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From elementary particles to EDMs of atoms and molecules
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From elementary particles to EDMs of atoms and molecules
Lagrangian and atomic/molecular-level parameters

Electron-nucleon-level parameter space:
Nine parameters (electron-hadron level) Seven parameters

(global bounds)
Six parameters
(qualitative analysis)

𝑑e 𝑑e 𝑑e
𝑑n (𝑑sr

n , 𝑔0, 𝑔1, 𝑔2) 𝑑sr
n = −𝑑sr

p 𝑑N𝑑p (𝑑sr
p , 𝑔0, 𝑔1, 𝑔2)

𝑔0, 𝑔1, 𝑔2 𝑔0, 𝑔1 𝑔𝜋NN
𝑘s = 𝐴

𝑍
𝐶s = 𝐶s,p + 𝑁

𝑍
𝐶s,n 𝑘s 𝑘s

𝑘T = ⟨𝝈⟩N 𝐶T ≈ ∑
𝑛p

⟨𝝈⟩𝑛p 𝐶T,p + ∑
𝑛n

⟨𝝈⟩𝑛n 𝐶T,n 𝑘T 𝑘T

𝑘p = ⟨𝝈⟩N 𝐶p ≈ ∑
𝑛p

⟨𝝈⟩𝑛p 𝐶p,p + ∑
𝑛n

⟨𝝈⟩𝑛n 𝐶p,n 𝑘p 𝑘p

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, T. Chupp, M. Ramsey-Musolf, Phys. Rev. C 2015, 91, 035502, S. Degenkolb et al., arXiv 2024, hep-ph, 2403.02052.
3 / 21



Why molecules?

Pro Contra

✓Complex many body system ✗Complex many body system
✓Accessible internally broken symmetries ✗Lower resolution than in atoms
✓Can have a simpler electronic structure than atoms ✗Ab initio description can be limited
✓Recent breakthroughs in molecular spectroscopy

⇒ Tailoring a tuned quantum sensor from the periodic table!

Atoms Polar diatomic Linear polyatomic Non-linear polyatomic

∑
𝑎

〈
0

��� ®𝑟 · ®E ��� 𝑎〉〈
𝑎

��� 𝐻̂P,T
��� 0〉

𝐸0−𝐸𝑎
𝐸0 − 𝐸𝑎 ≲ THz 𝐸0 − 𝐸𝑎 ≲ GHz 𝐸0 − 𝐸𝑎 ≲MHz 𝐸0 − 𝐸𝑎 ≲ kHz

⇒ Molecular enhancement 3-6 orders of magnitude

4 / 21



Effective P,T -odd Hamiltonian
Linear molecule with one heavy nucleus

®𝜆

®𝑆

®𝐼

I) Ω > 0 with 𝐼 = 0
II) Ω = 0 with 𝐼 ≥ 1/2
III) Ω > 0 with 𝐼 = 1/2
IV) Ω > 0 with 𝐼 > 1/2

𝐻P,T =

®𝜆 · ®𝑆′︸︷︷︸
Ω

(𝑊d𝑑e +𝑊s𝑘s) + ®𝜆T · T · ®𝑆′︸      ︷︷      ︸
Θ

𝑊M (M̃𝜋𝑔𝜋NN + M̃EDM𝑑N)

+ ®𝜆 · ®𝐼︸︷︷︸
I

(
𝑊T𝑘T +𝑊p𝑘p +𝑊m

s 𝑘s +𝑊SS̃𝑔𝜋NN +𝑊m
d 𝑑e +𝑊m𝑑N +𝑊S𝑅vol𝑑N

)

We need from ab initio calculations:
Electronic structure factors (steeply scale with 𝑍) 𝑊d,𝑊s,𝑊M ,𝑊T,𝑊p,𝑊m

s ,𝑊S ,𝑊m
d ,𝑊m

Nuclear structure factors 𝑅vol, S̃, M̃EDM, M̃𝜋

⇒ Large enhancement factors ⇔ high sensitivity(?)

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, M. G. Kozlov, L. N. Labzowsky, J. Phys. B 1995, 28, 1933–1961, K. Gaul, R. Berger, J. Chem. Phys. 2020, 152, 044101.
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Single source model vs. global analysis

1× 10−30

1× 10−25

1× 10−20

1× 10−15

1× 10−10

1× 10−5

1

de dN ks kT kp ḡ0 ḡ1

Global atoms/molecules
Global atoms/molecules + neutron

Single source Hg/HfF+

Experimental uncertainties F. Allmendinger et al., Phys. Rev. A 2019, 100, 022505, N. Sachdeva et al., Phys. Rev. Lett. 2019, 123, 143003, S. A. Murthy et al., Phys. Rev. Lett. 1989, 63, 965–968,
T. A. Zheng et al., Phys. Rev. Lett. 2022, 129, 083001, J. J. Hudson et al., Phys. Rev. Lett. 2002, 89, 23003, J. J. Hudson et al., Nature 2011, 473, 493, T. S. Roussy et al., Science 2023, 381, 46–50, B. Graner
et al., Phys. Rev. Lett. 2016, 116, 161601, B. C. Regan et al., Phys. Rev. Lett. 2002, 88, 71805, D. Cho et al., Phys. Rev. A 1991, 44, 2783–2799, S. Eckel et al., Phys. Rev. A 2013, 87, 052130, R. H. Parker et al.,
Phys. Rev. Lett. 2015, 114, 233002, M. Bishof et al., Phys. Rev. C 2016, 94, 025501, V. Andreev et al., Nature 2018, 562, 355–360, ab initio electronic structure calculations from K. Gaul, R. Berger, J. High
Energ. Phys. 2024, 2024, 100 and nuclear structure data from T. E. Chupp et al., Rev. Mod. Phys. 2019, 91, 015001
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Single source model vs. global analysis
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Global P,T -odd measurement model

At least 6 experiments ℏ ®𝜔 needed to determine all effective parameters on molecular level:
ℏ ®𝜔 = 𝑾®𝑥P,T ®𝑥P,T = (𝑑e, 𝑑N, 𝑘s, 𝑘T, 𝑘p, 𝑔𝜋NN)

-1.0 -0.5 0.0 0.5 1.0

-1.0

-0.5

0.0

0.5

1.0

Gaussian probability distributions
→ Ellipsoidal coverage regions:

®𝑥T
P,T𝑼

−1
P,T ®𝑥P,T = 𝑃2 ,

𝑼−1
P,T = 𝑾T𝑼−1

𝜔 𝑾

Volume 𝑉 of coverage region: 𝑉 = 𝑃 2𝜋𝑁/2

𝑁Γ (𝑁/2) det
(
𝑼−1

P,T

)−1/2
.

For 𝑁 = 6 and 95 % CL (𝑃 = 3.55) and six independent measurements: 𝑉 = 3.55 𝜋3
6

6∏
𝑖=1

|ℏ𝜎𝜔,𝑖 |
|det(𝑾 ) | .

Determinant is maximal if all measurements have orthogonal sensitivities!
K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, T. Chupp, M. Ramsey-Musolf, Phys. Rev. C 2015, 91, 035502, JCGM 102:2011, Evaluation of measurement data – Supplement 2 to the “Guide

to the expression of uncertainty in measurement” – Extension to any number of output quantities, Standard, Joint Committee for Guides in Metrology, Paris, FR, 2011.
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For 𝑁 = 6 and 95 % CL (𝑃 = 3.55) and six independent measurements: 𝑉 = 3.55 𝜋3
6

6∏
𝑖=1

|ℏ𝜎𝜔,𝑖 |
|det(𝑾 ) | .

Determinant is maximal if all measurements have orthogonal sensitivities!
K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, T. Chupp, M. Ramsey-Musolf, Phys. Rev. C 2015, 91, 035502, JCGM 102:2011, Evaluation of measurement data – Supplement 2 to the “Guide

to the expression of uncertainty in measurement” – Extension to any number of output quantities, Standard, Joint Committee for Guides in Metrology, Paris, FR, 2011.
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Global P,T -odd measurement model
Do we need ab initio calculations? Fermi–Segré model

Simple effective one-electron wave functions at distances 𝑟 ≪ 𝑎0𝑍−1/3:

𝑓𝜅 (𝑟 ) =
𝜅

|𝜅 |𝑟
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𝜅
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(𝜅 + 𝛾𝜅 )𝐽2𝛾𝜅

(√︄
8𝑍𝑟
𝑎0

)

−

√︄
2𝑍𝑟
𝑎0

𝐽2𝛾𝜅 −1

(√︄
8𝑍𝑟
𝑎0

))
,

𝑔𝜅 (𝑟 ) =
𝜅𝑍𝛼

|𝜅 |𝑟
√︃
𝑍𝑎0𝜈3
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)
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γ(4γ2−1)

Effective quantum numbers 𝜈 contain all many-body information (O(𝜈𝜅 ) ∼ 1!)
⇒ Estimate the expectable order of magnitude of a property!

E. Fermi, E. Segrè, Z. Phys. 1933, 82, 729–749, L. L. Foldy, Phys. Rev. 1958, 111, 1093–1098, N. Fröman, P. O. Fröman, Phys. Rev. A 1972, 6, 2064–2067, C. Bouchiat, M. A. Bouchiat, J. Phys. (Paris) 1975,
36, 493–509.
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Global P,T -odd measurement model
Electronic structure enhancement factors

𝑊𝑖 𝛼𝑍-scaling Relativistic enhancement Reference

𝑊d 𝛼2𝑍3 3
𝛾1/2 (4𝛾2

1/2−1) P. Sandars, Phys. Lett. 1965, 14, 194–196, V. V
Flambaum, Yad. Fiz. 1976, 24, 383–386

𝑊m
d 𝛼𝑍2 𝑅(𝑍, 𝐴) − 1 V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A

1985, 110, 121–125
𝑊S 𝑍2 𝑅(𝑍, 𝐴) 3𝛾1/2

2𝛾1/2+1 O. P. Sushkov et al., Sov. Phys. JETP 1984, 60,
873–883

𝑊m 𝛼𝑍
15

(
1+ 7

16 (1−𝛾2
1/2 )+

93−4𝜋2
384 (1−𝛾2

1/2 )
2
)

16𝛾2
1/2−1 K. Gaul, R. Berger, J. High Energ. Phys. 2024,

2024, 100.
𝑊M 𝛼𝑍2 720Γ(𝛾1/2+𝛾3/2−2)

Γ(3+𝛾1/2−𝛾3/2)Γ(3−𝛾1/2+𝛾3/2)Γ(3+𝛾1/2+𝛾3/2) O. P. Sushkov et al., Sov. Phys. JETP 1984, 60,
873–883

𝑊s 𝛼𝑍3 𝑅(𝑍, 𝐴) 𝛾1/2+1
2 𝑓0 (𝑍) O. P. Sushkov, V. V. Flambaum, Sov. Phys. JETP

1978, 48, 608–611, V. A. Dzuba et al., Phys. Rev.
A 2011, 84, 052108

𝑊m
s 𝛼2𝑍3 𝑅(𝑍, 𝐴) I. B. Khriplovich, S. K. Lamoreaux, CP Violation

without Strangeness, Springer, Berlin, 1997
𝑊T 𝛼𝑍2 𝑅(𝑍, 𝐴) (2+𝛾1/2 )

3 V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A
1985, 110, 121–125

𝑊p 𝛼2𝑍3 𝑅(𝑍, 𝐴) V. V. Flambaum, I. B. Khriplovich, Phys. Lett. A
1985, 110, 121–125

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Do the analytic models work?
Open-shell molecules: P, T-odd ratio and coverage region in 𝑑e-𝑘s parameter space

10−2

10−1

100

101

102

10 100

∣ ∣ W
d
,I
I

∣ ∣ γ
4
( 1

0
2
4
h
H
z

e
c
m

)

Z

(Mg-E120)F

10−4.12 Z2.56

(Sc-E121)O

10−4.32 Z2.71

(Ce-Th)N

(Yb-No)F

(Lu-Lr)O

(Ti-Hf)N

10−4.97 Z3.16

(Cd-Cn)H

10−4.59 Z3.11

(B-Tl)O

10−4.27 Z2.85

10−2

10−1

100

101

102

10 100

∣ ∣ W
d
,I
I

∣ ∣ γ
4
( 1

0
2
4
h
H
z

e
c
m

)

Z

(Mg-E120)F

10−4.12 Z2.56

(Sc-E121)O

10−4.32 Z2.71

(Ce-Th)N

(Yb-No)F

(Lu-Lr)O

(Ti-Hf)N

10−4.97 Z3.16

(Cd-Cn)H

10−4.59 Z3.11

(B-Tl)O

10−4.27 Z2.85

𝐴∼𝑊−1
d,1𝑊−1

d,2

���� 𝑊s,1
𝑊d,1

−
𝑊s,2
𝑊d,2

����−1

𝐴 ≈
𝑘2

p𝜋 |𝑢(𝜈1)𝑢(𝜈2) |

10𝑏d,1+𝑏d,2 𝑍
𝑎d,1
1 𝑍

𝑎d,2
2

𝛾4
1𝛾

4
2

0.9 ·
��1.02𝑍1 − 1.02𝑍2

�� × 1027 Hz2

𝑒·cm

0.1

1

20 40 60 80 100 120

∣ ∣ ∣W
d

W
s

∣ ∣ ∣×
10

−
2
1
·e

·c
m

Z

Numerical results
100.05±0.01 · 10(−0.0090±0.0002)Z

ThO
HfF+

Analytical atomic model

20 40 60 80 100

20

40

60

80

100

Z1

Z
2

log10(A )

-5

-4

-3

-2

-1

0

1

2

3

4

5

vs.

Ab initio model: group 2, group 12

20 40 60 80 100

20

40

60

80

100

Z1

Z
2

log10(A )

-5

-4

-3

-2

-1

0

1

2

3

4

5

K. Gaul et al., Phys. Rev. A 2019, 99, 032509, T. Fleig, Phys. Rev. A 2017, 96, 040502, T. Fleig, M. Jung, J. High Energy Phys. 2018, 2018, 12.
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Do the analytic models work?
Closed shell atoms/molecules: P, T-odd ratio for nuclear spin-dependent parameter spaces

Antonio Rivera Vargas
RPA-HF calculations of a large set of
closed-shell

atoms (Be-E120), (Zn-Cn),
(B-Nh)+, (He-Og)
molecules (Li-E119)F/H, (Sc-Ac)F,
(Ti-Rf)O+, (Cu-Ag)H,
(Be-Ra)CC/SH+
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Cancellation of 𝑊hf
d at 𝑍 = 34

Random phase approximation/coupled perturbed HF
DFT calculations, finite nucleus effects and many body effects on 𝑊d are currently analysed.
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DFT calculations, finite nucleus effects and many body effects on 𝑊d are currently analysed.
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On average analytic models work
Misses difference in nuclear charge and magnetization density
Electron correlation important for 𝑊hf

s , 𝑊hf
d or RPA treatment problematic

𝑊hf
d features cancellation of e-e and e-p excitations.



Global minimization within a simplified model

Purpose and limitations of the model:

✓ Choosing complementary electronic structures
✓ Maximizing sensitivity to electronic and hadronic

sector simultaneously
✓ Combinable with sophisticated nuclear structure

models
✓ Expandable to contain theoretical uncertainties
✓ Impact of models for CP-violation on electronic

structure of various systems
✗ Complementarity in nuclear structure
✗ Advantages of odd or even proton numbers
✗ Directly extract sensitivity on the fundamental

particle level

Additional approximations:

Only 6 experiments with fixed uncertainties 𝜎𝜈,0 = 1 arb.u.: 𝑉 ∼ |det (𝑾 ) |−1

Crude estimates for nuclear structure:

SEDM ≈ 3
50 𝐴2/3 (1.2 fm)2 3 + 2𝐼

3 + 3𝐼 (𝑑p + 𝑑n )

S𝜋 ≈
(
0.02 18𝑒

20𝜋
√

35
0.14𝑍
𝐴1/3 (1.2 fm𝐴1/3 )3

+ 3𝑒𝑞ext
50 0.14 fm(1.2 fm𝐴1/3 )2

)
3 + 2𝐼
3 + 3𝐼 𝑔𝜋NN

MEDM ≈ −3
2𝑚p

1
𝐼 + 1 (𝑑p + 𝑑n )

M𝜋 ≈ 3𝑒 (𝜇 − 𝑞ext )
2𝑚p

1.4 × 10−14 cm 1
𝐼 + 1 𝑔𝜋NN,(4+6−1

6
)
− ∑4

𝑘=1
(𝑘+2−1

2
)
= 64 minimizations with respect to {𝑍𝑖 } (for all

combinations of different classes).

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100, I. B. Khriplovich, S. K. Lamoreaux, CP Violation without Strangeness, Springer, Berlin, 1997, J. S. M. Ginges, V. V. Flambaum, Phys. Rep.
2004, 397, 63–154.
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Minimization of the coverage volume within the simple model

I) Ω > 0 with 𝐼 = 0; II) Ω = 0 with 𝐼 ≥ 1/2
III) Ω > 0 with 𝐼 = 1/2; IV) Ω > 0 with 𝐼 > 1/2

1 Trivial requirements: 𝑁I ≤ 2,
𝑁I + 𝑁II + 𝑁III + 𝑁IV ≥ 6

2 𝑁II,III,IV ≤ 3
3 If 𝑁𝐴 = 3, 𝑁𝐵 ≤ 2 ∀𝐴, 𝐵 ∈ {II, III, IV}

𝑉 = 1.0 × 10−3 arb.u. (1.) 𝑉 = 1.7 × 10−3 arb.u. (7.)

𝑉 = 3.8 × 10−3 arb.u. (14.) 𝑉 = 7.5 × 10−3 arb.u. (28.)
⇒ Same class → considerably different 𝑍 .
⇒ ≥ 3 of same class → system with lower 𝑍

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Global ab initio study of current experimental status
Past, present and future atomic and molecular experiments
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Current experimental status (“rule-of-thumb nuclear structure”)
2D subspaces cut from 6D ellipsoid

Most important: ThO, HfF+, Hg, Xe, TlF
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Current experimental status (“rule-of-thumb nuclear structure”)
How to choose complementary systems?

Achievable uncertainties are assumed for new molecular experiments with
𝜎𝑑 = 1 × 10−23 𝑒 cm−1 with typical polarization field strength, and for new
atomic experiments with 𝜎𝑑 = 1 × 10−28 𝑒 cm−1.

I) Ω > 0 with 𝐼 = 0
II) Ω = 0 with 𝐼 ≥ 1/2
III) Ω > 0 with 𝐼 = 1/2
IV) Ω > 0 with 𝐼 > 1/2
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Nuclear structure input will change results!
Experiments with ions and polyatomic molecules are promising.
Uncertainties of experiments with SrOH or YO are possibly much lower.
→ From a global view not necessary to use only the heaviest systems!

K. Gaul, R. Berger, J. High Energ. Phys. 2024, 2024, 100.
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Polyatomic radioactive molecular ions
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Closed-shell atoms and molecules such as Hg and TlF provide some of the best low-energy tests of hadronic
CP violation beyond the standard model of particle physics, which is considered to be a necessary ingredient to
explain the observed excess of matter over antimatter in our universe. CP violation is expected to be strongly
enhanced in octupole-deformed nuclei such as 225Ra. Recently, closed-shell radium-containing symmetric-top
molecular ions were cooled sympathetically in a Coulomb crystal [Fan et al., Phys. Rev. Lett. 126, 023002
(2021)] and shown to be well suited for precision spectroscopy in the search for fundamental physics [Yu and
Hutzler, Phys. Rev. Lett. 126, 023003 (2021)]. In closed-shell molecules hadronic CP violation contributes
to a net electric dipole moment (EDM) that violates parity and time-reversal symmetries (P, T ), which is
the target of measurements. To interpret experiments, it is indispensable to know the electronic-structure-
enhancement parameters for the various sources of P, T violation which contribute to the net P, T -odd EDM.
We employ relativistic density-functional-theory calculations to determine relevant parameters for interpretation
of possible EDM measurements in RaOCH3

+, RaSH+, RaCH+
3 , RaCN+, and RaNC+ and perform accurate

relativistic coupled-cluster calculations of the Schiff-moment enhancement in RaSH+ to gauge the quality of the
density-functional-theory approach. Finally, we project to bounds on various P, T -odd parameters that could be
achievable from an experiment with RaOCH3

+ in the near future and assess its complementarity to experiments
with Hg and TlF.

DOI: 10.1103/PhysRevA.109.042819

I. INTRODUCTION

Molecules and molecular ions provide some of the best
probes of simultaneous violation of parity and time-reversal
symmetries (P, T violation) [1]. Within the current experi-
mental resolution a measurement of a P, T violation would be
indirect evidence of a CP violation beyond the standard model
of particle physics [2], which is assumed to be necessary to
explain the imbalance between matter and antimatter (baryon
asymmetry) in our universe [3]. Recently, an experiment with
the molecular ion HfF+ tightened the upper bound on the
electron electric dipole moment (eEDM) [4]. Whereas such
experiments with open-shell molecules have been established
for searching for P, T violation in the electron sector, experi-
ments with closed-shell atoms such as mercury provide some
of the best bounds on P, T violation in the hadronic sector
[5]. Similar to polar open-shell molecules, P, T -odd effects
in polar closed-shell molecules are enhanced by several orders
of magnitude compared to the atom due to close-lying rota-
tional states of opposite parity [6,7]. This will be exploited,
for instance, in the upcoming Cold molecule Nuclear Time-
Reversal EXperiment (CeNTREX) with TlF [8].

*konstantin.gaul@chemie.uni-marburg.de

In addition to the benefits of relativistic enhancement of
P, T violation in heavy atoms and molecules, the heaviest
elements can possess isotopes with octupole deformation,
which can significantly enhance the P, T -odd nuclear Schiff
moment compared to spherical nuclei such as Tl or Hg [9,10].
In particular, 225Ra was identified to possess a large oc-
tupole deformation [11,12] and is expected to have a strongly
enhanced nuclear Schiff moment [13–16]. This nuclear en-
hancement is exploited in an experiment with 225Ra [17,18],
which is expected to be able to improve the bounds on CP
violation from the Hg experiment in the near future.

Recent developments make precision spectroscopy of
molecules containing short-lived radioactive isotopes, such
as 225Ra, feasible [19–22]. Moreover, the proposal for direct
laser cooling of polyatomic molecules [23] and its successive
realization [24] were promptly followed by the exploration
of the advantages of polyatomic molecules for EDM ex-
periments [25–27]. Very close lying � or K doublets can
serve as internal comagnetometers and enable large polariza-
tion with weak electric fields, which renders symmetric-top
and asymmetric-top molecules prospective candidates in the
search for P, T violation [26].

Radium-containing polyatomic molecular ions combine
these advantages of nuclear structure and molecular structure
in a single system and can be expected to be exception-
ally suitable for tightening bounds on hadronic CP violation.

2469-9926/2024/109(4)/042819(11) 042819-1 ©2024 American Physical Society
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Multiply charged polar radioactive molecules
229PaF3+
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Multiply charged polar radioactive molecules
235UO3+

8

entirely on uranium, in UO4+ a significant fraction of
charge is found on oxygen (+0.4 e). The computed dis-
sociation energies suggest, that in UO4+ other bonding
mechanisms like covalent interactions or correlation ef-
fects overcome the electrostatic repulsion. This can be
clarified with a dedicated analysis of the chemical bond
in UO4+, which is, however, beyond the scope of the
present study.
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FIG. 5. Relevant excerpts of the potential energy curves
of UO3+ and UO4+ for estimating dissociation energies at
the level of 2c-ZORA-cGKS-PBE0/d-aug-dyall.cv3z. Disso-
ciation energies computed from separate atoms are shown as
gray horizontal lines. The crossing of the triplet and singlet
curves of UO4+ happens at about 1.9 Å. Lines are shown to
guide the eye. Because of an admixture of quartet states the
potential curve of the 2Φ5/2 in UO3+ lies between 2.2Å and
2.6 Å above the dissociation limit.a
a Although not explicitly computed in the present work, we

expect the quartet state 4Γ5/2 corresponding to the Coulomb
explosion channel to lie below the 2Φ5/2 state for bond length
larger than 2.2Å. Moreover, for longer bond lengths than 2.6 Å,
it is likely that the 6H5/2 and 8I5/2 states of UO3+

subsequently are lower than the 4Γ5/2 state. For UO4+ the
5H3 and 7I3 states will probably subsequently lie lower than
the 4Γ3 one towards bond dissociation.

To estimate the barrier towards Coulomb explosion
in UO4+, we computed the potential energy curve of
the electronic ground state (1Σ0) dissociating in O
(3P2 : [He]2s21/2p

2
1/2p

2
3/2) and U4+ (3H4 : [Rn]5f25/2) and

the crossing point with the triplet state (3Γ3) which
dissociates to O+ (4S3/2 : [He]2s21/2p

1
1/2p

2
3/2) and U3+

(4I9/2 : [Rn]5f35/2) at the level of PBE0 as shown in Fig-
ure 5 (the corresponding figure for PBE50 is provided
in the Supplemental Material [54]). To illustrate the in-
volved electronic configurations a qualitative molecular
orbital scheme for the singlet state at equilibrium bond
length and the triplet state close to the crossing point
of the potential curves is provided in Figure 6. We find
a barrier of 0.63 eV for a transition from the singlet to
the triplet electronic state in UO4+ (computed at the
level of PBE0 including a ZPV correction of −0.06 eV,
at the level of PBE50 we find 0.40 eV). This suggests
that within a harmonic approximation vibrational states
with quantum numbers v < 6 (v < 3) are bound. As-

suming a Boltzmann distribution of harmonic oscillators
roughly one per mill of the molecules occupy the lowest
six vibrational states at room temperature. Large anhar-
monic effects, which will play a role at the crossing point
of the singlet and triplet states, could lead to a lowering
of vibrational energies. The life time of higher-lying vi-
brational states of UO4+ could be estimated following a
semi-classical approach but would probably not exceed
nanoseconds [95]. If UO4+ is formed predominantly by
ionization of UO3+, the vibrational population of UO4+

is expected to be governed by Franck–Condon factors be-
tween the vibrational states of UO3+ and UO4+. In this
case, the resulting vibrational-state distribution may fa-
vor low-lying vibrational levels of UO4+. Such a popula-
tion bias is consistent with the comparatively high exper-
imental signal intensity observed for UO4+. Our analysis
demonstrates that a detailed theoretical study of the ex-
cited state manifold with more sophisticated relativistic
multi-reference methods will be crucial towards spectro-
scopic studies of highly charged actinide molecules.

D. Fundamental physics sensitivity of triply
charged uranium monoxide

Uranium isotopes are well-deformed nuclei [100]. The
odd-A isotopes 233U, 235U are expected to show oc-
tupole collectivity [101], where A is the nuclear mass
number. Therefore, they may strongly enhance simul-
taneous violations of parity (P ) and time-reversal sym-
metry (T ), which manifests in P, T -odd nuclear Schiff
moments [102] or nuclear magnetic quadrupole moments
(NMQMs) [103]. To the best of our knowledge only one
U-containing molecule was studies with respect to P, T -
odd effects before: In a study of UF3+, a rich electronic
structure was found which is probably impractical for the
purpose of precision experiments [34]. In the following we
evaluate the electronic structure sensitivity of UO3+ to
P, T -violation. According to our calculations UO3+ has
an electronic ground state similar to PaF3+, which was
found to be suited for precision studies of fundamental
physics [20, 78, 104].

P, T -violation manifests itself in a permanent elec-
tric dipole moment (EDM) of a molecule. To com-
pute the sensitivity of a molecular EDM to fundamental
sources of P, T -violation, we consider possible contribu-
tions discussed in Refs. [15, 77, 78, 105]: We consider
the tensor-pseudotensor kT, scalar-pseudoscalar ks, and
pseudoscalar-scalar kp nucleon-electron current interac-
tion coupling constants, the electron EDM de, the short-
range neutron EDM dsrn , the isoscalar ḡ0, and the isovec-
tor ḡ1 pion-nucleon interaction coupling constants. This
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FIG. 4. Spectra of atomic and monoxide uranium ions in
charge states 2+ (green), 3+ (red) and 4+ (orange). Laser
fluence was varied in the range from 340 to 470 J·cm−2 and
five recorded spectra were summed. The laser fluences for
given species (Uz+ and UO0–1

z+ with z = 2, 3, 4) are listed
in Table II.

ate multiply charged actinide molecules for spectroscopic
applications and precision studies.

No evidence was found for atomic or oxidic species in
charge states n ≥ 5, fully consistent with our quantum-
chemical analysis of thermodynamic stability. The cal-
culations suggest that UO4+ is metastable, with a bar-
rier of significantly less than 1 eV towards Coulomb ex-
plosion (see III C). This indicates that the quadruply
charged monoxide already represents a limiting case: any
further electron removal would probably lead to imme-
diate bond cleavage, rather than formation of a stable
UO5+ species. While the generation of atomic U5+ at
higher fluences remains plausible, the existence of molec-
ular uranium oxides beyond UO4+ would require stabi-
lization mechanisms not captured by the present experi-
ments or theoretical framework. Identifying or excluding
such mechanisms represents a critical challenge for fu-
ture work, as it will determine whether a fundamental
energetic boundary defines the upper limit of actinide
molecular ion chemistry.

C. Quantum chemical study of thermodynamic
stability

We benchmarked the performance of employed
exchange-correlation functionals by computing the first
to sixth ionization energies of U as well as the ionization
energy of oxygen (IV). We find an excellent agreement for
the PBE0 functional within our broken-symmetry cGKS
approach with relative deviations to literature values be-

TABLE III. Approximate non-relativistic electronic ground
state configurations of different charge states of uranium and
oxygen and corresponding ionization energies as computed
at the levels of 2c-ZORA-cGKS-PBE50/d-aug-dyall.cv3z and
2c-ZORA-cGKS-PBE0/d-aug-dyall.cv3z compared to experi-
mental (exp) and theoretical (theo) data in the literature.

Atom Term I/eV Iref/eV Ref.
PBE50 PBE0

O 3P2 13.50 13.64 13.618 055(7) exp[88]
O+ 4S3/2

U 5L6 6.29 6.14 6.194 05(6) exp[89]
U+ 4I9/2 12.07 11.55 11.6(4) exp[90]
U2+ 5I4 18.52 19.42 19.8(3) exp[90]
U3+ 4I9/2 32.78 33.03 36.7(10) exp[90]
U4+ 3H4 47.56 47.75 46.0(19) theo[91]
U5+ 2F5/2 63.21 63.46 62.0(16) theo[90]
U6+ 1S0

low 5% for ionization energies of uranium except for the
fourth ionization energy where we find a deviation of
10 %. The ionization energy of oxygen is in perfect agree-
ment with literature as well (deviation below 1%). The
accuracy of results obtained with the PBE50 functional
is generally lower. Deviations are, however, still below
7 % except for the fourth ionization energy (11 %).

The approximate term symbols found for electronic
ground states of the molecular species UOz+ with z =
0, 1, 2 are in agreement with previous theoretical studies
[92]. The determined electronic ground state of UO3+

is equal to the electronic ground states in the isoelec-
tronic species PaO2+ [20, 34, 93] and PaF3+ [20]. Our
results for equilibrium bond length, harmonic vibrational
wavenumbers and dissociation energies for UOz+ with
z = 0, 1, 2 are compared in Table IV with previous cal-
culations and experimental values. We find a reasonable
agreement but have to note that the present methodology
underestimates bond length and overestimates harmonic
vibrational wavenumbers by 1% and 3%, respectively,
for the PBE0 functional. The deviations are slightly
larger for PBE50. Therefore, the present calculations
may slightly overestimate the overall bond strength in
UOz+. This is also reflected in an overestimation of
the dissociation energies of UO and UO2+ by roughly
3 %. Although the PBE50 functional predicts slightly
shorter bonds and larger harmonic vibrational wavenum-
bers, predicted dissociation energies are generally lower
than for PBE0. Overall we conclude that the present
methodology is suitable for determining the thermody-
namic stability of uranium monoxide molecules.

In Table IV we summarize all results for UOz+ with
z = 0, 1, 2, 3, 4. We find that UO3+ and UO4+ are
possibly meta-stable against Coulomb explosions. The
Coulomb explosion channels lie 2.6 eV and 17.5 eV be-
low the energetic minima of bound UO3+ and UO4+,
respectively. The stability against Coulomb explosion
is reflected in the computed Mulliken partial charges.
Whereas in UO3+ the positive charge is located almost
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Periodic trends of P,T -violation in 2Σ1/2-ground state molecules

Chemical influence on scaling behavior of eEDM interactions
Empirical atomic model 𝑊d ∼ 𝛼2𝑍3

𝛾4 ; ZORA-cGKS-B3LYP calculations
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⇒ Chemically suppressed 𝑍-scaling in group 2 and 3
⇒ Chemical enhancement in group 4 and 12
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Chemical enhancement enormous for isoelectronic species:
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ZORA-cGKS-BHandH approach

Computation of all 𝑊𝑖 for all relevant systems
Comparison with literature of available 𝑊𝑖
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Polyatomic molecules
Linear polyatomic molecules: MOH

𝑊d, 𝑊s and 𝑊s
𝑊d

similar to MF
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Numerical results

100.05±0.01 · 10(−0.0090±0.0002)Z

ThO
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MOH

⇒ No advantages for disentanglement

Laser-coolable 1st excited vibrational state:
Experiment: Internal co-magnetometer states
Calculations: Vibrational corrections to Eeff
negligible (< 1%)

⇒ Promising candidates for experiment
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H-bending modes in YbOH
I. Kozyryev, N. R. Hutzler, Phys. Rev. Lett. 2017, 119, 133002, K. Gaul, R. Berger, Phys. Rev. A 2020, 101, 012508, A. Zakharova, A. Petrov, Phys. Rev. A 2021, 103, 032819.
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Polyatomic molecules
General polyatomic molecules

®𝑎
®𝑏 ®𝜆®𝑆

®𝐼

I) Ω > 0 with 𝐼 = 0
II) Ω = 0 with 𝐼 ≥ 1/2
III) Ω > 0 with 𝐼 = 1/2
IV) Ω > 0 with 𝐼 > 1/2

𝐻sr = ®𝜆T · (𝑾d𝑑e +𝑾s𝑘s) · ®𝐽e + ®𝜆T · (T ·𝑾M ) · ®𝐽e (M̃𝜋𝑔𝜋NN + M̃EDM𝑑N)

+ ®𝜆T ·
(
𝑾T𝑘T +𝑾p𝑘p +𝑾m

s 𝑘s +𝑾SS̃𝑔𝜋NN

+𝑾m
d 𝑑e +𝑾m𝑑N +𝑾S𝑅vol𝑑N

)
· ®𝐼I

®𝜆 is the polarization axis.
Lowered molecular symmetry → More degrees of freedom → 𝑾𝑖 are rank-1 tensors in the
molecule-fixed coordinate system.
May bring advantages for disentangling different sources?
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Stability of highly charged molecules

MX3+ can be stable if IP of M3+ is about IP of X.
⇒ Actinides combined with F, O or N

UF3+ known → AcF3+, ThF3+, PaF3+

PaF3+ has a single valence electron (isoelectronic to RaF).
RECP-CCSD(T) calculations combined with ZORA-DFT

⇒ Very stable bond in PaF3+
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D. Schröder, H. Schwarz, J. Phys. Chem. A 1999, 103, 7385–7394.
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