Use of molecular systems to study nuclei properties
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History

Highly charged ions can be used to test prediction of the
bound state QED in large electric and magnetic fields

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

/ 1‘ \
_ , o QED contribution of interest
HFS in the point magnetic dipole

approximation
(can be calculated accurately)

Finite nuclear magnetization distribution
contribution (hardly can be calculated
accurately in ab-initio approach) ?



History

[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
ZOQBi

A'E = AE¥®) - g AEUS)

¢ Is the cancellation parameter



"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 2°°Bismuth.
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Experiment 2017: J. Ullmann, Z. Andelkovic, C. Brandau, A. Dax, W. Geithner, C. Geppert,

C. Gorges, M. Hammen, V. Hannen, S. Kaufmann, K. Konig, Yu.A. Litvinov, M. Lochmann, B. Maal},

J. Meisner, T. Murbock, R. Sanchez, M. Schmidt, S. Schmidt, M. Steck, T. Stohlker, R.C. Thompson,

C. Trageser, J. Vollbrecht, C. Weinheimer, W. Nortershauser, Nat. Commun. 8, 15484 (2017). 4




Possible reasons for the hyperfine puzzle
1. QED fails

2. The magnetic moment of 2°Bi is different
from the literature value

3. The elimination of nuclear structure
contributions in the specific difference A'E
does not work as expected



How can we obtain the magnetic moment?
A'E = A'E () !
In the NMR experiment one can measure Larmor frequency:

— *
VL=Muncorrected BO/h |

Muncorrected - 1S the shielded nuclear magnetic moment

To obtain the actual value of the magnetic moment
one have to calculate shielding constant:

Experiment

l
M = Myncorrected / (1_?)

Theory ]



How accurately the magnetic moment of
209Bj is known?

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

u=4.1106(2) py

The value is extracted from the nuclear magnetic resonance experiment
on Bi(NO;),; solution using the theoretical value of o calculated for
atomic cation Bi3*

In more recent calculation molecular environment [Bi(NO,); molecule...]
contribution to o was estimated to be << 1% :
u=4.1103(5) wy [T. Bastug, B. Fricke, M. Finkbeiner, W. Johnson, Z. Phys. D 37, 281 (1996)]



How accurately the magnetic moment of
209Bj is known?

In [T. Bastug, B. Fricke, M. Finkbeiner, W. Johnson, Z. Phys. D 37, 281 (1996)]
the Bi(NO,); molecule has been considered.

Drawbacks of the Bi(NO,); aqua solution:

- There are no Bi(NO,); molecules in the aqua solution!
- [Bi(H,0),.]** but we do not know n!

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



How accurately the magnetic moment of
209Bj 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 [BiF]




NMR in [BiF]-

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

tesla on a 9.1-mm column of ~0.1 M (CH;);N*BiF,~ in acetone). Remeasurement
of a saturated solution of Bi(NO,); in concentrated HNO, gave a[chemical shift value

of I—24 Bgnﬂwith respect to BiF;~. The exact [resonance trequencE of ?°°Bi in the

aforementioned hexafluorobismuthate sample was determined to bel16,017,649 + 1
Hz at 25°C in a field in which the protons in TMS resonate at exactly 100 MHz.

v, = V(?9BiF,")
v, = v(29Bi(NO,), solution)

V, =V

=-24 ppm
Vi

but also v,/v(*H)=0.16017649(10); from previous measurement [Flynn &
Seymour, Proc. Phys. Soc. LXXIlI, 6, 3Q] we probably (?) know v,/v(1H)
Y2~ Y1 - 43200 ppm

=>
1
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NMR in [BiF]-

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

tesla on a 9.1-mm column of ~0.1 M (CH;);N*BiF,~ in acetone). Remeasurement
of a saturated solution of Bi(NO,); in concentrated HNO, gave a[chemical shift value

of I—24 Bgnﬂwith respect to BiF;~. The exact [resonance trequencE of ?°°Bi in the

aforementioned hexafluorobismuthate sample was determined to bel16,017,649 + 1
Hz at 25°C in a field in which the protons in TMS resonate at exactly 100 MHz.

v, = V(?9BiF,")
v, = v(29Bi(NO,), solution)

V, =V

=-24 ppm
Vi

but also v,/v(*H)=0.16017649(10); from previous measurement [Flynn &
Seymour, Proc. Phys. Soc. LXXIlI, 6, 3Q] we probably (?) know v,/v(1H)
Y2~ Y1 - 43200 ppm

=>
1

One can this resolve discrepancy if we assume misprint:

v,/v(*H)=0.1601765(1) > v,/v(*H)=0.1607165(1) ?7??
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How accurately the magnetic moment of
209Bj is known?

New experiment has been performed in

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)

Old: v(2%BiF,’)/v(*H) = 0.160 17 65(1)

New: v(299BiF,’)/v(*H) =0.160 71 67(2)

Concentration, temperature dependences were accurately analyzed
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NMR interpretation

Experiment

Gab_
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NMR interpretation

B 0°E
G_a,uaB 0
HHyp :”[r;a] HZ:B "Ll()[rxa]

One-particle approximation (or uncoupled HF approximation):

0—1/32<0|rxa|n><E‘ L + c.c.

n+0

rXa O>

n runs over both positive and negative energy states

1 1

“paramagnetic®  “diamagnetic”

contribution contribution
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NMR in 299BiF.: DFT study

Shielding constant, ppm:

8618 5768 14386
DFT: LDA 8622 2433 11055
DFT: PBE 8622 2766 11387
DFT: PBEO 8621 3726 12347

DFT uncertainty ~ 1300 ppm
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the coupled cluster theory

_ 7 B R
lpcc € (I)D Tz T3 lpm_ (1 + T )(bﬂ'
=1+T+ o7 + ENl + -
T=T,+T, - CCSD CCSD(T) > PT4
T=T + — CCSDT CCSDT(Q) > PT6

+ T,
Z Z ata,
22 i 42 T agzajaja,

Ljab

» more efficient than CI: t(CISD) ~ t(CCSD)

. Size extensive 16



Present calculation: NMR in 2%°BiF’

We have adapted the coupled cluster theory to calculate shielding constants

BiF," molecule: 138 electrons

Correlation: CCSD(T) > PT4
Shielding constant, ppm:

DFT (PBEO)y, 8621 3726 12347
DFT (PBEO)q; 8628 3763 12391
138e-CCSD 4318
138e-CCSD(T) — 138e-CCSD -117

Gaunt -37
Final 12792

Molecular environment contribution > 20%!



Results: “Hyperfine puzzle” solved

ol =4-1106(2) 4,
p(new) 4. 092(2) |.|N

A'E = AE(ZS) ﬁAE(ls) B This work [2018]

Ullmann et al,

Lochmann [2014] Experiment [201)]

+ Volotka [2012]
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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) 18



Results: H-like and Li-like 29°Bi

Theory Experiment
u(old) u(new)
AEY® 5112 (-5/+20) 5089 (-5/+20) 5085.03 (2)(9)
AE®®  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) 19



Possible reasons for the hyperfine puzzle
1. QED falls

2. The magnetic moment of 209Bi Is different
from the literature value

3. The elimination of nuclear structure
contributions in the specific difference A'E
does not work as expected



Magnetic moment of 29Bi

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 A, and A,:
ﬁ _ Hi/lh
Ay 2/l

Ala] Ap[b] _ 1+'%[a]
Agla] Ag[b] — 1+0%([b]

(1 + 1A%)

=1+ 16?[a, b]

Q

162[a, b]
‘8°1b] = T2[g, T —167[a, b - 1

1A2[q]
1y2lq, b] = IA2[p]




Magnetic moment of 29Bi

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

Within the mutireference CCSD theory we have calculated

208T209[453/2,4p1/2] — 1_54(14) => 1A2[4P1/2] = 0.0049(21),

Using p(new 29°Bi) and 2981209 gnd experimental data for HFS constants

u(?98Bi)=4.570(10) uy

N’E(2°8Bj) = -67.491(5)(148)



Magnetic moment of 2°/Pb

for Pb(NO,), in water: p= 0.592 583 (9) yy

To obtain this results the shielding constant
for the isolated Pb?* ion has been used...

NEW experiment and theory: [PbF]? 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) & 4¢c-DFT method to calculate o.



Magnetic moment of 2°/Pb

for Pb(NO,), in water: p= 0.592 583 (9) yy

To obtain this results the shielding constant
for the isolated Pb?* ion has been used...

NEW experiment and theory: [PbF]?> 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) & 4¢c-DFT method to calculate o.

Result: p(new 2°7Pb)=0.591 02(18) u,



BW effect in molecules: one of motivations

Experiments to search for the electron EDM, and other T,P-violating effects
1
2E N

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

Sensitivity: o, =

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

electron EDM =———

((':eff
AN

To test the accuracy of E_4 calculation one usually calculates molecular HFS
constants




BW effect in molecules

i - 8y - o),

i

APV = A _ 4

=) Lri x o) (1-F(r1)).

3
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ATV (K) = 25 (Wl T2 (K) W),



BW effect in molecules

hc( dﬁ:x + ! : Kgm,;) — (Eux + mc* — V)fux = 0,

hl’:( df;:: + 1 ; K_fﬂh’.') + (Enx - ?’HCE - V)gﬂx = U,

AP o fﬂmgf(l—P(r))dm fUR"”EgJ"(l—F(r))dn

t BW
f 2011012 T2 2p1 /2,1 /24X

BW
R‘ﬁflsbz,lfzn Ls1/2,1/24r,



BW effect in molecules
p(r|r’) = }%Pp,q¢p(r)¢f;(r’)a

X>=pr,q f piXgpdr.

P(r) N Z Cﬂﬁmnﬂfjm(r)a |r‘ g RE,

nljm

ﬂnljm(r) ~ kﬂﬁmﬂﬁm(r)m |I“ <R,

(X) R Z p{fm,frjrmr f ﬂ;j,m,XﬂUmdr,

lmsl'jm? Ie[<R.

where

*
Piimrjrme = quﬂ: o ’Op‘i(”n{rm nljm Cq’f’j "m’ H’E'} m':



BW effect in molecules

‘/W;me’a’BW”U’“dr:_‘/’ W;ff_mTzBij—mdr-

PS = Plfuz,uz: 181212 — Plsuz,—uza 18121727

le = IPE}?U;,U;, 22002 ‘Pzpuz,—uzr 2p1p2-1/20

_ t BW
BS - f ”151},«21”2 TE ﬁlSIg’z.uz dr’

|r|5RHUf

f "72_[0” 1/2 ’ }zplfll,l" dr

b .
[¥|< Rnuc electronic part

——

K
APV (K) = S5 (Po+ BB,

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



BW effect in Ra*

TABLE I. Hyperfine structure constant (in MHz) for the ground and excited states of
the 22°Ra* cation calculated in the point magnetic dipole approximation.

Method 78 281;2 7p 2P1;2 7[3 2P332
DHEF —21976 —3657 —276
CCSD —29160 —5484 —459
CCSD(T) —28896 —5498 —463
Correlation correction —117 —31 0
Basis set correction 2 3 0
Total, electronic (A?) ~29012 ~ 5526 463

TABLE IIl. BW contributions ABY ABW:s and ABWP and the final values of the
hzyferﬂne structure constants (in MHz) for the ground and excited states of the
225Ra* cation. For the ground state, ABY has been obtained as a difference

between the theoretical value of the HFS constant calculated in the point magnetic BW (0)
dipole approximation and the experimental value taking into account QED and Breit A = A —_ A
effects.

e 2¢ 2 -2

75 “S 7p “P 7p “P BW K

12 I 12 P Fs3n2 A” (K) oy Pi (Ps +ﬁpp)Bs
BW. 1€}

—A°S 1214 —5 3
— AP 1 80 0
—APW 1215 75 2
A© (see Table I) —29012 5526 463 B. = ’ T TBW dr
Breit+QED," Ref. 3 66(23) s }lsl}.rl]‘fz Z ]?15],."2,1,.’2 ?
Final —27731 —5451 —461 |1‘|'=iR
Experiment” —27731(13)  —5446.0(7)  —466.4(4.6) — e

*Extracted from Ref. 3: Breit: —93 MHz; QED: 159(23) MHz; Electron+Breit:—29113
MHz.

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



BW effect in RaF

TABLE lIl. Hyperfine structure constants A and A, (in MHz) for the ground XQZW
and excited A%I14; states of the 225RaF molecule induced by the 2°Ra nucleus.

Method XZZUQ 1‘12H1f2
.z{“lH AJ_ A” ;:L‘lJ_
DHF —12048 —11670 —1638 —1235
CCSD —17814 —17148 —2848 —2173
CCSD(T) —17595 —16941 —2842 —2198
Correlation correction —134 —134 —48 —28
Basis set correction —31 —30" —4 —3° BW (0)
Vibrational correction —19 —18° —2 —2? A =A - A.
Total, electronic () 17780 17123 2896 2230
K
_AEW’S 723 9 APV(K) = %(Ps + BP,)Bs
-A) Wop 7 34
—A}Y . 730 720° 44 26°
Final — 17049  —16403 —2852 2204 T BW
Bs = _[ }.}lslﬁ 1/2 TZ ff“uz,uz fil",

|r|5Rnuc

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



Thank you!
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