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Talk outline

- Spectra of molecules

- Nuclear magnetization distribution effect in neutral atoms 
and molecules
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Why do we need really precise theory?

• Prediction of spectroscopic properties to prepare 
experiments

• Study of the nuclear properties:
- nuclear magnetic dipole moments
- nuclear electric quadrupole moments
- nuclear change radius (via isotope shifts)

• Search for the new physics effects
(nuclear Schiff moment, electron electric dipole moments)

It is impossible to interpret experiments without a good theory
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“Degrees of freedom” of electronic structure 
calculation

Basis 

set

Electron correlation

Hamiltonian

Dirac-Coulomb

Dirac-Coulomb-Breit

Dirac-Coulomb-Breit +QED

CCSDT

CCSDT(Q)

Nonrelativistic

HF
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Methods: the coupled cluster theory

CCSD(T)    (> PT4)    Complexity O(N7)

CCSDT(Q) (> PT6)     is better, but is EXTREAMLY expensive!
complexity O(N9) 
=> Compact basis set is required!

𝑇 = 𝑇1 + 𝑇2+ 𝑇3 + ⋯ cluster operator

e 𝑇 = 1 + 𝑇 +
𝑇2

2!
+ ⋯

Ψ𝐶𝐶 = e 𝑇 Φ0

𝑇1 = σ𝑖,𝑎 𝑡𝑖
𝑎𝑎𝑎

+𝑎𝑖

𝑇2 =
1

4
σ𝑖𝑗,𝑎𝑏 𝑡𝑖𝑗

𝑎𝑏𝑎𝑎
+𝑎𝑏

+𝑎𝑗𝑎𝑖

Multireference formulations: FS-CCSD, FS-CCSDT
in the ExpT code: http://qchem.pnpi.spb.ru/expt
[A.V. Oleynichenko, A. Zaitsevskii, E. Eliav, 
Commun. Comput. Inf. Sci., 1331, 375-386 (2020)]

http://qchem.pnpi.spb.ru/expt
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Methods: compact basis sets via the natbas code

CCSDT(Q): complexity: O(N9)

o Perform CCSD(T) calculations of 1-electron density matrix in a big basis set
(using the generalized relativistic effective core potential)
o Include all relevant atomic AND/OR molecular states

natbas:
Averaging over all density matrices 

(atomic and molecular) 
and atomic projections

and generating natural compact basis 
set

➢ Natural occupations provides a systematic way to construct compact basis set

➢ Direct basis set can be optimized for a given compound

➢ With compact basis set one can use complicated CCSDT, CCSDT(Q), etc. CC models

➢ Interfaces to: CFOUR, Dirac, MRCC, Exp-T

L.V. Skripnikov et al. Chem. Phys. Lett. 555 79 (2013)

L.V. Skripnikov J. Chem. Phys. 153, 114114 (2020)
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QED in molecules

What we need for an accurate theoretical prediction of transition energy

in heavy-atom molecules?

➢Good basis set (CBS)

➢Good treatment of the electron correlation effects

➢Good Hamiltonian: Dirac-Coulomb(-Breit)  

OR 

generalized relativistic effective core potential

http://qchem.pnpi.spb.ru/recp

➢QED effects should be included in order to achieve 

meV (~tens of cm-1) of accuracy for heavy-atom molecules

http://qchem.pnpi.spb.ru/recp
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QED effects for energies

Vacuum polarization (VP) Self-energy (SE)

~ Uehling potential for which a simple 

approximate formulas are available

Different expressions have been suggested for the model SE operator, e.g.:

- P. Pyykkö, L. B. Zhao, J. Phys. B 36, 1469 (2003). (local operator)

- V. V. Flambaum, J. S. M. Ginges, Phys. Rev. A 72, 052115 (2005).

- K.G. Dyall, J. Chem. Phys. 139, 021103 (2013).

- V. M. Shabaev, I. I. Tupitsyn, V. A. Yerokhin, PRA 88, 012513 (2013).

More complicated than VP. 

The method of model QED 

Hamiltonian is very promising. 
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Model SE operator

➢ Both diagonal and off-diagonal matrix elements of SE over H-like functions

𝜂𝑘𝑙𝑗𝑚 have been calculated in [V. M. Shabaev, I. I. Tupitsyn, V. A. Yerokhin, PRA 88, 012513 (2013)] 

for the first time

➢ The main idea of previous and present model SE operators is to rescale the Lamb 

shift matrix elements for the Coulomb potential

➢ The following expression for SE has been introduced:

| ൿℎ𝑘𝑙𝑗𝑚 are the orthogonal set of linear combinations of | ൿ෨ℎ𝑘𝑙𝑗𝑚 = 𝜂𝑘𝑙𝑗𝑚𝜃(𝑅𝑐 − |𝒓|) ,

𝜂𝑘𝑙𝑗𝑚 - H-like functions

The canonical orthogonalization-like procedure has been used to exclude linear 

dependence.

[L.V. Skripnikov J. Chem. Phys. 154, 201101 (2021)]
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QED in Ra+

L.V. Skripnikov J. Chem. Phys. 154, 201101 (2021)

Inclusion of QED effects allowed us to achieve a few meV level of accuracy for 

transitions energies and IP

units: meV ~ 8 cm-1

10145

10150

10155

10160

10165

10170
CCSD(T)

CCSDT

CCSDT(Q)

CCSDTQ + Gaunt

+ QED

Ra  IP+

Experiment

Dirac-Coulomb

CCSDTQ(P)

+Breit +QED
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QED in Ra+

L.V. Skripnikov J. Chem. Phys. 154, 201101 (2021)

Inclusion of QED effects allowed us to achieve a few meV level of accuracy for 

transitions energies and IP

units: meV ~ 8 cm-1

Experiment: C.A. Holliman, M. Fan, A. Contractor, M.W. Straus,

                    A.M. Jayich, Phys. Rev. A 102, 042822 (2020)
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QED in Ra+

L.V. Skripnikov J. Chem. Phys. 154, 201101 (2021)

Previous calculations:

- J.S.M. Ginges, V. A. Dzuba, Phys. Rev. A 91, 042505 (2015)

- T.H. Dinh, V. A. Dzuba, V. V. Flambaum, J. S. M. Ginges, Phys. Rev. A 78, 022507 (2008)

- E. Eliav, U. Kaldor, and Y. Ishikawa, Phys. Rev. A 53, 3050 (1996)

- R. Pal, D. Jiang, M.S. Safronova, U.I. Safronova, Phys. Rev. A 79, 062505 (2009)
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QED in RaF

L.V. Skripnikov J. Chem. Phys. 154, 201101 (2021)

Experiment: R.G. Ruiz, R.Berger, J. Billowes, et al., Nature 581, 396 (2020)

units: meV ~ 8 cm-1
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QED effects in homologs of E120-F
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L.V. Skripnikov et al J. Chem. Phys. 155, 144103 (2021)

Molecule Excitation energy, cm-1

X 2Σ1/2 -> 2Π1/2

BaF 11,663

RaF 13,299

E120F 17,879
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New data for the radioactive RaF molecule

M. Athanasakis-Kaklamanakis, S.G. Wilkins, L.V. Skripnikov et al, 

Nature Communications, 16, 2139 (2025)
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Что можно узнать о ядре, изучая молекулы?

1 GHz ~ 4*10-6 eV



Hyperfine structure and nuclear magnetization distribution
effect in molecules and atoms

To test the accuracy of Eeff calculation one usually calculates molecular HFS constants

Experiment

Quantum-chemical 
         calculation

 

=
ΔE
Eeff

electron EDM

Theory
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✓ Test of the electronic structure theory for problems of New 
physics search

✓ Tests of bound-state QED methods

✓ Study of the nuclear structure: valence nucleon configuration, 
many-body effects, etc.

E = E0 - EBW
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The hyperfine structure

μI
e-

𝐸𝐻𝐹𝑆 ~ 𝑰 ⋅ 𝑨 ⋅ 𝑺

18

HFS in the point magnetic dipole
approximation 

Finite nuclear magnetization distribution
contribution: Bohr-Weisskopf effect (BW)

E = E0 - EBW

E ~ μI



What is the nuclear magnetization distribution effect?
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The nuclear magnetic dipole moment operator: 𝝁 = 

𝑖

𝐴

𝑔𝑠𝒔(𝑖) + 𝑔𝑙𝒍(𝑖)

- Nucleon spin produces vector potential 𝐴𝑆 𝒓 that interacts with 

electrons and contributes to atomic HFS ~∫ 𝑑𝒓𝜓†𝑒𝜶𝑨𝑆 𝒓 𝜓

- Nucleon orbital motion produces vector potential 𝐴𝐿 𝒓 that 

interacts with electrons, which contributes ~∫ 𝑑𝒓𝜓†𝑒𝜶𝑨𝐿 𝒓 𝜓

𝝁 = 𝑔𝑠𝒔 + 𝑔𝑙𝒍Odd-A nucleus:

Electronic wave function penetrates inside the nucleus

𝝁 → 𝝁(𝒓)



BW effect factorization: summary

20

1.) only s1/2 and p1/2 functions contribute to the BW effect

2.) all s1/2-type functions proportional to 1s1/2 H-like function inside the nucleus
all p1/2-type functions proportional to 2p1/2 H-like function inside the nucleus

3.) Two special symmetry properties of the hyperfine interaction operator

L.V. Skripnikov, J. Chem. Phys. 153, 114114 (2020)

✓ If any of these properties is violated, then the accurate factorization for any state in 
heavy-atom compound would be impossible

The BW effect can be factorized into the pure electronic and nuclear depended 
parts due to:

Pure electronic part
Nuclear model-dependent 
parameter

𝐴 = 𝐴(0) − 𝐴𝐵𝑊

𝐵𝑠 =
1

2𝜇
𝐴𝐵𝑊(H − like ion)

𝐴𝐵𝑊 =
𝜇

𝐼Ω
𝒫𝑠 + 𝛽𝒫𝑝 𝐵𝑠



BW effect in 225Ra+

L.V. Skripnikov, J. Chem. Phys. 153, 114114 (2020).
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For any state of any 

𝐴𝐵𝑊 = 𝐴𝑡ℎ𝑒𝑜𝑟𝑦
0

− 𝐴 𝑅𝑎+
𝑒𝑥𝑝 𝐵𝑠

225𝑅𝑎

BW effect in any system



BW effect in 225RaF

L.V. Skripnikov, J. Chem. Phys. 153, 114114 (2020).

Thus, BW effect contribution about 4% to the HFS of RaF and should be taken into account
22



225RaF hyperfine structure experiment

23Science, accepted (2025); arXiv:2311.04121 [nucl-ex]



“Observation of the distribution of nuclear 
magnetization in a molecule”
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* Science, accepted (2025); arXiv:2311.04121 [nucl-ex] –
experiment in ISOLDE/CERN &, theory in PNPI

No BW , 

theory 2020

With BW,

theory 2020

Experiment 

2025 *

AII(
225RaF) -17780 -17049(170) -17064(62)

Aperp(
225RaF) -17123 -16403(164) -16324(25)

HFS constants for the ground electronic states of 225RaF in MHz

The BW effect was “observed” in a molecule for the first time



Thank you!
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Other topics on which our group is working on:

✓ Search for the New physics using atoms, molecules and solids 

electron electric dipole moment, axion-like-particle-induced interactions, nuclear T,P-

violating moments, etc.

✓ Isotope shifts, nuclei radii: Tl, Au, Si, Po, Ag, Al (towards test unitarity of the CKM matrix), etc
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