 3 x 3 x |

system. d Vcrina 3 x 3 x 1 system.
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Supplementary Fig. S9 | Comparison of 2D visualization of EPC data in different supercells.
aViina4 x4 x1system.b Vcrina4 x4 x 1 system. ¢ Viina3 x 3 x 1 system. d Verina 3 x 3

x 1 system.
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Supplementary Fig. S10 | Comparison of 2D visualization of SOC data in different supercells.
aViina4 x4 x1system.b Vcrina4 x4 x 1 system. ¢ Viina3 x 3 x 1 system. d Vcrina 3 x 3

x 1 system.
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Supplementary Fig. S11 | Energy evolution and spin population over time. a-c Energy

evolution of excited electron in the pristine, Vi and V¢, systems, with the color map indicating

orbital localization. d-f Spin relaxation of excited electron in the pristine, Vi and V¢, systems.
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Supplementary Fig. S12 | Evolution of hole and electron spin fluxes. a, ¢ Hole spin flux from
the dn-VB to up-CB for pristine and V; systems, respectively. b, d Electron spin flux from
up-CB to dn-VB for pristine and Vi systems, respectively.

a

Supplementary Fig. S13 | Schematic illustration of single-electron/hole transition in the Vi
system. a Single-electron transitions from up-spin VB to the down-spin VB. b Single-hole
transitions from the down-spin VB to the up-spin VB.
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Supplementary Fig. S14 | Evolution process of pristine Crl; under laser pulse excitation. a
Evolution of relative magnetic moment. The insert picture is the laser pulse signal shape. b
Evolution of electronic population. My and M; are the magnetic moments of the systems in the
unexcited state and at time t after excitation, respectively. Laser pulse initializes at 0

femtoseconds.
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Supplementary Fig. S15 | 2D visualization of SOC and EPC in bands involved in
multielectron spin relaxation dynamics. a-¢ SOC for the prototype, Vi and V¢ systems. d-f EPC
for the same systems. Red dashed box highlights the SOC between the upper regions of the up-VB
and dn-VB states, with the corresponding SOC values of 1.22, 5.02, and 19.88 meV for the

prototype, Vi and V¢, systems, respectively.
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Supplementary Fig. S16 | Vibration spectra. Vibration spectra of VBM and chemical bond
obtained by performing Fourier transform on the autocorrelation function of the fluctuations,
based on 2000 ab initio molecular dynamic (AIMD) trajectories. a, b VBM vibration spectra of
Viand V¢, systems. ¢, d Bond vibration spectra of Vi and V¢, systems.
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Supplementary Fig. S17 | Relaxation pathways of multielectron spin dynamics. a-d the
pristine system. e-h the Vi system. i-l the V¢, system. a, e and i Schematics of multielectron spin
relaxation pathways. b, f and j Evolution of electron populations flowing from the up-CB
reservoir to potential pathways in these three systems. ¢, g and k Evolution of electron populations

in the up-VB reservoir, detailing both inflow and outflow pathways. d, h and 1 Evolution of



electron populations of the dn-VB reservoir, also detailing both inflow and outflow pathways.
Processes (D to (D correspond to specific spin relaxation pathways: process ), up-CB to up-VB;
process @), up-CB to dn-VB; process ), up-VB to dn-VB; process @), dn-VB to up-VB; process
®), up-CB to up-D; process ©), up-D to dn-VB; and process (7, up-D to up-VB.

Q 14 b

——1.75% 1, 1.75% | 1.75% 1, 1.75% | Prisitine
13 ——2.10% 1, 1.75% | —V,
—2.63% 1, 1.75% |
C 14 d
2.10% 1,1.75% | Prisitine 2.63% 1,1.75% | Prisitine
1.3 —V —V
0 100 200 300 400 0 100 200 300 400

Time (fs) Time (fs)

Supplementary Fig. S18 | Magnetic recovery rate at varying excited spin electron numbers. a
In pristine system, the electronic excitation of spin-down remains at 1.75%, while the spin-up
excitation is 1.75%, 2.10% and 2.63%, respectively, serving as the initial conditions for magnetic
recovery processes. Magnetic recovery rates of pristine and VI systems are evaluated under initial
condition of b 1.75% excited spin-up and 1.75% spin-down electrons, ¢ 1.75% excited spin-up
and 2.10% spin-down electrons, and d 1.75% excited spin-up and 2.63% spin-down electrons.
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Supplementary Fig. S19 | Multielectron dynamics simulation where electrons excited to the

up-CB states originate only from the up-VB states as the initial status. a Evolution of relative

magnetic moments for these three systems. b Snapshots of the evolution of the occupied electron

density of states in the prototype system. The black solid outlines represent the density of states.

Red and blue filled areas show the occupation of electronic states by spin-up and spin-down

electrons, respectively. ¢ Population evolution of the electrons in the up-CB, up-VB and dn-VB

regions for the three systems.
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Supplementary Fig. S20 | Population evolution of electron in spin states in the pristine

system. a-c AIMD for 1 ps, 2 ps and 3 ps, respectively.
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