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History

QED gives contribution of about 1% to the hyperfine splitting E
In highly charged ions:

E = E0(1-ε) + EQED

HFS in the point magnetic dipole

approximation 

(can be calculated accurately)

QED contribution of interest

Finite nuclear magnetization distribution

contribution (hardly can be calculated 

accurately in ab-initio approach)

Highly charged ions can be used to test prediction of the

bound state QED in large electric and magnetic fields



[V.M. Shabaev et al Phys. Rev. Lett. 86, 3959 (2001)]:

Finite nuclear distribution contribution can be cancelled in the 

specific difference of the hyperfine splittings of H-like and Li-like ions 
209Bi

'E = E
(2s) 

- E
(1s)

History

 is the cancellation parameter
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“Hyperfine puzzle”

[V.M. Shabaev et al Phys. Rev. Lett. 86, 3959 (2001)]:

BS QED effects can be probed in a specific difference 

of the hyperfine (HFS) splitting values in H-like and Li-like 209Bismuth.

'E = E
(2s) 

- E
(1s)

Lochmann [2014]

Volotka [2012]

Ullmann et al,

Experiment [2017]

-61.8 -61.6

Shabaev [2001]

-61.2 -61.0 -60.8

'E = E
(2s) 

-E
(1s)

-61.4

'E (meV)
Experiment 2017: J. Ullmann, Z. Andelkovic, C. Brandau, A. Dax, W. Geithner, C. Geppert, 

C. Gorges, M. Hammen, V. Hannen, S. Kaufmann, K. König, Yu.A. Litvinov, M. Lochmann, B. Maaß, 

J. Meisner, T. Murböck, R. Sánchez, M. Schmidt, S. Schmidt, M. Steck,  T. Stöhlker, R.C. Thompson, 

C. Trageser, J. Vollbrecht, C. Weinheimer, W. Nörtershäuser, Nat. Commun. 8, 15484 (2017).



1. QED fails

2. The magnetic moment of 209Bi is different 

from the literature value

3. The elimination of nuclear structure 

contributions in the specific difference 'E 

does not work as expected

Possible reasons for the hyperfine puzzle
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How can we obtain the magnetic moment?

'E = 'E (μ) !

In the NMR experiment one can measure Larmor frequency:

νL=μuncorrected * B0/hI

μuncorrected - is the shielded nuclear magnetic moment

μ = μuncorrected / (1-σ)

Experiment

Theory

To obtain the actual value of the magnetic moment 

one have to calculate shielding constant:
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How accurately the magnetic moment of
209Bi is known?

μ=4.1106(2) μN

P. Raghavan, Atomic Data and Nuclear Data Tables 42, 189 (1989):

The value is extracted from the nuclear magnetic resonance experiment
on Bi(NO3)3 solution using the theoretical value of σ calculated for 
atomic cation Bi3+

[T. Bastug, B. Fricke, M. Finkbeiner, W. Johnson, Z. Phys. D 37, 281 (1996)]

In more recent calculation molecular environment [Bi(NO3)3 molecule…] 
contribution to σ was estimated to be << 1% :
μ=4.1103(5) μN
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How accurately the magnetic moment of
209Bi is known?

In [T. Bastug, B. Fricke, M. Finkbeiner, W. Johnson, Z. Phys. D 37, 281 (1996)]
the Bi(NO3)3 molecule has been considered.

- There are no Bi(NO3)3 molecules in the aqua solution!

- [Bi(H2O)n]
3+ but we do not know n!

- Even if we knew n the system is too complicated for an 

accurate calculation

Drawbacks of the Bi(NO3)3 aqua solution:



How accurately the magnetic moment of
209Bi is known?

From the theoretical point of view we need:

- more symmetrical molecule 

- with definite geometry 

- small number of atoms

Best choice: octahedral hexafluoridobismuthate (V) ion [BiF6]
-
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NMR in [BiF6]-

ν1 = ν(209BiF6
−)

ν2 = ν(209Bi(NO3)3 solution)

but  also ν1/ν(1H)=0.16017649(10); from previous measurement [Flynn & 
Seymour, Proc. Phys. Soc. LXXIII, 6, 3Q] we probably (?) know ν2/ν(1H)

=>                                                          
ν2 − ν1
ν1

= +3200 ppm

NMR data: [K. Morgan et al J. Magn. Reson. 52, 139 (1983)] is inconsistent:

ν2 − ν1
ν1

= −24 ppm
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NMR in [BiF6]-

ν1 = ν(209BiF6
−)

ν2 = ν(209Bi(NO3)3 solution)

but  also ν1/ν(1H)=0.16017649(10); from previous measurement [Flynn & 
Seymour, Proc. Phys. Soc. LXXIII, 6, 3Q] we probably (?) know ν2/ν(1H)

=>                                                          
ν2 − ν1
ν1

= +3200 ppm

One can this resolve discrepancy if we assume misprint:

ν1/ν(1H)=0.1601765(1)      → ν1/ν(1H)=0.1607165(1)    ???

NMR data: [K. Morgan et al J. Magn. Reson. 52, 139 (1983)] is inconsistent:

ν2 − ν1
ν1

= −24 ppm
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How accurately the magnetic moment of
209Bi is known?

L.V. Skripnikov, S. Schmidt, J. Ullmann, C. Geppert, F. Kraus, B. Kresse, 
W. Nortershauser, A.F. Privalov, B. Scheibe, V.M. Shabaev, M. Vogel, A.V. Volotka,
Phys. Rev. Lett., 120, 093001 (2018)

New experiment has been performed in

Concentration, temperature dependences were accurately analyzed

New: ν(209BiF6
-)/ν(1H) = 0.160 71 67(2) 

Old:   ν(209BiF6
-)/ν(1H) = 0.160 17 65(1) 
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NMR interpretation

μ = μuncorrected / (1-σ)

Experiment

Theory

σa, b =
𝜕2E

𝜕μa𝜕Bb
ቚ
0

HNMR = −𝐁 1 − 𝛔 𝛍
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𝜎 =
𝜕2𝐸

𝜕𝜇𝜕𝐵
ቚ
0

𝐻𝑍 = 𝑩 ⋅ 𝜇0[𝒓 × 𝜶]𝐻𝐻𝑦𝑝 = 𝝁 ⋅
[𝒓×𝜶]

r3

𝜎 = 1/3

𝑛≠0

0 𝒓 × 𝜶 𝑛 𝑛
𝒓 × 𝜶
r3

0

𝐸0 − 𝐸𝑛
+ 𝑐. 𝑐.

One-particle approximation (or uncoupled HF approximation):

n runs over both positive and negative energy states

“paramagnetic”

contribution

“diamagnetic”

contribution

NMR interpretation
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NMR in 209BiF6
-: DFT study

Method Diamagnetic Paramagnetic Total

DHF 8618 5768 14386

DFT: LDA 8622 2433 11055

DFT: PBE 8622 2766 11387

DFT: PBE0 8621 3726 12347

Shielding constant, ppm:

DFT uncertainty ~ 1300 ppm 
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• more efficient than CI: t(CISD) ~ t(CCSD)

• size extensive

the coupled cluster theory

CCSD(T)    > PT4

CCSDT(Q) > PT6
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Present calculation: NMR in 209BiF6
-

We have adapted the coupled cluster theory to calculate shielding constants

Method Diamag. Paramag. Total

DFT (PBE0)DZ 8621 3726 12347

DFT (PBE0)QZ 8628 3763 12391

138e-CCSD 4318

138e-CCSD(T) – 138e-CCSD -117

Gaunt -37

Final 12792
Molecular environment contribution > 20%!

Shielding constant, ppm:

BiF6
- molecule: 138 electrons

Correlation: CCSD(T) > PT4
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Lochmann [2014]

Volotka [2012]

Ullmann et al,

Experiment [2017]

-61.8 -61.6

Shabaev [2001]

-61.2 -61.0 -60.8

'E = E
(2s) 

-E
(1s)

-61.4

'E (meV)

This work [2018]

Results: “Hyperfine puzzle” solved

μ(old) =4.1106(2) μN

μ(new)=4.092(2) μN

L.V. Skripnikov, S. Schmidt, J. Ullmann, C. Geppert, F. Kraus, B. Kresse, 
W. Nortershauser, A.F. Privalov, B. Scheibe, V.M. Shabaev, M. Vogel, A.V. Volotka,
Phys. Rev. Lett., 120, 093001 (2018)
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Results: H-like and Li-like 209Bi

Theory Experiment

μ(old) μ(new)

E
(1s)

5112 (-5/+20) 5089 (-5/+20) 5085.03 (2)(9)

E
(2s)

801.9 (-9/+34) 798.3 (-9/+34) 797.645 (4)(14)

(*) Bohr-Weisskopf effect: the most elaborated calculation by Sen'kov and Dmitriev

[Nucl. Phys. A 706, 351 (2002)]

L.V. Skripnikov, S. Schmidt, J. Ullmann, C. Geppert, F. Kraus, B. Kresse, 
W. Nortershauser, A.F. Privalov, B. Scheibe, V.M. Shabaev, M. Vogel, A.V. Volotka,
Phys. Rev. Lett., 120, 093001 (2018)



1. QED fails

2. The magnetic moment of 209Bi is different 

from the literature value

3. The elimination of nuclear structure 

contributions in the specific difference 'E 

does not work as expected

Possible reasons for the hyperfine puzzle



Magnetic moment of 208Bi
If we have nuclear magnetic moment for stable isotope as well as hyperfine structure 
constants for 2 electronic states for both stable and short-lived isotopes
we can determine the nuclear magnetic moment of the short-lived isotope

Note the ratio of HFS constants A1 and A2:
𝐴1
𝐴2

=
𝜇1/𝐼1
𝜇2/𝐼2

(1 + 1∆2)

𝐴1[𝑎]

𝐴2[𝑎]

𝐴2[𝑏]

𝐴1[𝑏]
=

1+1∆2[𝑎]

1+1∆2[𝑏]
= 1 + 1𝛿2[𝑎, 𝑏]

1∆2 𝑏 =

1𝛿2 𝑎, 𝑏
1𝑟2 𝑎, 𝑏 − 1𝛿2 𝑎, 𝑏 − 1

1𝑟2 𝑎, 𝑏 =

1∆2 𝑎
1∆2[𝑏]



Magnetic moment of 208Bi

[S. Schmidt, et al, Phys. Lett. B 779(10), 324-330 (2018)]:

Within the mutireference CCSD theory we have calculated

208𝑟209[4𝑆3/2,
4𝑃1/2] = 1.54 14 => 1∆2 4𝑃1/2 = 0.0049(21),

Using μ(new 209Bi) and 208𝑟209 and experimental data for HFS constants

μ(208Bi)=4.570(10) μN

’E(208Bi) = -67.491(5)(148)



Magnetic moment of 207Pb

for Pb(NO3)2 in water: μ= 0.592 583 (9) μN

To obtain this results the shielding constant 
for the isolated Pb2+ ion has been used…

NEW experiment and theory: [PbF6]
2- in acetonitrile

V. Fella, L.V. Skripnikov, W. N ̈ortersh ̈auser, A.F. Privalov, 

M. Buchner, L. Deubner, F. Kraus, V.M. Shabaev, M. Vogel

Phys. Rev. Res. 2, 013368 (2020)

We used the 4c-CCSD(T) & 4c-DFT method to calculate σ.



Magnetic moment of 207Pb

for Pb(NO3)2 in water: μ= 0.592 583 (9) μN

To obtain this results the shielding constant 
for the isolated Pb2+ ion has been used…

NEW experiment and theory: [PbF6]
2- in acetonitrile

V. Fella, L.V. Skripnikov, W. N ̈ortersh ̈auser, A.F. Privalov, 

M. Buchner, L. Deubner, F. Kraus, V.M. Shabaev, M. Vogel

Phys. Rev. Res. 2, 013368 (2020)

We used the 4c-CCSD(T) & 4c-DFT method to calculate σ.

Result: μ(new 207Pb)=0.591 02(18) μN 



BW effect in molecules: one of motivations

Experiments to search for the electron EDM, and other T,P-violating effects

NE
d

eff

e
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1
=Sensitivity:

Next generation of eEDM experiments will be probably performed on laser-

coolable molecules such as RaF, YbOH, etc with big τ

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

constants

Experiment

Quantum-chemical 
         calculation

 

=
ΔE
Eeff

electron EDM

Theory



BW effect in molecules



BW effect in molecules



BW effect in molecules



BW effect in molecules

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

electronic part



BW effect in Ra+

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



BW effect in RaF

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



Thank you!
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