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INTRO: MOLECULES IN 
STRONG MAGNETIC FIELDS



Molecules in magnetic fields

“weak fields” “strong fields”



Cranking up the magnetic field
Atomic unit of the magnetic field B:  1B0= 235000 T

Distinguish 3 regimes: 

Coulomb regime

Landau regime

Mixing regime

B << B0
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Magnetic fields on Earth
Human brain
1pT=4.35 aB0

Earth magnetic field
60µT= 260 pB0

Refrigerator magnet
4mT= 17 nB0

Levitate a frog
16T= 68 μB0

Strongest non-destructive magnet
100 T=0.4 mB0

Z-machine
~10.000 T=0.04 B0

NMR 
51 μB0



Compact stars

Magnetic fields in space

Mixing regime

Landau regime

➝ up to ~0.4 B0

➝ up to ~400 B0

➝ up to ~400 kB0

Magnetic White Dwarf stars  ~3T  – 100 kT

Neutron stars ~1-100 MT

Magnetars ~100MT-100 GT



Compact stars

Magnetic fields in space

Magnetic White Dwarfs ~3 T – 100 kT

Mixing regime

➝ up to ~0.4 B0

• Which atoms/molecules exist in strong fields? 
 ➝ Astrophysics, observational spectra 

• Chemistry in strong magnetic fields?

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)

Theory/Quantum chemistry



White Dwarfs

Image: chandra obervatory

- Endpoints of stellar evolution (very common!): 
97 % of all stars become WDs!

- Very dense! 
- Atmospheres: H, He, “Metals“ (C, Si, Na, Mg, 

...), molecules (H2, CH-bands, C2,...)
- The older, the cooler! Effective surface temps: 

~4000 K - ~150.000 K (usually 8000-40.000 K)
- Magnetic WDs: 25% à assignment of spectra

difficult!



Non-magnetic DZ spectrum

(White Dwarf stars containing metals are called „DZ“)
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Magnetic field strength

sàp+1

s à p0

s àp-1

Excitation energies in (weak) magnetic field

Simple Zeeman splitting!

Excitation energies s à p transitions

E +B-field

p+1

p-1

p0

ss

p
weak field:
E ~ 1/2 BL



(Weakly) magnetic-field DZ spectra

B= 959 T

B= 349 T

B= 210 T

B= 58 T

Ca I Mg I Na I

Simple linear slitting



Hamiltonian: molecule in magnetic field

Orbital-Zeeman term 
• splitting of orbitals
• favors high negative ML 

values

Spin-Zeeman term
• lifts degeneracy of alpha 

and beta spin
• favorisation of high-spin 

states open-shell states  
for stronger fields

diamagnetic term
• always positive
• confinement

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

p+1

p+1
p-1

p0

p0

p-1

ms= ½  : ⍺-spin    

ms= - ½ : β-spin  

E



Strong fields: B-λ curve

• Info: essentially the excitation energy between two energy levels 
as a function of magnetic field

Eexc

B

B

Eexc

Eexc
state 1

state 2E



Strong fields: B-λ curve

• Info: essentially the excitation energy between two energy levels 
as a function of magnetic field

Eexc

B

B

Eexc

B

λ

Eexc
state 1

state 2E



B-λ curves: Hydrogen

Figure: Schimeczek, Wunner, ApJS 212, 26 (2014)

Astrophysicists:
“spaghetti plots“



Strong magnetic fields in WD spectra: 
Hydrogen

Vennes, Schmidt, Ferrario, Christian, Wickramasinghe, Kawka, Astrophys. J., 593, 1040 (2003).

Most H spectra: Assigned in 70ies/80ies



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

GD 229
helium 
atmosphere

B~50000 T

finite-field FCI 
calculations on 
Helium

Strong magnetic fields in WD spectra: 
Hydrogen



B~30000-70000 T

Assignment of spectra from magnetic WDs: 
„Metals“

ff-FCI unfeasible
à ff-CC methods



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

Hamiltonian: molecule in magnetic field

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

required
• reduced symmetry
• origin dependence in Hamiltonian à  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
 à ensured by according trafo of wave function

• Problem: approximate wave function does not reproduce 
phase oscillation seen before 

22



Gauge-Including Atomic Orbitals

Gauge-Including Atomic Orbitals 
(GIAOs, also known as London orbitals)

• equivalent to local gauge-origins         for AOs

• unique results

• fast basis-set convergence 

(London, 1937)

nowadays standard for calculations of molecules in mag. fields 

•How to solve this problem?

• build transformation behavior into the basis functions!

23



• CCSD
• CCSD(T)
• CCSD(T)(a)
• CCSDT
• CC2, CC3
• UCC3
• QED-CCSD,QED-UCC2, QED-

CCSDT

• EOM-EE: CCSD ,CCSDT, CC2, CC3, 
CCSD(T)(a)*, UCC3, QED-CCSD

• EOM-EA: CCSD, CCSD(T)(a)*
• EOM-SF: CCSD, CCSD(T)(a)*, QED-CCSD
• EOM-IP: CCSD, CCSD(T)(a)*
• EOM-DIP: CCSD
• EOM-DEA: CCSD

• CCSD
• CC2
• UCC2,UCC3
• LR-CCSD

• EOM-EE-CCSD, CCSD(T)(a)* 
• EOM-SF-CCSD
• EOM-EA-CCSD, CCSD(T)(a)*
• EOM-IP-CCSD, CCSD(T)(a)*
• LR-CCSD

Energies:

transition dipole moments:

GROUND STATE EXCITED STATE

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)

target states from different 
starting points and different levels 

of accuracy

New implementation needed! 

Finite-field CC and EOM-CC developments



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? 



SDSS J1143+6615 – a magnetic WD? 

Magnetic? Composition?



Assignment of spectra

non-magnetic

probably magnetic
very large shift > 
50Å



Assignment of spectra

Ca I ????? Mg I ???? Na I ?

SDSS J1143+6615 



Total energies for Mg in a magnetic field

4s & 3d0 : σg

Avoided crossings occuring!
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Excitation energies for Mg  3P à 3S (3s3p to 3s4s) transitions

3 p-1à 4 s

3 p0à 4 s

3 p+1à 4 s

~0.2 B0

visible transition with 50 Å shift? 

Excitation energies for Mg in magnetic field

from finite-field
calculations!



B-λ curve for Na and Mg transitions
Check B strength using central peak in spectrum!

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

Opacity ~ predicted intensity
via ff transition dipole moments
@EOM-CCSD level



Determining the field strength

about 3000 T

dashed: position of line at zero field
dotted: position here

about 40000 T
Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023) 



Determining the field strength

about 3000 T

dashed: position of line at zero field
dotted: position here

about 40000 T
Hollands, Stopkowicz, Hermes, Kitsaras, Hampe, Blaschke, MNRAS 520, 3560 (2023) 



Partial assignment of the spectrum

Used for assignment
(opacity of the lines reflects oscillator strenghts)

Full lines : Actual finite-field calculations
Dotted lines: simple linear Zeeman splitting

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



Partial assignment of the spectrum

Used for assignment
(opacity of the lines reflects oscillator strenghts)

Dotted: simple linear Zeeman splitting
Full: Actual finite-field calculations

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



Toy model spectrum

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

• First assignment of metals in the spectrum of a strongly magnetic WD (~3000 T)
• Further elements/transitions present – possibly iron … 



Simulated spectra for various field strengths

B=40000 T

B=20000 T

B=10000 T

B=5000 T

B=2500 T

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

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



Towards larger systems

• Currently: severe limitation w.r.t. system size 
• Predictive power and controlled accuracy wanted

            Cholesky-decomposition techniques

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

For 2el-integrals1,2:
Numerical rank, 
number of
Cholesky-vectors



CD GIAO MP2 NMR Shifts

CD GIAO CAS-SCF NMR Shifts

@B=0 (imaginary)

finite-field GIAOs (complex) 
derivatives of standard GIAOs 

Blaschke, Stopkowicz, J. Chem. Phys. 156, 044115 (2022)
Burger, Lipparini, Gauss, Stopkowicz, J. Chem. Phys., 155, 074105 (2021)
Gauss, Blaschke, Burger, Nottoli, Lipparini, Stopkowicz, Mol. Phys. 120, e2101562 (2022) 
Nottoli, Burger, Stopkowicz, Gauss, Lipparini, J. Chem. Phys., 157, 084122 (2022) 
Burger, Stopkowicz, Gauss, J. Phys. Chem. A 129, 2, 623 (2025)

finite-field CD MP2

Magnetic-field 
context

„Weak field“ à
NMR, Magnetizabilities

„Strong field“

finite-field CD (EOM)-CCSD & CC2

Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024)
Kitsaras, Blaschke, Oswald, Stopkowicz (ff-EOM Gradients), in prep (2026)
Blaschke, Kitsaras, Stopkowicz, Phys. Chem. Chem. Phys., 26, 28828 (2024)
Kitsaras, Blaschke, Oswald, Stopkowicz (ff-EOM Gradients), in prep (2026)

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

Cholesky Decomposition methods



Finite-field Cholesky Decomposition for
(EOM)-CCSD 

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



Mg pressure broadening

• 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, Gänsecke, 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

interperturber
interactions?

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



Mg line broadening

Calculated using Cholesky-decomposition
methods toghether with ff-EOM-CC2 & ff-EOM-
CCSD theory

MgHe56 
(two shells)
hcp lattice

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

significant reduction of 
memory



Mg line broadening

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

Large effects for high densities (but also less light coming out)
3000 T: field-free model ok
30000 T: broadening should be much less pronounced à close to atomistic case!

field-free & 3000 T

30000 T



FINITE-FIELD UNITARY CC

Laura Grazioli
Marios-Petros Kitsaras



Complex energies in finite-field CC

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

H2O: CCSD/unc-aug-cc-pVTZ, B=0.5 B0 11A1 (CCSD)

• Consequence of non-Hermiticity
• Real energies when one component of B vanishes. (Atoms, diatomics, special symmetries) 
     à Ignore? Use as diagnostic? Hermitian theory?  
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à UCC theory



Finite-field Unitary CC
Unitary CC Theory

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

• Non-terminating series  
• Restriction to S+D & 2nd or 3rd -order truncation in amplitude eqs.1 à UCC2 & UCC3
• Useful in finite-field context? Water example

 
UCC3

CCSD 
(real part)

Differences:



QED-CC

Laurenz Monzel
Christoph Harrer 



Inititally within TRR 306

Ag, Au
ℏ𝜔

Molecules in 
a cavity

Currently large interest in chemistry as so-
called strong coupling can modify:

• reaction rates
• reaction selectivity
• reaction pathways
• catalytic activity
• charge transfer
• energy transfer
• photochemistry
• excited-state dynamics
• spin dynamics
• molecular spectroscopy
• potential energy surfaces
• conical intersections

Not yet well understood! Theory developments needed

Polaritonic Chemistry and QED-CC theory

Taken from Chikkaraddy, et al. (2016) 



Inititally within TRR 306

IR 
cavities

Vibrational strong coupling

𝑒!

𝑒!

Coupling to 
nuclear 

vibrations

Optical 
cavities

Coupling to 
electronic 

states

Electronic strong coupling

Local strong couplingCollective strong coupling

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

Strong coupling



Inititally within TRR 306

Cavity

No cavity

Ag, Au

Matter

|𝑔⟩

|𝑒⟩

Cavity

ℏ𝜔

|0⟩

|1⟩

𝑃!

𝑃"

𝑃! 𝑃"ℏ𝜔

𝑃! : Upper polariton
𝑃" : Lower polariton

Hybrid light-matter states Ω" ∶ Rabi frequency

Ω"

Strong coupling

Molecules in a 
cavity

Polaritonic Chemistry and QED-CC theory
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Polaritonic partitioning  
𝜑 𝒓, 𝒒; 𝑹 Φ 𝑹

Born-Oppenheimer approximation

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

Wave function:  Ψ(𝒓,𝑹, 𝒒)

Nuclear wave function: depends on nuclei only

Polaritonic partitioning



Unpolarized Cavities for 
QED-Coupled-Cluster Calculations
Laurenz Monzel1, Stella Stopkowicz1,2 1 Department of Chemistry, Saarland University, Germany

2 Hylleraas Centre for Quantum Molecular Sciences, University Oslo, Norway 
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Molecules in cavities strongly couple to the
EM field by which light-matter hybrids,
called polaritons, are formed. By tuning the
frequency and coupling strength of the
cavity, molecular properties can be
controlled in a non-invasive manner.[1]

IR regime

Pauli-Fierz Hamiltonian 

!" = !"!" + !"#$% + !"&'

Bilinear coupling

!"!"# = ∑$ !%$ ⋅ !' + %
&∑$ )$ ⋅ !' )' ⋅ !'

Molecules in Cavities

Size of cavity determines the interaction

10! − 10" nm

Coupling to nuclear 
vibrations /rotations

UV/vis regime
10# − 10! nm

Coupling to electronic 
transitions

Chemical bonds 
10$% − 10& nm

Much smaller than
cavity

≫

Long wavelength approximation

In the limit where the 
molecule is small the  

boundaries vanish 

Coupling via a 
homogeneous 
electric field

!"!" = ∑#%# &'$ &'
Harmonic oscillator 
Counts the number 

of photons per mode

Photonic Hamiltonian 

Interaction Hamiltonian 

|1⟩
|0⟩

|2⟩
|3⟩

!( = ) %'&
' * &'$ − &'

Light-matter interaction

-(

.

-(
.

stabilized destabilized

Dipole self-energy
Electronic operator

favored unfavored
/% /#/%

/#

Single-mode approximation

Assume that only one frequency 
of the EM field couples to the
molecule

no interaction!

n=1

n=2

Polaritonic 
states

Electronic 
states Cavity

But: One cavity frequency is 
composed of two modes with 
perpendicular polarization  

Linearly polarized cavity

0
̅0

2)

2)

0
Principal axis changes

!( = ) %'&
' * &'$ − &' + -* .-'$ − .-'

Unpolarized cavity

3)* 3)*

QED Coupled Cluster Theory

CC = # !" 0electronic CC ansatz

CC = # !"#$%# &' 0,0 = # !( 0,0QED-CC ansatz[2]

./(()* = ∑+, 0+, &1$ ̂3 + -
.∑+/,0 0+/,0 &1$ .4$ ̂3 ̂5

67 = ∑+, 8+,# &1$ ̂3 &'$ + ∑+, 8̅+,# &1$ ̂3 .-'$
+ -
.∑+/,0 8+/,0# &1$ .4$ ̂3 ̂5 &'$

+ -
.∑+/,0 8̅+/,0# &1$ .4$ ̂3 ̂5 .-'$

Photonic excitations
.Γ = ;# &'$ + ;̅# .-'$
+;#1 &'$<$ + ̅;̅#1 .-'$<̅$
+2 ;̅#1 .-'$ 6<$

Mixed excitations

0 = ⟨', (|#) !( *+# !( 0,0Solution via projected equations:

Implementation in[3,4]

Coupled Cluster theory is treats electrons and photons on the same 
footing and yields in the untruncated limit the exact wave function 

EOM-QED-CC

> = .>? 23 0,0 = ? 23 .> 0,0EOM-QED-CC ansatz

The operators () & (* are 
truncated in the same 
manner as the CC operator  

.> = .>-4 + .>'4 + .>-- + .>'- + .>4- + .>4'

!B" >5 = C5|>5⟩
⟨G5| !B" = C5⟨G5|

Photonic and electronic
indices can be assigned an 
irreducible representation

EM modes transform as 
the dipole components 
Γ# = Γ6⋅8 Γ9# = Γ:6⋅8

Electronic indices can have vanishing diagonal blocks in 
totally symmetric operators ( e.g. +, or (- )

!";<= = ∑>?∑# H>?# &'$ + &' Î$ &J
+∑>?∑9# H̅>?# .-'$ + .-' Î$ &J

0

0

Γ! Γ"
Γ!

Γ"

4+,(

0

Γ! Γ"
Γ!

Γ" 0

4̅+,(

0
̅0

Point Group Symmetry

Implementation needs to handle block-diagonal matrices with both, 
vanishing diagonal block-blocks and vanishing off-diagonal blocks

Densities

Technical improvement

Similar for /0

Reducing number of 
floating-point operations 

Methodology improvement

Identification of excited
states
Targeted calculation of 
ground and excited states 

One-electron density

Ground-state density :    ;>? = ⟨Ψ((@ Î &J$ Ψ((⟩ Excited state density :      ;>?A = ⟨GA Î &J$ >A⟩

Linearly polarized 

Contraction of density 
towards bonds and 
atomic center

Dipole self-energy 
destabilizes diffuse 
electronic configurations  

¢Ω = 0.1129

≤

≤̄

5.512°1.999 10°3

Unpolarized

L M = ∑>? ;>?N>∗ M N?(M)Density grid

Two-electron density
Two el. density: ;>?CD = ⟨Ψ((@ Î &J8̂$M̂$ Ψ((⟩
Dipole self-energy contribution becomes 
visible in two electron density

Electrons favor 
symmetric
distribution

Excited state density

H! Excited States 

Azulene Molecule
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Excited states show Rabi splitting
Formation of upper and lower polariton
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Rabi splitting depends on the symmetry of 
electronic and photonic states

Depends on the 
orientation of the 
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Depends on the
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For the calculation of polaritonic excited states

Non-Hermitian eigenvalue problem: 

External Magnetic Field
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Memory saving by storing 
only non-vanishing values
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Hamiltonian includes finite B-field

• Wave function becomes complex valued:    → Complex algebra 
• Hamiltonian depends on a gauge origin → AOs → GIAOs 
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H# Molecule H# Molecule

• Including cavity modes with higher frequencies
• Taking into account effects from mass renormalization
• Study higher-order contributions in multipole expansion

Electronic excitations:
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• Accurate treatment of Rabi splitting
• Point-group symmetry enables identification 

of excited states
• Coupling depends on cavity orientation
• Truncation scheme influences avoided 

crossings

D
D → ∞

¢Ω = 0.0321

0.0000 0.0025 0.0050 0.0075 0.0100

¢Ω = 0.0457

0.000 0.004 0.008 0.012

¢Ω = 0.0256

0.0000 0.0025 0.0050 0.0075

¢Ω = 0.0244

0.000 0.002 0.004 0.006 0.008

4 6 8 10

Distance in (a0)

°0.15

°0.10

°0.05

0.00

0.05

In
te

ra
ct

io
n

E
ne

rg
y

in
(m

E
h
)

B = 0.3b0

reference

B?

Bk

4 6 8 10

Distance in (a0)

°0.15

°0.10

°0.05

0.00

0.05

∏ = 0.15 a.u.

reference

k?

kk

2 4 6 8 10

Distance in (a0)

°0.25

°0.20

°0.15

°0.10

°0.05

0.00

In
te

ra
ct

io
n

E
ne

rg
y

in
(m

E
h
)

reference

Bxkx

Bxky

Bxkz

Bzkz

Bzkx

G

H

I

J J

J

J

Paramagnetic 
bonding

In
te

ra
ct

io
n 

En
er

gy
 in

 m
* !

!

! "

"

!𝐻 = !𝐻!" + !𝐻#$% + !𝐻&'(

Molecular non-
relativistic 
Hamiltonian

Interaction part, contains bilinear coupling 
and dipole self energy

Pure cavity part

Unpolarized Cavities for 
QED-Coupled-Cluster Calculations
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Molecules in cavities strongly couple to the
EM field by which light-matter hybrids,
called polaritons, are formed. By tuning the
frequency and coupling strength of the
cavity, molecular properties can be
controlled in a non-invasive manner.[1]

IR regime

Pauli-Fierz Hamiltonian 

!" = !"!" + !"#$% + !"&'

Bilinear coupling

!"!"# = ∑$ !%$ ⋅ !' + %
&∑$ )$ ⋅ !' )' ⋅ !'

Molecules in Cavities

Size of cavity determines the interaction

10! − 10" nm

Coupling to nuclear 
vibrations /rotations

UV/vis regime
10# − 10! nm

Coupling to electronic 
transitions

Chemical bonds 
10$% − 10& nm

Much smaller than
cavity

≫

Long wavelength approximation

In the limit where the 
molecule is small the  

boundaries vanish 

Coupling via a 
homogeneous 
electric field

!"!" = ∑#%# &'$ &'
Harmonic oscillator 
Counts the number 

of photons per mode

Photonic Hamiltonian 
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Single-mode approximation

Assume that only one frequency 
of the EM field couples to the
molecule

no interaction!
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n=2

Polaritonic 
states

Electronic 
states Cavity

But: One cavity frequency is 
composed of two modes with 
perpendicular polarization  
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QED Coupled Cluster Theory

CC = # !" 0electronic CC ansatz
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Mixed excitations

0 = ⟨', (|#) !( *+# !( 0,0Solution via projected equations:

Implementation in[3,4]

Coupled Cluster theory is treats electrons and photons on the same 
footing and yields in the untruncated limit the exact wave function 

EOM-QED-CC

> = .>? 23 0,0 = ? 23 .> 0,0EOM-QED-CC ansatz

The operators () & (* are 
truncated in the same 
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.> = .>-4 + .>'4 + .>-- + .>'- + .>4- + .>4'

!B" >5 = C5|>5⟩
⟨G5| !B" = C5⟨G5|

Photonic and electronic
indices can be assigned an 
irreducible representation
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Implementation needs to handle block-diagonal matrices with both, 
vanishing diagonal block-blocks and vanishing off-diagonal blocks

Densities

Technical improvement

Similar for /0

Reducing number of 
floating-point operations 

Methodology improvement

Identification of excited
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Targeted calculation of 
ground and excited states 
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Excited states show Rabi splitting
Formation of upper and lower polariton
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Rabi splitting depends on the symmetry of 
electronic and photonic states

Depends on the 
orientation of the 
molecule

3)* 3#*

Depends on the
CC-truncation scheme (truncation in *+ )

0 ≠ ⟨', 0|#) !( *+# !( (, 20 = ⟨', 0| *+ (, 2

No coupling of states that differ 
by more than two photons

Similarity transformed 
Hamiltonian leads to couplings

Only if !Q includes !RE or .SFG
0 ≠ ⟨:, 0| +,, (Γ% |<, 2⟩
0 ≠ ⟨:, 0| +,, /0!" |<, 2⟩
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Difference1e-density for ,5 and 
,6 is almost the same 

In the 1e density, the 
formation of an upper 
and lower polariton can 
be seen as incomplete 
electronic transition

One-electron one-photon density
;>?# = ⟨Ψ((@ Î &J$ &' + &'$ Ψ((⟩

For Polaritonic ground state, 1e1p density 
indicates the vacuum fluctuation

Contraction of density towards bonds 
and atomic center
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Basis: unc-cc-pV5Z     7-./ = 12.5<= > = 0.05 ?. @.

For the calculation of polaritonic excited states

Non-Hermitian eigenvalue problem: 

External Magnetic Field

0

Γ% = Γ+⊗Γ, ⊗Γ(

Memory saving by storing 
only non-vanishing values

Packing of Irrep blocks  by 
exploiting (anti-)symmetric 
permutations 

Electric field direction w.r.t. to 
the electron position    → !( ⋅ !V
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Hamiltonian includes finite B-field

• Wave function becomes complex valued:    → Complex algebra 
• Hamiltonian depends on a gauge origin → AOs → GIAOs 
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• Including cavity modes with higher frequencies
• Taking into account effects from mass renormalization
• Study higher-order contributions in multipole expansion
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• Accurate treatment of Rabi splitting
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Molecules in cavities strongly couple to the
EM field by which light-matter hybrids,
called polaritons, are formed. By tuning the
frequency and coupling strength of the
cavity, molecular properties can be
controlled in a non-invasive manner.[1]

IR regime

Pauli-Fierz Hamiltonian 
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Molecules in Cavities

Size of cavity determines the interaction

10! − 10" nm

Coupling to nuclear 
vibrations /rotations

UV/vis regime
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Coupling to electronic 
transitions

Chemical bonds 
10$% − 10& nm

Much smaller than
cavity

≫

Long wavelength approximation

In the limit where the 
molecule is small the  

boundaries vanish 

Coupling via a 
homogeneous 
electric field
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Harmonic oscillator 
Counts the number 
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Single-mode approximation

Assume that only one frequency 
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QED Coupled Cluster Theory

CC = # !" 0electronic CC ansatz

CC = # !"#$%# &' 0,0 = # !( 0,0QED-CC ansatz[2]
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Mixed excitations

0 = ⟨', (|#) !( *+# !( 0,0Solution via projected equations:

Implementation in[3,4]

Coupled Cluster theory is treats electrons and photons on the same 
footing and yields in the untruncated limit the exact wave function 

EOM-QED-CC

> = .>? 23 0,0 = ? 23 .> 0,0EOM-QED-CC ansatz

The operators () & (* are 
truncated in the same 
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Photonic and electronic
indices can be assigned an 
irreducible representation

EM modes transform as 
the dipole components 
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Electronic indices can have vanishing diagonal blocks in 
totally symmetric operators ( e.g. +, or (- )

!";<= = ∑>?∑# H>?# &'$ + &' Î$ &J
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Implementation needs to handle block-diagonal matrices with both, 
vanishing diagonal block-blocks and vanishing off-diagonal blocks

Densities

Technical improvement

Similar for /0

Reducing number of 
floating-point operations 

Methodology improvement

Identification of excited
states
Targeted calculation of 
ground and excited states 

One-electron density

Ground-state density :    ;>? = ⟨Ψ((@ Î &J$ Ψ((⟩ Excited state density :      ;>?A = ⟨GA Î &J$ >A⟩

Linearly polarized 

Contraction of density 
towards bonds and 
atomic center

Dipole self-energy 
destabilizes diffuse 
electronic configurations  
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Two-electron density
Two el. density: ;>?CD = ⟨Ψ((@ Î &J8̂$M̂$ Ψ((⟩
Dipole self-energy contribution becomes 
visible in two electron density

Electrons favor 
symmetric
distribution

Excited state density

H! Excited States 
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Excited states show Rabi splitting
Formation of upper and lower polariton

Electronic 
states Cavity

0,1
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0, 71

0, 72
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0,171

Rabi splitting depends on the symmetry of 
electronic and photonic states

Depends on the 
orientation of the 
molecule

3)* 3#*

Depends on the
CC-truncation scheme (truncation in *+ )

0 ≠ ⟨', 0|#) !( *+# !( (, 20 = ⟨', 0| *+ (, 2

No coupling of states that differ 
by more than two photons

Similarity transformed 
Hamiltonian leads to couplings

Only if !Q includes !RE or .SFG
0 ≠ ⟨:, 0| +,, (Γ% |<, 2⟩
0 ≠ ⟨:, 0| +,, /0!" |<, 2⟩

¢Ω = 0.2204

0.00 0.01 0.02 0.03 ¢Ω = 0.8470

00 °0.075 °0.050 °0.025 0.000

¢Ω = 0.2287
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Upper PolaritonLower Polariton

¢Ω = 0.6374
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Difference1e-density for ,5 and 
,6 is almost the same 

In the 1e density, the 
formation of an upper 
and lower polariton can 
be seen as incomplete 
electronic transition

One-electron one-photon density
;>?# = ⟨Ψ((@ Î &J$ &' + &'$ Ψ((⟩

For Polaritonic ground state, 1e1p density 
indicates the vacuum fluctuation

Contraction of density towards bonds 
and atomic center

¢Ω = 0.0576

≤

3.081°1.744 10°3

Principal axis parallel 
to polarization vector

Principal axis orthogonal 
to polarization vectors
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Basis: unc-cc-pV5Z     7-./ = 12.5<= > = 0.05 ?. @.

For the calculation of polaritonic excited states

Non-Hermitian eigenvalue problem: 

External Magnetic Field

0

Γ% = Γ+⊗Γ, ⊗Γ(

Memory saving by storing 
only non-vanishing values

Packing of Irrep blocks  by 
exploiting (anti-)symmetric 
permutations 

Electric field direction w.r.t. to 
the electron position    → !( ⋅ !V

Counterpart to 
bilinear coupling
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Hamiltonian includes finite B-field

• Wave function becomes complex valued:    → Complex algebra 
• Hamiltonian depends on a gauge origin → AOs → GIAOs 

He dimer  Diamagnetic term ↔ dipole self-energy
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• Including cavity modes with higher frequencies
• Taking into account effects from mass renormalization
• Study higher-order contributions in multipole expansion

Electronic excitations:
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• Accurate treatment of Rabi splitting
• Point-group symmetry enables identification 

of excited states
• Coupling depends on cavity orientation
• Truncation scheme influences avoided 

crossings
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• CC wave function: 
• QED-CC ansatz1:

• Solved via projection techniques

• Implemented for truncation QED-CCSD-12-SD  

Can treat open-shell systems and use point-group symmetry

∑!" 𝑡!" +𝑎 #𝚤̂

Electronic exc. operator
/𝑇 = /𝑇$ + /𝑇% + /𝑇& +⋯

Photonic creat. operator
/Γ = /Γ$ + /Γ% +⋯

∑'( 𝛾'( 6𝛼# 8𝛽# ∑!)"*' 𝑠!)"*' +𝑎# /𝑏#𝚤̂ ̂𝚥 6𝛼#

Mixed exc. operator
8𝑆 = 8𝑆$$ + 8𝑆%$ +⋯+ 8𝑆$% + 8𝑆%% +⋯

Photons

Electrons

à Get amplitudes

Polaritonic coupled-cluster theory

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”



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.) 

Figure 5: Correlated one-electron density di!er-
ence for a benzene molecule in an unpolarized
cavity. Left and right plots are di!erent per-
spectives on the same density di!erence. Lower
plots show the k vector aligned in the molecu-
lar plane and the upper plots show the k-vector
normal to the molecular plane.

resulting point groups may di!er: For linearly
polarized cavities, the D6h symmetry is pre-
served for a polarization vector ω oriented per-
pendicular to the molecular plane. Aligning the
polarization vector within the molecular plane
reduces the symmetry to D2h. This is contrary
to the unpolarized cavity, where the D6h orien-
tation is preserved for the polarization vectors
lying in the molecular plane (and k perpendic-
ular to it). Thus, even if the systems have the
same point-group symmetry, they describe dif-
ferent physical situations. Furthermore, com-
paring the density di!erences ”ω in Fig 5 and
4, reveals that the change in the density is for
an unpolarized cavity about twice as high as for
a linearly polarized cavity. This is mainly due
to the fact, that the molecule is coupled by two
perpendicularly polarized modes to the electric
field, so the coupling e!ects are twice as strong.

Figure 6: Correlated one-electron density dif-
ferences for fluorobenzene in two orientations
within an unpolarized cavity.

3.2 Fluorobenzene

For the fluorobenzene molecule, qualitative dif-
ferences as compared to benzene are found:
Fig. 6 shows that the cavity can also be re-
sponsible for removing electrons from a bond,
here the F-C bond. Hence, both accumulation
and depletion of electron density in bonding re-
gions may occur. The density shifts are mainly
perpendicular to the k vector along the polar-
ization vectors as can be seen by comparing
the case where the k vector is perpendicular to
the molecular plane and where the k vector lies
within the molecular pain. If the k-vector is
aligned within the molecular plane and parallel
to the F-C bond (hence the polarization vec-
tors are perpendicular to the bond) the electron
density in the bond is almost una!ected. When
the k-vector is perpendicular to the F-C bond
(hence one polarization vector can be aligned
parallel to it) the electron density in the bond
is significantly reduced . A similar behavior is
encountered in a linearly polarized cavity when
the polarization vector is oriented along the
F-C bond. (see SI, Fig.13 )

3.3 Azulene

The azulene molecule is particularly interest-
ing, as it has already been investigated at the
QEDFT level of theory for a linearly polarized
cavity by Flick et al.15 This allows for a com-
parison between QED-CC and QEDFT predic-
tions. Fig (7) depicts the azulene molecule in
a linearly (left) and unpolarized cavity (right)

12

F

Monzel, Stopkowicz, J. Chem. Theory Comput. 22, 5991–6007 (2026)

59

Two polarization
vectors, 
resulting k-vector
along mirror axis

33

Fluorobenzene density differences



Summary

•CC developments for molecules in electromagnetic 
fields:

•Finite magnetic field CC developments for molecules 
in strong magnetic fields à Assignments of white 
dwarf spectra
•QED-CC developments for the investigation of 
polaritonic chemistry
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