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INTRO: MOLECULES IN
STRONG MAGNETIC FIELDS




Molecules in magnetic fields




Cranking up the magnetic field

Atomic unit of the magnetic field B: 1BO= 235000 T

Distinguish 3 regimes:

B << B, [ Coulomb regime ]

[ Mixing regime ]

B >> B, v [ Landau regime ]

Increase magnetic field B




Magnetic fields on Earth

Human brain Earth magnetic field  Refrigerator magnet NMR

1pT=4.35 aB, ~ 60UT= 260 pB, AmT= 17 nB,

Levitate a frog Strongest non-destructive magnet 7Z-machine
16T= 68 uB, 100 T=0.4 mB, ~10.000 T=0.04 B,




Magnetic fields in space

Compact stars

Mixing regime

Magnetic White Dwarf stars ~3T — 100 kT — up to ~0.4 B,

Neutron stars ~1-100 MT — up to ~400 B,

Magnetars ~100MT-100 GT — up to ~400 kB,

Landau regime




Magnetic fields in space

Compact stars

Mixing regime

Magnetic White Dwarfs ~¥3 T—100 kT — up to ~0.4 B,

e Which atoms/molecules exist in strong fields?
— Astrophysics, observational spectra
 Chemistry in strong magnetic fields?

Theory/Quantum chemistry

Coulomb and magnetic forces of same order of
magnitude! — ab-initio finite-field methods (seamless
transition from field-free to in principle any field-strength)




White Dwarfs

Image: chandra obervatory



Non-maghnetic DZ spectrum

(White Dwarf stars containing metals are called ,DZ“)
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Excitation energies in (weak) magnetic field

Excitation energies s = p transitions
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Normalised flux

(Weakly) magnetic-field DZ spectra

Simple linear slitting
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Hamiltonian: molecule in magnetic field

Electronic Hamiltonian for molecule in a homogeneous magnetic
field in z-direction (in a.u.)

N
A A ]_ A A 1 2 2
H = Hy + §BLS+BSz+§B2 ) ;(xg + 49 )
/ \ ko O\ Y,
P4 ’ . N
Spin-Zeeman term diamagnetic term

« lifts degeneracy of alpha  * always positive
and beta spin * confinement
 favorisation of high-spin
states open-shell states
for stronger fields

Orbital-Zeeman term
* splitting of orbitals
* favors high negative M,
values

. E p+1®
< o 8 _T__1_< —T— me="% : a-spin

+ m.=- % : B-spin
— P—le
1

1 . .
Pi1 = _ﬁ(px +ipy), pP-1= ﬁ( s — iDy)

Ps1 Po pj



Strong fields: B-A curve

* Info: essentially the excitation energy between two energy levels

as a function of magnetic field E] state2 —

EEXC
state 1 ——

EEXC

\f—»

exc



Strong fields: B-A curve

* Info: essentially the excitation energy between two energy levels

as a function of magnetic field
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B-A curves: Hydrogen

4 —— . i I

D) .
7 Astrophysicists:
)5 “spaghetti plots”
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Figure: Schimeczek, Wunner, ApJS 212, 26 (2014)



Strong magnetic fields in WD spectra:
Hydrogen

M Wmf vm

spectra: Assighed in 70iés/80ies
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Vennes, Schmidt, Ferrario, Christian, Wickramasinghe, Kawka, Astrophys. J., 593, 1040 (2003).

1




Strong magnetic fields in WD spectra:
Hydrogen

e U ~ B~50000 T

helium
atmosphere

finite-field FCI
calculations on
Helium

Figure: Wickramasinghe and Ferrario (2000),
Assignment/calculations: Jordan et al. (1998), Becken et al. (1999)



Assignment of spectra from magnetic WDs:
,Metals”

ff-FCl unfeasible
- ff-CC methods



Hamiltonian: molecule in magnetic field

Electronic Hamiltonian for molecule in a homogeneous magnetic
field in z-direction (in a.u.)

N
A A ]_ AN ]. 2 2
H=H0+§@+BSZ+§B2E (iEg +y,?)
k Y,
\ N

. O 0
LO — g E : O .0
z v k (xk 8ykz yk aCCk)

for molecules: no eigenfunction (except lin. mol. in parallel field)
complex wave function! =2 new software implementations
required

reduced symmetry

origin dependence in Hamiltonian = use of GIAOs essential

Tellgren, Soncini, Helgaker, J. Chem. Phys. 129, 154114 (2008)



Gauge-origin dependence

« Hamiltonian depends on gauge origin
 Physical properties should not depend on choice of gauge
origin

— ensured by according trafo of wave function

Virans = eXp (%E X (Etrans o Eorlg) —) \Ijorig

« Problem: wave function does not reproduce
phase oscillation seen before



Gauge-Including Atomic Orbitals

. i
eHow to solve this problem? Wirans = €XP (55 X (Birans — Borig) -z) Porig
¢ build transformation behavior into the basis functions!

auge-Including Atomic Orbitals
( , also known as )

1
Xu(r, B) = exp(—§§ X ((Eu — Ro) - 1)xu(r)
(London, 1937)

e equivalent to local gauge-origins 12

1 for AOs

e unique results
e fast basis-set convergence

nowadays standard for calculations of molecules in mag. fields



Finite-field CC and EOM-CC developments

New implementation needed!

GROUND STATE EXCITED STATE ﬂ

Energies:

. CgCSD * EOM-EE: CCSD ,CCSDT, CC2, CC3,

« CCSD(T)(a) * EOM-EA: CCSD, CCSD(T)(a)*

e CCSDT ¢ EOM-SF: CCSD, CCSD(T)(a)*, QED-CCSD
* (CC2,CC3 * EOM-IP: CCSD, CCSD(T)(a)*

e UCC3 . *  EOM-DIP: CCSD
*  QED-CCSD,QED-UCC2, QED- ﬁ EOM-DEA: CCSD
CCsDT Qeumbre & (CC|CC)
transition dipole moments:
« CCSD * EOM-EE-CCSD, CCSD(T)(a)*

 CC2 _ * EOM-SF-CCSD

. UCC2,UCC3 t:.arget s-tates from different « EOM-EA-CCSD, CCSD(T)(a)*
starting points and different levels « EOM-IP-CCSD, CCSD(T)(a)*

* LR-CCSD of accuracy . LRCCSD

21. Hampe and Stopkowicz, J. Chem. Phys. 146, 154105 (2017)

22. stopkowicz, Special Issue “8th Congress of the International Society for Theoretical Chemical Physics”: Int. J. Quant. Chem. 118, e25391 (2018)

25. Holzer, Teale, Hampe, Stopkowicz, T. Helgaker, and W. Klopper, J. Chem. Phys. 150, 214112 (2019), Erratum: J. Chem. Phys. 151, 069902 (2019)

26. Hampe and Stopkowicz, J. Chem. Theory Comput. 15, 4036 (2019)

28. Hampe, Gross, and Stopkowicz, Collections "Emerging Investigator" & "2020 PCCP HOT Articles”, Phys. Chem. Chem. Phys. 22, 23522 (2020)

29. Kitsaras and Stopkowicz, Communication, "Special Collection in Honor of Women in Chemical Physics and Physical Chemistry": J. Chem. Phys. 154, 131101 (2021)
30. Thomas, Hampe, Stopkowicz, and J. Gauss, Mol. Phys. 119, e1968056 (2021)

45. Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys. 26, 28828-28848 (2024)

48. Kitsaras, Hampe, Reimund, Stopkowicz, J. Chem. Theory Comput. 21, 10177-10192 (2025)

49. Grazioli, Kitsaras , Stopkowicz, J. Chem Theory Comput., 21 12634-12651 (2025)



ASSIGNMENT OF A
MAGNETIC WD SPECTRUM
WITH METALS

with Mark Hollands (U Warwick, Astrophysics)

Marios-Petros Kitsaras
Florian Hampe
Simon Blaschke

Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023



SDSS J1143+6615 —a magnetic WD?
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SDSS J1143+6615 —a magnetic WD?

Google Earth
ec 66°15'16.72" 0°10'27.04" arcdegreeg
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Assignment of spectra
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Total energies for Mg in a magnetic field

—o—I1u
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Kitsaras, Grazioli, Stopkowicz, JCP 160, 094112 (2024)



Excitation energies/ eV

Excitation energies for Mg in magnetic field

Excitation energies for Mg 3P = 3S (3s3p to 3s4s) transitions from finite-field

6,0 calculations!
50 [ e e

.................... 3p 2 4s
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......
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"""

3,0
3py24s
20 e
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0’0 ------------
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B-A curve for Na and Mg transitions

Check B strength using central peak in spectrum!
/- T T

— Nal |

400 b Mgl |
Opacity ~ predicted intensity

500 L via ff transition dipole moments |

@EOM-CCSD level

Q200 | .

100 F ]

G000 3000 4000 5000 6000 7000 8000 9000 10000

Wavelength [A]

Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023)
Kitsaras, Grazioli, Stopkowicz, JCP 160, 094112 (2024)



Determining the field strength

dotted: position here

\ / dashed: position of line at zero field
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° 200_
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about 3000 T

Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023)



Determining the field strength

dotted: position here

/ dashed: position of line at zero field \
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Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023)



Partial assignment of the spectrum
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Partial assignment of the spectrum
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Toy model spectrum
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* First assignment of metals in the spectrum of a strongly magnetic WD (~3000 T)
* Further elements/transitions present — possibly iron ...

Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023)



Simulated spectra for various field strengths
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Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023)



PRESSURE BROADENING OF

MG BY HE ATMOSPHERE
(USING FF-CD-CC METHODS)

with Mark Hollands (U Warwick, Astrophysics)

Simon Blaschke
Marios-Petros Kitsaras




Towards larger systems &%
G0 Rt
S¢ 9N W
- Currently: severe limitation w.r.t. system size e

* Predictive power@and controlled accuracy wanted

J

Cholesky-decomposition techniques

A =LLT

[ \

Ncn — Numerical rank,
For 2el-integrals’2: (uv|op)ap = Z L., Ly, number of
J=1 Cholesky-vectors

1 Beebe, Linderberg, Int. J. Quantum Chem. 12, 683 (1977)
2 Koch, Sanchez De Merds, Bondo Pedersen, J. Chem. Phys.,118, 0481 (2003)



Cholesky Decomposition methods

’At,\t\\g\ \~
. . ) ¢ ¥ ). ) 3 /
Magnetic-field Nonol . SOV ROR
(uv | op) Z Lff,/Lfi7 o L
context n e
,»Strong field” ,Weak field“ 2>
finite-field GIAOs (complex) NMR, Magnetizabilities

derijvatives of standard GIAOs
a( @B=0 (imaginary)

9B
) B i\@

finite-field CD MP2 -

:—J CD GIAO MP2 NMR Shifts

finite-field CD (EOM)-CCSD & CC2
finite-field CD (EOM)-CCSD & CC2 Gradients

CD GIAO CAS-SCF NMR Shifts

Burger, Lipparini, Gauss, Stopkowicz, J. Chem. Phys., 155, 074105 (2021)

Blaschke, Stopkowicz, J. Chem. Phys. 156, 044115 (2022) Gauss, Blaschke, Burger, Nottoli, Lipparini, Stopkowicz, Mol. Phys. 120, e2101562 (2022)
Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024) Nottoli, Burger, Stopkowicz, Gauss, Lipparini, J. Chem. Phys., 157, 084122 (2022)

Kitsaras, Blaschke, Oswald, Stopkowicz (ff-EOM Gradients), in prep (2026) Burger, Stopkowicz, Gauss, J. Phys. Chem. A 129, 2, 623 (2025)



Finite-field Cholesky Decomposition for
(EOM)-CCSD

—o— APFEnyr --¥-+ AFEgoMm-ccsp -"*°' AEgoM-cc2
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Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024)



Mg pressure broadening

Normalised Fy

0.25 SDSS J1535+1247 7

4000 4500 5000 5500 G000 6500
Wavelength [A]

« Asymmetric line shapes and broadening due to interaction with
surrounding Helium atoms in the atmosphere of DZ WDs

« Light escapes from various layers of the atmosphere where
densities vary considerably

1 Hollands, Koester, Alekseev, Herbert, Gansecke, Mon. Not. R. Astron. Soc (2017)
2 Allard, Leininger, Gadéa, Brousseau-Couture, Dufour, Astron. Astrophys. 588, A412 (2016)



Mg line broadening

Lower densities Higher densities
o

o ®e
;e e

- @ o @ e
¢ L0 @
. ----------- ‘,’ e

interperturber

interactions?

Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024)



Mg line broadening

o
® T . ® T
@° 60
@ Lo e
. -------- ‘/ ‘\\\\ .........
MgHes,
(two shells)
hcp lattice
significant reduction of Calculated using Cholesky-decomposition
memory methods toghether with ff-EOM-CC2 & ff-EOM-

CCSD theory

Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024)



B=0.0T B=3000T
— % — 3E’_1 s X = 3E/_
—eo— 3F/ — oy 3N - v e 3N
0.025
0.020

6-102" 8.102!
n(He)/cm™3
Large effects for high densities (but also less light coming out)

3000 T: field-free model ok

4.102L

field-free & 3000 T

30000 T

30000 T: broadening should be much less pronounced > close to atomistic case!

Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024)



FINITE-FIELD UNITARY CC

Laura Grazioli

Marios-Petros Kitsaras




Complex energies in finite-field CC

H,0: CCSD/unc-aug-cc-pVTZ, B=0.5 B,

11A, (CCSD)

|Im(AEcorr)| / uEh

40

e Consequence of non-Hermiticity
* Real energies when one component of B vanishes. (Atoms, diatomics, special symmetries)

— Ignore? Use as diagnostic? Hermitian theory?
— UCC theory

Thomas, Hampe, Stopkowicz, Gauss, Mol. Phys. 119, e198056 (2021)



Finite-field Unitary CC
Unitary CC Theory Wyce) = e |Bg) = e |By)
* Non-terminating series

* Restriction to S+D & 2"9 or 3" -order truncation in amplitude egs.! 2 UCC2 & UCC3
e Useful in finite-field context? Water example

Differences:

0.0020

0.0019

-0.318 0.0019 u\f
.0.319 0.0018 @
_0.32()@ 0.0018 LILL,’
0321 g 0.0017 o
10322 U:IJ 0.0017 u::',’

0.0016

0.0016

80

0.0015

80 20 40B | Rl

1 Liu, Asthana, Cheng, Mukherjee, J. Chem. Phys, 148, 244110 (2018)
Grazioli, Kitsaras, Stopkowicz, J. Chem. Theory Comput., 21, 12634 (2025)



QED-CC

Laurenz Monzel

Christoph Harrer




Polaritonic Chemistry and QED-CC theory

Molecules in

Currently large interest in chemistry as so- .
a cavity

called strong coupling can modify:

* reaction rates

* reaction selectivity

* reaction pathways
 catalytic activity

e charge transfer

* energy transfer

* photochemistry

* excited-state dynamics
e spin dynamics

* molecular spectroscopy
e potential energy surfaces
e conical intersections

Taken from Chikkaraddy, et al. (2016)

Not yet well understood! Theory developments needed

Inititally within TRR 306



Inititally within TRR 306

Strong coupling

_| Collective strong coupling |
J ‘2;:'

| Local strong coupling

&

- Vibrational strong coupling |

[s

cavities

Coupling to
nuclear
vibrations

- Electronic strong coupling .

Coupling to
electronic
states

Monzel, Stopkowicz, J. Phys. Chem. A 128, 44, 9572-9586 (2024)
Monzel, Stopkowicz, J. Chem. Theory Comput. 22, 5991-6007 (2026)
Monzel, Stopkowicz, (finite field developments) in prep (2026)

Highly accurate
description via
Quantum-
electrodynamics
Coupled-Cluster
Theory
(QED-CC)

32



Polaritonic Chemistry and QED-CC theory

Molecules in a
cavity
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Hybrid light-matter states

P, : Upper polariton
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Cavity

Inititally within TRR 306
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H, in linearly polarized cavity in two
orientations
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Energy in (Ey)

No coupling (states of different symmetries)
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Polaritonic partitioning

HU = EU

Wave function: ¥(7, R, q)

v

Born-Oppenheimer approximation

Polaritonic partitioning

o(r,q; {R})P(R)

Polaritonic wave function: Photons and electrons treated at same level, nuclear
coordinates as parameters,

Nuclear wave function: depends on nuclei only



Pauli-Fierz Hamiltonian

Molecular non- / Interaction part, contains bilinear coupling \ Eure L e
relativistic and dipole self energy Hop = Yo w, @Ta
Hamiltonian o~ = 5 1 -5 -~

Hine = 7 YaEg-d + Ezcx()‘a ' d)()‘a ' d) Here: 1 mode

Sum over modes |

= . A2 ~ ~
E=i Tw[e(aT—a)]

\ For linear polarization /




Polaritonic

coupled-cluster theory

- CC wave function: €| W ef)
* QED-CC ansatz®: Q\Ifre — T+S+F\I!
Electronic exc. operator Photonic creat. operator Mixed exc. operator Photons
T — ( (h F=r1 B = ¢ /SN ...4 §2 4 §2 4 ...
T_®T2+T3+ [ =1 KT §=S8i KSpt - +S + 53¢
Jv[ l U Electrons
Zia tha\-l-i Zaﬁ yaﬂ&-l-ﬁ-l- Zijaba S{Xjab atbtijat

* Solved via projection techniques

(B; | e Qe
(U,of | ™9 He®

\I’ref> =0 > Get amplitudes
\Ijref> — ECC

. Implemented for truncation QED-CCSD-12-SD
Q=T,+To+ St +5:+T1+7T,
Can treat open-shell systems and use point-group symmetry

Orig. formulation: Haugland, Ronca, Kjonstad, Rubio, Koch, Phys. Rev. X 10, 041043 (2020)

44 L. Monzel, S. Stopkowicz, J. Phys. Chem. A 128, 44, 9572-9586 (2024), Special issue “

Rodney J. Bartlett Festschrift”




Fluorobenzene density differences

Ap = 0,089

€
—0.0004  0.0000 0.0004 0.0008 0.0012 —0.00025 0.00000 0.00025 0.00050 l?
[ — gz;j '

A .
. ' Two polarization
2F vectors,
of ‘.’ resulting k-vector
—2F along mirror axis
" A

ke,
T T 1 1 1 1 1 1 1 1 T T F
-5.0 -2.5 0.0 2.5 5.0\7.5 -75 -5.0 =25 0.0 25 5.0

Density difference with and without cavity (red: increase of density, blue: decrease)
Electron density removed from the F-C bond if k-vector is perpendicular to molecular plane!
Similar: polarization vector along the bond (linear pol.)
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Monzel, Stopkowicz, J. Chem. Theory Comput. 22, 5991-6007 (2026)



Summary

«CC developments for molecules in electromagnetic
fields:

*Finite magnetic field CC developments for molecules
in strong magnetic fields = Assignments of white
dwarf spectra

«QED-CC developments for the investigation of
polaritonic chemistry
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