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The Larsson quantum lab

We apply tensor network states to complicated molecular quantum problems
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Charge migration dynamics'

® Central problem: Understand
evolution of the hole density
following ionization 0000 0oese

h(r; t) = pneutral(r) _pcation(r: t)’

p(r, t) : one-particle reduced
densities

® Electron-electron repulsion
necessary
(dynamic correlation)

® Lasers can create complex initial
states
(static correlation)

L. S. Cederbaum and J. Zobeley, Chem. Phys. Lett., 1999, 307, 205-210.



El. correlation is important for ionization dynamics'
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TH. R. Larsson et al., Phys. Rev. A, 2016, 93, 013426; D. Azoury, M. Kriiger,

Nature Commun., 2017, 8, 1453.
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DMRG can answer long-standing chemistry problems

® Density matrix renormalization group (DMRG)
® 5-decade-old problem of computing the Cr, potential energy curve

® Solved here using DMRG variants'
~04
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bond length/A

TH. R. Larsson, H. Zhai, C. ). Umrigar and G. K.-L. Chan, J. Am. Chem. Soc., 2022, 144, 15932-15937.



DMRG in a nutshell’

® Full configuration interaction with 4 spin orbitals:

[¥) = C110011100) + Ci010/1010) + - - - = Z Co10,0304101020304)
{o}

® Matrix product state (MPS) approximation using matrices M

¥) = )" M7 MZM7M*|010,0304)
(o)

1G. K-L. Chan and S. Sharma, Annu. Rev. Phys. Chem., 2011, 62, 465-481.
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DMRG in a nutshell’

® Full configuration interaction with 4 spin orbitals:

[¥) = C110011100) + Ci010/1010) + - - - = Z Co10,0304101020304)
{o}

® Matrix product state (MPS) approximation using matrices M

¥) = )" M7 MZM7M*|010,0304)
(o)

® Graphical notation
M7t M?2 M?3 M4

® DMRG: Variational ground state search: Optimize M one by one

1G. K-L. Chan and S. Sharma, Annu. Rev. Phys. Chem., 2011, 62, 465-481.



TD-DMRG in a nutshell

1. Apply time-dependent variational principle (TDVP) to MPS ansatz'
oY |- 9
H—-i—|¥)=0 forall M
IMi ot

1S. Paeckel et al., Ann. Phys., 2019, 411, 167998.
2H. R. Larsson, Mol. Phys., 2024, 122, e2306881.



TD-DMRG in a nutshell

1. Apply time-dependent variational principle (TDVP) to MPS ansatz'
oY
OMi

2. Apply Lie-Trotter splitting to propagator in MPS form

~ d
H - i—‘ ‘I’> =0 forall M9
Jt

3. Propagate each M one by one

Mo M) MOs(1) Mi(t + At) M2 (t) Ms() M7i(t + At)M2(t + At) M7(t)

1S. Paeckel et al., Ann. Phys., 2019, 411, 167998.
2H. R. Larsson, Mol. Phys., 2024, 122, e2306881.



TD-DMRG in a nutshell

1. Apply time-dependent variational principle (TDVP) to MPS ansatz'
oY
OMCi

2. Apply Lie-Trotter splitting to propagator in MPS form

~ d
H - i—‘ ‘I’> =0 forall M9
Jt

3. Propagate each M one by one
M) M72(t) Ms(t) M7t + At)M72(t) Ms(t) M7i(t + AfM72(t + At) M7s(t)

® Quasi-identical to multilayer multi-configuration time-dependent
Hartree (ML-MCTDH) method?

1S. Paeckel et al., Ann. Phys., 2019, 411, 167998.
2H. R. Larsson, Mol. Phys., 2024, 122, e2306881.



TD-DMRG in practice

Typical questions

Which DMRG code?

Use faster approximations of
TDVP?

How to deal with doublet states?
How to select orbitals?

How to choose orbital shape?

TH. Zhai, H. R. Larsson et al., J. Chem. Phys., 2023, 159, 234801.
2).s. Wahyutama and H. R. Larsson, J. Chem. Theory Comput., 2024,

All M? complex-valued or just one?

1%() =

M) MP(r) MPFl(r) ME (1) Ml (1) M € C,i = center

[t + A1) = -
(IS () =0
or
(U()|S2|w(t) >0

20, 9814-9831.



TD-DMRG in practice

Typical questions

®* Which DMRG code?
® All M9 complex-valued or just one?

1%() =

® Use faster approximations of o i

TDVP?
® How to deal with doublet states? "+~ é‘é‘é‘é‘é )
®* How to select orbitals? \\\\\x"l\\x":@\\x"i\\\xi\\x"\\ WO >0
[ ]

How to choose orbital shape?

Our answers

® Fast code optimized for molecular electronic structure'
® Optimized simulation pipeline?

TH. Zhai, H. R. Larsson et al., J. Chem. Phys., 2023, 159, 234801.
2).s. Wahyutama and H. R. Larsson, J. Chem. Theory Comput., 2024, 20, 9814-9831.



TD-DMRG in practice

Typical questions

® Which DMRG code?
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How to choose orbital shape?

Our answers

® Fast code optimized for molecular electronic structure'
® Optimized simulation pipeline?
® Wisdom from ground-state DMRG not always transferable to TD-DMRG

TH. Zhai, H. R. Larsson et al., J. Chem. Phys., 2023, 159, 234801.
2).s. Wahyutama and H. R. Larsson, J. Chem. Theory Comput., 2024, 20, 9814-9831.



How will the hole migrate into the ring?
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How will the hole migrate into the ring?

® phenyl




Simulating electron dynamics using the DMRG'

2 fs real-time DMRG dynamics after sudden ionization with
45 fully correlated electrons and 50 spatial orbitals (complete active space)

s, Wahyutama and H. R. Larsson, J. Chem. Theory Comput., 2024, 20, 9814-9831; A. Baiardi, J. Chem. Theory Comput., 2021, 17,
3320-3334; |. S. Wahyutama et al., 2026, DOI: 10.48550/arXiv.2603.10105.


https://doi.org/10.48550/arXiv.2603.10105

How can we understand charge migration dynamics?

Natural charge orbitals: Diagonalize hole density'

= 2 4 ° Many time-dependent orbitals
= w— > = = ° CompIeX shape

® Complex-valued

t=0.0fs t=5.11s
Electron localization function?
: .. I
g
2 ]
0.013

® Based on local kinetic

| energy density

® No insights from orbitals

® Not easy to analyze
superpositions

TD-ELF

Radical Resonance

TA. 1. Kuleff et al., J. Chem. Phys., 2005, 123, 044111
2A. Bruner et al., /. Phys. Chem. Lett., 2017, 8, 3991-3996 10



Localized orbitals can describe chemistry

® Intrinsic bond orbitals (IBOs)'

Reaction Coordinate

o 5 10
E/ kecal molt

1G. Knizia and J. E. M.N. Klein, Angew. Chem. Int. Ed., 2015, 54, 5518-5522.

2|s. Wahyutama et al., 2026, DOI: 10.48550/arXiv.2603.10105;).S. Steen et al., Angew. Chem. Int. Ed., 2019, 58, 13133-13139.
11
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Localized orbitals can describe chemistry

® Intrinsic bond orbitals (IBOs)'

Reaction Coordinate

E/ kcal mol 4

* Antibonding IBO-like orbitals needed for excited states/dynamics?

1G. Knizia and J. E. M.N. Klein, Angew. Chem. Int. Ed., 2015, 54, 5518-5522.

2|s. Wahyutama et al., 2026, DOI: 10.48550/arXiv.2603.10105;).S. Steen et al., Angew. Chem. Int. Ed., 2019, 58, 13133-13139.
11
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Example: Chloroacetylene

® Project hole density h(r, t) = pneutral (F) = Peation (T, t) into
smaller IBO space (# IBOs: convergence parameter)

TD-DMRG
0.000 fs 0.648 fs 1.287 fs 1.935 fs

én ?

IBO reproduction
0.000 fs 0.648 fs 1.287 fs 1.935 fs




Example: Chloroacetylene

® Project hole density h(r, t) = pneutral (F) = Peation (T, t) into
smaller IBO space (# IBOs: convergence parameter)

TD-DMRG IBO reproduction
0.000 fs 0.648 fs 1.287 fs 1.935 fs 0.000 fs 0.648 fs 1.287 fs 1.935 fs

én
& jf )
O /
® Only use two IBOs to extract main
mechanism: 03
:Cl o
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Natural charge orbitals are not helpful here

TD-DMRG @’ 6’ %’ %f
AR

0.000 fs 0.329 fs 0.648 fs 0.968 fs 1.29 fs

truncated
IBOs

0.969 0.009 0.921 -0.16 0.947 0.131
0.011 0.167 o 137
natural 0.6
charge orbitals
0.911 -0.166 0.891 —0.147]




How will the hole migrate into the ring?

R




Initial C=0 7 hole in phenylacetaldehyde
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Initial C=0 7 hole in phenylacetaldehyde
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How will the hole migrate into the ring?
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Initial C=0 p hole in phenylacetaldehyde
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Initial C=0 p hole in phenylacetaldehyde
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How will the hole migrate into the ring?
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Initial C=0 o hole in phenylacetaldehyde |
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Initial C=0 o hole in phenylacetaldehyde |
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Initial C=0 o hole in phenylacetaldehyde II
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Initial C=0 o hole in phenylacetaldehyde II
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Initial C=0 o hole in phenylacetaldehyde II
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Initial C=0 o hole in phenylacetaldehyde II

"4’ 0.000 fs k 726 fs % 0.968 fs &;, 1.21 fs % j-45 fs %3 .69 fs %: 1.81 fs
3x Br By gy Ay 3y Sy

’ . 1.0 e 0.4 prrrrrrrrre— B e S
3055 0.5 03} & { 3 { 3
=) % \ 1 oI 1 - . «
g " NAnn o il & it ’{{5& it 2;8
3 0.0 VVV A~~~ 0.0 o ae— i .
9 e lof —— | 1t —~—
R | 05} K’CK 1 ool P~
%0705 10 15 20 %0705 10 15 20 %%.0705 10 15 20 00 05 1.0 15 20 00 05 10 15 2.0
Time (fs) Time (fs) Time (fs) Time (fs) Time (fs)
1.0 prerr—r—— 1.0
% os 118 ost 9% {| ® 2-hole-1-particle configurations'
g R s U Lo 2 "
g 00f 5 0.0 | - [¥(1)) = Zj Cj(t)ajlq)@S) +
S) #H 3 \ ATA A
Zost 2 q [gosp k<t Crd (D)@ @y Pes) + ...
=] D, = o
190705 10 15 2.0 100705 10 15 2.0
Time (fs) Time (fs)

1J, Breidbach and L. S. Cederbaum, J. Chem. Phys., 2003, 118, 3983-3996.

20



Initial C=0 o hole in phenylacetaldehyde II
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Initial C=0 o hole in phenylacetaldehyde II
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C=0 o hole leads to breakdown of the MO picture

® Quasi-exponential decay of 10 :
autocorrelation (¥(t =0)| ¥ (1)) 08
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TH. Zhai, H. R. Larsson et al., J. Chem. Phys., 2023, 159, 234801; E. Ronca et al., J. Chem. Theory Comput., 2017, 13, 5560-5571

2J, Breidbach and L. S. Cederbaum, J. Chem. Phys., 2003, 118, 3983-3996
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C=0 o hole leads to breakdown of the MO picture

® Quasi-exponential decay of 10
autocorrelation (¥(t =0)| ¥ (1)) 08
® Green’s-function DMRG for — 06
ionization spectrum'’ = o4
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C=0 o hole leads to breakdown of the MO picture

® Quasi-exponential decay of
autocorrelation (¥(t =0)| ¥ (1))

® Green’s-function DMRG for
ionization spectrum’

® Quasi-continuum = many 2h1p

configs

® inner-valence ionization: “breakdown

of the MO picture™?
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C=0 o hole leads to breakdown of the MO picture

® Quasi-exponential decay of
autocorrelation (¥(t =0)| ¥ (1))

® Green’s-function DMRG for
ionization spectrum’

® Quasi-continuum = many 2h1p
configs

® inner-valence ionization: “breakdown
of the MO picture™?

® |BO analysis still possible

(a)MPS at 14.5 eV [b]MPS at 27.4 eV (9 MPS at 35.5 eV
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Phenylacetaldehyde: Summary
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Conformers of sc-3-fluoro-2-methylpropanal

sc-3-fluoro-2-methylpropanal
0.000 fs 0.239 fs 0.486 fs 0.726 fs 0.965 fs_ 1.21 fs 1.45 fs
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Hole occupancy
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Time (fs)

23



Conformers of sc-3-fluoro-2-methylpropanal

sc-3-fluoro-2-methylpropanal
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Conformers of sc-3-fluoro-2-methylpropanal

sc-3-fluoro-2-methylpropanal

0.000 fs 0.239 fs

Hole occupancy

sp-3-fluoro-2-methylpropanal
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Hyperconjugation interactions: 7 & o < p lone pair
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Summary

® Ab initio real-time correlated
electron dynamics using
time-dependent density matrix
renormalization group

0.907 f 1.270 f
e, > e, > ég
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Summary

® Ab initio real-time correlated 0.000 fs
electron dynamics using
time-dependent density matrix
renormalization group

® Use localized orbitals to decode 0.907 f
complex charge migration

® Importance of e, >

through-space/bond orbital
interactions

® Not restricted to DMRG

beal ol raPi ok oo becs
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