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Sources of P, 7 -Violation in Molecules
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[1IM. Pospelov, A. Ritz, Annals of Physics 2005, 318, Special Issue, 119 ~169, T. Chupp et al., ArXiv e-prints 2017, 1710.02504, [physics.atom—ph].




Effective $, 7-0Odd Diatomic Hamiltonian

o Effective molecular electronic structure parameters W

o P, T -odd parameters replaced by effective parameters (can depend on
nuclear structure e.g. Schiff-moment S)

o effective spin-rotational Hamiltonian

Hy, = DS (Wa,de + We k) + DT -Ta - SWp,Ma
N—— —_———
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+D Iy (Wr ket + Wy, kp + W kg
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+WsaSa+ Wiy + W, )dy + Wi de)

[2IM. G. Kozlov, L. N. Labzowsky, J. Phys. B 1995, 28, 1933-1961.



Quasi-relativistic Calculation of Custom Properties




Quasi-relativistic Calculation of Custom Properties

Quasi-relativistic Approximation

We want to ...
@ determine general trends
@ find models that help to design future experiments
@ want to be able to study large number of molecules
= We do not need to be very exact:
@ Quasi-relativistic calculations with ZORA/HF and DFT
@ Transformation of operators into ZORA-picture needed

@ Needs implementation of a lot of non-standard operators



Quasi-relativistic Calculation of Custom Properties

Customized One-Electron Properties via Density Functions
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Quasi-relativistic Calculation of Custom Properties

Customized One-Electron Properties via Density Functions

@ Approximate wave function in zeroth order regular approximation (ZORA)

c > 5 -~ 5
Wl & YZORA. S _G - pWZORA _ ()G . pyZORA
2¢2 -V
@ Evaluation of one-electron density functions in a set of basis functions { y}:
1= = Nbpasis _ R _ oL
r,- (F,7r') = HZ‘I, <Ciuv('=')7 Xﬂv(’ﬁ r )); 2 = loxo, tlox2, 0,100
v LL Ls SL ss
tensor
Cinv clECh  ClE(5Cy) (Clud)ECH  (C]F)E@Ch)
Xy XuXy —c ()(uw’%(;) c (Xu W)X’V) ? (xu ﬁwwﬁ’xé)

@ All 16 C;y, can be reduced to 0 , 0 , a , a .



Quasi-relativistic Calculation of Custom Properties

Customized One-Electron Properties via Density Functions

@ An one-electron operator can be defined by a generic tensor function:

QY7 = 55007 v AT (7, 7))

5, o)
¥'=r

with 7/ V ¥ meaning 7 or 7’

@ Evaluation of expectation values on a grid:
(04, = e { / dr sz”(?)} 2)

@ The following building blocks define the operator:

> Non-differential scalar operator 3,

> vector operator U = F4 V1, P4 = (F—TF4)
contracted with the (derivative) density tensor as o =® vV - Vv X

> differential operator 4(F) = 6@, 6-, ﬁx, V. 6@, Ve %-, Ve %x, V x Vx; (")
analogue
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Diamagnetic Molecules

Main sources of P, T-violation

@ Electronic structure enhancement of nuclear Schiff moment:

R = O(Fnuc—7)( ) [ LL(z =
<‘I’e SIA-sA(?)e(?nuC-?)(Te> Re {/ d A ( (r)+pss(r))}
Ws, = 2 2
IAsrnuc "huc

®3)

@ Electronic structure enhancement of the proton electric dipole moment:
<lye 2(—2MIAC + —22\6)%';{1'3 Ta-@xZa ‘I‘e>
Tad,

=2(21\41AC 2zAc) {/dr rAX%) ( VS (7, 7) + &5 (F ?))];,z;} (4)

@ Tensor-Pseudotensor nucleon-electron current interaction:

Wmy, =

G s
Yo _FlelA *YPnuc,A Ye o >
Wr, = (re| % e ) V2Gste { [ @7 puct® (8567 —éSL(?))} (5)

Bl s Khriplovich, S. K. Lamoreaux, CP Violation without Strangeness, Springer, Berlin, 1997, E. A. Hinds, P. G. H. Sandars, Phys. Rev. A 1980, 21,
471-479.
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Diamagnetic Molecules

How good is ZORA for TIF

Method Wr/hHz W /MO Bz gy /qd
GHF-ZORA 4681 -2.36 8701
GKS-ZORA/B3LYP 3433 -1.56 6203
DHF! 4632 -2.39 8747
GRECP/RCC-SDP! - -2.02 7635
DFI[0] - -2.73 7738

[41H. M. Quiney et al., Phys. Rev. A 1998, 57, 920-944.
[5]A. N. Petrov et al., Phys. Rev. Lett. 2002, 88, 073001
[6]F. A. Parpia, Journal of Physics B: Atomic Molecular and Optical Physics 1997, 30, 3983.
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Diamagnetic Molecules

How good is ZORA for TIF

Method Wr/hHz Wy /MO Hz /g
GHF-ZORA 4681 -2.36 8701
GKS-ZORA/B3LYP 3433 -1.56 6203
DHF 4632 -2.39 8747
GRECP/RCC-SDP! - -2.02 7635
DF®] - -2.73 7738

[41H. M. Quiney et al., Phys. Rev. A 1998, 57, 920-944.
[5]A. N. Petrov et al., Phys. Rev. Lett. 2002, 88, 073001
[6]F. A. Parpia, Journal of Physics B: Atomic Molecular and Optical Physics 1997, 30, 3983.
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Diamagnetic Molecules

How good is ZORA for TIF

Method Wr/hHz Wy /MO Hz /g
GHF-ZORA 4681 ~2.36 8701

DH F|4| 4632 -2.39 8747
DF|6| - -2.73 7738
°

@ Correlation effects a bit overestimated with DFT/B3LYP

[4IH. M. Quiney et al., Phys. Rev. A 1998, 57, 920-944.
[5]A. N. Petrov et al., Phys. Rev. Lett. 2002, 88, 073001.
[61F. A. Parpia, Journal of Physics B: Atomic Molecular and Optical Physics 1997, 30, 3983.
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Paramagnetic Molecules
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Paramagnetic Molecules

Additional Sources of P, T-violation

@ Scalar-Pseudoscalar nucleon-electron current interaction:

.

G .
Tgk517075pnuc,A

¥o) _ G|/ &7 oD (P10 50
Ws, = =
SA ka \/EQ ( )
@ Electronic structure enhancement of the eEDM:
(we| ZdeiyOy552 | we)  —2eme{[dF (V25L5G7,7) - V2651, 7)) |
= = - 7
Wa Qd, eQ (7)

@ Electronic structure enhancement of the NMQM:

<xye M (;g Ta - (@xFa)+(@x7a)T  Ta .;A) ‘ ‘{’>
Wp, =

AT OaM

= 272
3%e {/dr l;A‘g

[7a x (500 + 65 |
5 ®)

[711. B. Khriplovich, S. K. Lamoreaux, CP Violation without Strangeness, Springer, Berlin, 1997, A. Martensson-Pendrill, P Oster, Phys. Scr. 1987, 36,
444452,
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Paramagnetic Molecules

223RaF as probe for the full parameter space

@ 223Ra has nuclear spin 3/5 and thus could have NMQM

Method Wr/hHz Wy /B Hz g /g8
GHF-ZORA ~1812 -1.01  —4119
GKS-ZORA/B3LYP  —1661 -0.88  —3736
GRECP/FSCC - - —4260
Method We/hkHz =~ Wq/M0 Hz yy, /10" Iz
GHF-ZORA -151 -27.3 3.58
GKS-ZORA/B3LYP  —136 —24.4 3.19
GRECP/FSCCL7IIE] -139 -25.6 -
CCSD/Z-Vectorl! ~141 ~25.4 -

[BlA. D. Kudashov et al., Phys. Rev. A 2014, 90, 052513
[9]s. Sasmal et al., Phys. Rev. A 2016, 93, 062506.

[10]v. V. Flambaum et al., Phys. Rev. Lett. 2014, 113, 103003.
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Paramagnetic Molecules

223RaF as probe for the full parameter space

@ 223Ra has nuclear spin 3/5 and thus could have NMQM
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Paramagnetic Molecules

223RaF as probe for the full parameter space

@ 223Ra has nuclear spin 3/5 and thus could have NMQM

Method Wr/hHz W /MO Hz /g

GRECP /FSCCLI - - ~4260

Wy /th24 Hz w /th33 Hz

Method Ws/hkHz oo s
GHF-ZORA ~151 -27.3 3.58
GKS-ZORA/B3LYP  -136 -24.4 3.19
GRECP/FSCCL7IIE] -139 -25.6 -
CCSD/Z-Vectorl”! -141 -25.4 -

@ Diamagnetic P, 7 -odd effects enhanced half as strong as in TIF

[BlA. D. Kudashov et al., Phys. Rev. A 2014, 90, 052513
[9]s. Sasmal et al., Phys. Rev. A 2016, 93, 062506.

[10]v. V. Flambaum et al., Phys. Rev. Lett. 2014, 113, 103003.
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Paramagnetic Molecules

223RaF as probe for the full parameter space

@ 223Ra has nuclear spin 3/5 and thus could have NMQM

Method Wr/hHz Wi /MO Bz gy qd

GRECP /FSCCLI - - ~4260

Wy /h1024 Hz W /h1033 Hz

Method Ws/hkHz o e~
GHF-ZORA —-151 -27.3 3.58
GKS-ZORA/B3LYP -136 -244 3.19
GRECP/FSCCL7IIE] -139 -25.6 -
CCSD/Z-Vectorl”! -141 -25.4 -
@ Diamagnetic P, 7 -odd effects enhanced half as strong as in TIF
[10]

[BlA. D. Kudashov et al., Phys. Rev. A 2014, 90, 052513
[9]s. Sasmal et al., Phys. Rev. A 2016, 93, 062506.
[10]v. V. Flambaum et al., Phys. Rev. Lett. 2014, 113, 103003.

14 /24



Periodic Trends in Paramagnetic Molecules
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Periodic Trends in Paramagnetic Molecules

Coverage region in de-ks parameter space

Vi Wd 1 Ws 1 de
h =Q ’ ’ 9
(Vz) (Wd 2 Wi 2) (ks) ©)

2 2 2 2
Wi Wd,2) 9 (Wd,l We1 Wao Ws,2)
+ dXs

+—
u?(vi)  u®(vo)
w2 W 2 w2 W 2
. 2d,1 ( s71) N 2d2( s,2) 2 (10)
u?(vy) \Wa1 u?(vo) \Wa 2

So(xa, x5) = (

2h2k§7r h2k2ﬂ|u(v1)u(vQ)|
Aellipse = 3 = We s
P folxaxe) Palraxs) _ (2 fliax) W1 Wa o |52t - 722

ax2 ax3 dxa0xs *

111K, Gaul et al., ArXiv e-prints 2018, 1805.05494, [physics.chem—ph].



Periodic Trends in Paramagnetic Molecules

Model for P, 7-odd ratio

2
E Numeri‘cal results‘ .
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111K, Gaul et al., ArXiv e-prints 2018, 1805.05494, [physics.chem—ph].
[12]y. A. Dzuba et al., Phys. Rev. A 2011, 84, 052108

6

Rcs(Z,4) = Y &2 1)+ 1) - f(Z)RZ, A)
V(2 - f) "RZ,A)
AT D FEATD

Rcs(Z,A) =

RFS(Z> A) =

RFS(Z7 A) =

1 2
y=yli+g) -2

4 2y-2
R Z’A = (27 4
( ) 2 (2)/ n 1) ( rnuc/ao)
1-0.56a2Z2

Z)= —— =
g (1-0.2830222)?
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Periodic Trends in Paramagnetic Molecules

Model for P, T-odd ratio and coverage region

Wa o1
logip{|=—|%x107*" e-cmy=¢qg-Z+p (12)
Wy
—23
Numerical results o ThO  * 2
100052001, 1((=0.0090:0.0002)Z HIF+ x
T T T T —25
-2
§ 2
° =0
® —27 =
= s
x
B —29
-30
L L
20 40 60 80 100 120
zZ

A~ (W1 Wa,2] 0.89 - [1.0210% - 102107 x 107! e.cm)_1 (13)

[II]K, Gaul et al., ArXiv e-prints 2018, 1805.05494, [physics.chem—ph].
[12]7 Fleie. Phys. Rev. A 2017. 96. 040502. 18/24



Periodic Trends in Paramagnetic Molecules

Chemical influence on scaling behavior

4€-cm
hHz

log1o {IWaly* x 1072

0 (Mg-E120)F
10-4.14 , 7258
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10*4 97 | ZS 16
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10-4.65 . z3.15
(ALTIO

—24 e-cm
hilz

s

T T
Lol

|Wa| -+ x 10

10426, 7285 .

} = bq ps +logyg {Z44FS }

kprclu(v)u(va)|
Zad,l Z“d,z
1074.1+P4.2 S —22— 0.89 - [1.0210%1 - 1.0210%2] x 1027

e-cm

[111K. Gaul et al., ArXiv e-prints 2018, 1805.05494, [physics.chem—ph]
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Laser-Coolable Linear Polyatomic Molecules: MOH
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Laser-Coolable Linear Polyatomic Molecules: MOH

Enhancement of de and kg

: : -— Caron o
101 L ; 1074.54 . ZZ.R."& [
i ER (CaRa)OH Wieaus

g [ E e 10-151. 7290 .
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Molecule Ws e Wa oS As expected very similar to MF

CaoH 18102 L aaxio-l @ Large enhancement factors: for RaOH and

SrOH -2.00x 103 -1.04 YbOH

BaOH —8.79 x 102 -3.32 .

RaOH ~1.53x10 ~2.75x10 @ Promising candidates for search for eEDM

YbOH —4.12x104 -1.14x10! due to experimental advantages

[IQ]T. A. Isaev, R. Berger, Phys. Rev. Lett. 2016, 116, 063006, |. Kozyryev, N. R. Hutzler, Phys. Rev. Lett. 2017, 119, 133002.
[13]K Gaul, R. Berger, ArXiv e-prints 2018, arXiv:1811.05749, [physics.chem—ph]. 21/24



Laser-Coolable Linear Polyatomic Molecules: MOH

Complementarity with respect to diatomics

Numerical results . HF+ x
100-05£0.01 . 1(~0.0090:£0.0002)Z MOH  x
ThO *
T T
1
g
o
N
I~
E
x
SE
0.1
| | | | | |
20 40 60 80 100 120
Z

= No new information on parameter space
— Exploring more complex polyatomic molecules.

— Exploiting diamagnetic systems (seel'*)

[1417. Fieig, M. Jung, Journal of High Energy Physics 2018, 2018, 12.
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Conclusion

Method for quasi-relativistic calculation of arbitrary $, 7 -odd operators
ZORA performs well in calculation of “diamagnetic” properties
Chemical enhanced P, 7-odd effects in diatomic radicals of group 4 and 12

Simple equation for determination of coverage region in parameter space of
de and kg for paramagnetic molecules

Similar information on de-ks-parameter space from MOH as from MF

@ MOH promising candidates for future experiments due to experimental

advantages and large enhancement factors

More complex polyatomic molecules
Studying advantages of diamagnetic molecules

Second order properties like enhancement of de and ks in diamagnetic
molecules
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