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* General aspects about molecular calculations

“*Importance of multi-reference correlation methods in

molecules
“*Relativistic effects in Quantum Chemistry

* Application to fundamental physics

“*Photoassociation spectroscopy in ultracold polar molecules 1n

an optical lattice

Li1X (X-alkaline-earth-metal) — mp/me variation studies - open shell

HgYb - Nuclear EDM measurement — closed shell




Importance of multi reference
correlation methods in molecules

Reference

* Roland Lindh, The winter school, Helsinki, 12-16 Dec 2011

* Multiconfigurational and multireference methods, Peter R. Taylor
and Jeppe Olsen, Sep 2011

* Electronic structure calculations, Attila G. Csaszar, Eotvos Universiy,
Budapest, Hungary

* Introduction to nondynamical correlations, C. David Sherrill, School
of Chemistry and Biochemistry, Georgia Institute of Technology

*Post HF methods lectures by Andrew S. Ichimura, CIT

*R. J. Bartlett, Int. ]J. Mol. Sci. 2002, 3, 579-603

 How accurate is the CASPT2 method? Zahra Azizi et al.,PCCP,
2006,8,2727-2732




Electron correlatlon -Post HF

and reoptimise the atomic basis
coefficients

/

Add more determinants with
fixed atomic basis coefficients

artree-Fock method
Add more (excited) determinants

Add more determinants with
fixed atomic basis coefficients

L N
Full CI
(exagiggsult)

Courtesy: Attilla G.Csaszar presentation
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Dynamical and Non-dynamical Correlations

/

way.

—“Dynamic Correlation”

| v" HF level - Inter electronic repulsions are considered in an average

v HF neglects instantaneous electron-electron repulsions.

v" Correlation energy is the difference between Full CI and HF.

v" Correlation energy is obtained by fully allowing the electrons to see
and avoid each other - correlation related to movement of electrons

Basis Set Correlation for HoO with a DZ Basis

seometry  E., (hartree)®
R, -0.148028
1.5 Re -0.210992
2.0 R, -0.310067

fData from Harrision. 1983.

Courtesy: Prof. David Sherrill, Georgia
Institute of Technology

v At R > Re, as electrons are further
apart, dynamical correlation should
become less important .

v" Correlation increases with
stretching..

v Some correlation is missing in HF. It
does not account for nearly degenerate
electron configurations - “Non
Dynamic Correlation”




estricted and Unrestricted HF methods |
. / e

Closed-shell systems Open-shell systems UHF: Different
orbtials for
different spins

virtual

r |
(pg C . i |‘ 1| | 1! || RHE:S
oB S : dame
_c'g__ 0.8 6 orbital for both
2 P, E 00t P, spin states
L +H- |+ +H- 2
S _@ia ? ‘Plal l(pIB I _l_ | I
Unrestricted Restricted Unrestricted f;:::iscl::;:
HF ([ HF) H.F (}KHD H.F (l HF) HF (ROHF)
[H.5°]20 [H.S5']1=0 [H.5’]120 [H.S’]=0

ROHF: Same orbital's for occupied o and 3 spin states
Different orbital for unmatched o spin state




H, molecule

' Ground state in a minimal basis: one atomic 1s orbital on each

atom
TwqAOs feads to two MOs
D, =N, (xa - XB(3 - Anti bonding MO

\
! \

! \
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D =N, (x4 + xg) - Bonding MO




Ground state wave function /
/ —

pad) g Slater determinant with two electrons in
pa2) GLQ2 the bonding MO (ground state)
1

Dy = @,a(1)p,5(2) = pa(2)p,5(1) Expand the Slater determinant
= ¢1(1) ¢1(2) [e(D)B(2) = aA2)B(D)] || pactor the spatial and spin part
~ (Xa (1) + X8(1)(Xa (2)+X5(2))

Four terms in
the AO basis

— T
(Xa (Wxa(2) and xg (1)xp(2) (Xa (xp(2) and XBLl)XA(Z)/
Ionic terms ferms
/ E W W

Two electrons in one AO Two electrons shared between two AQOs
3

D= (x4 (2) + X W5(2) + x5 WX+ x5 Wxs(2)

Covalent




At dissociation limit, H, must

Bondiggening separate into two neutral H atoms

H-H

At the RHF level, the wave function, ¢ is 50% ionic and 50%
covalent at all bond lengths

H2 molecule does not dissociate correctly at the RHF level!!!

H, RHF dissociation consequences

v'Energies of stretched bonds too large - Affects transition state structures
v'Potential well steep hence (1) short equilibrium bond lengths
(2) large binding energy
v'Improper curvature of PEC - too high vibrational frequencies
v"Wave function is too ionic - dipole moments are too large



{Remedy for this problem S o

—

“*Add flexibility by removing fixed ratio for each terms

|At large inter nuclear separations, the wave function should be 100%
covalent (ionic terms should be zero)]

% Starting with a different trial function

J
= 0,a(1) @,p(1) Slater determinant with two electrons in
17 0,0(2) 0,B(2) the anti bonding MO (excited state)
Four terms in
\ D~ Ot Wxa2) - X2 06 26 W) + x5 Wxa(2) | |2 ST
TR

(Xa (1)XA(2) and x; (1)xg(2)

(Xa (Wxg(2) and x3 (1)XA(2)

5};1:%

Two electrons in one AO

Covalent
terms

Two electrons shared between two AOs




New trial function: Linear combination of ®_  and @,

(Two Configuration SCF)

Y=q®,+ad =a,(49) +a(dp,)

Tonic terms

W = (g, + @)\ 0+ Xt [+ (= )| X x5 + X0
T S - A

At R>R,
a, = -a, (ionic terms)—s> zero
¥ =Y., an example of CI

Incl. of anti-bonding character

-allows electrons to be farther
apart — non dynamical
correlation

Lower energy than RHF
(two variational parameters).

Energy (hartree)

H-H Distance (A)

Covalent
terms
RHF vs TCSCF Descriptions of H, Bond Breaking
-0.7 1.0
N 1 0.9
) RHF/6-311G(d,p)
-0.8 - +0.8
+ 0.7
-0.9 - +0.6
----------------------------------------------------- - 0.5
-1.0 1 e 0.4
TCSCF/6-311G(d,p)

Wreser = €1+ G X T 0.3
-1.1 A T 0.2
+ 0.1
1 -2 T T T T O-O

0.0 1.0 2.0 3.0 4.0 5.0

SIYS1AA uoreINdIu0)D)
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Dissociation of BH (DZP basis)
'2495 I I I I I I

__| Near degeneracy at large distances
o _ 1| | between bonding and anti-bonding

Vs N MOs is bad for energy denominators in
# 11 |MP2

-25.05

Enemgy (hartrees)

With regular RHF orbitals, even
correlated MP2, CISD, CCSD, CCSD(T)

cesp can fail
RHF Vz. UHF *RHF and UHF good at short R
T‘ * RHF not good at larger
e « | separations — UHF falls
il P ~ | towards FCI
L /  RHF remains singlet
« 3 it 5« 5« 7 «UHF - incorrect spin -
intermediate of a singlet and
H2 molecule - RHF, UHF, FCI triplet




0.1

0.0

(EM()— 2E|,)/Eh

—0.1

R, (calculated) = 0.85 A
R, (HF limit) = 0.741 A

R, (experiment) = 0.741 A

—

D, (calculated) = 260 kJ/mol
D, (HF limit) = 351 kJ/mol

D. (experiment) = 457 kJ/mol

3 B 5

Ref: Abe san’s lecture




*We need to include all near degenerate determinants in our
reference (non dynamical)

*Need to find orbital to minimize the energy of the mixture of near
degenerate determinants (MCSCF)

* A special case of MCSCF which takes full CI in a given active

space(CASSCF)
* Need to use multi-configurational references for subsequent

treatment of dynamical correlation- MRPT, MRCI, MRCC, CASPT2

Hz the CASSCF way: 2-In-2 The CASSCF wave

" SEEFLE E i G function has the

— CASCERon2| correct asymptotic
5 behavior

L O — " Prof. Lyndh, Winter
" : school, Helsinki, 2011

14



Electron occupancy

What 1s CASSCF and RASSCE? |

* in RASSCF

Complete active space Restricted Active Space
Z SCF (CASSCF) SCF (RASSCF) - | pELETED
Z
; A
; ‘*‘ — 0 Virtual
= ~ 2 irtua
- - & « =
U - —_— —_— a:
z - = 3 '}' - =
7 — 2 - -

n| 44— E 4|l 44— S
E é ; l E— § o # I 2 0-2 RAS3 orbitals containing
_2_.‘ - v 3 a max. number of electrons
S 44— 7| 34— 2 0-2 | RAS2orbitals of
= s > arbitary occupation
ff :tj: = % 0.2 RASI orbitals containing
@) a max. number of holes

2 \Y%
RASSCF = CASSCF when INACTIVE
RAS1=RAS3 = zero 2 | FROZEN
Number of holes Number of electrons

Description in RAS1 orbitals RAS2 orbitals  in RAS3 orbitals
SD-CI 2 0 2
SDT-CI 3 0 3 T f
SDTQ-CI 4 0 4 Ypes oI wave
Multi Reference SD-CI 2 n 2 functions
Multi Reference SD(T)-CI 3 n 2 y -

Ret. M



| MCSCEF - excited state

| Separate calculations on the individual states [l

-75.10 . T x v r
A — SA-CASSCF B '5; —a—
~—_ -75.15 | CASSCFB 'a; —o— |
—~— -75.20 SA-CASSCF X '}:; ——
T~ 7525 | FCIB'fy —8—
Q Q ) ' FCIB 'a; —o—
Root flipping : 7530 | = hoal
’g -75.35 |
g 7540 |
g -7545 |
§ -7550 |
-75.55
X -75.60 |
-75.65 |
MOs MOs
- - - - .75.70 [
optimized optimized 2575 e
08 10 12 14 16 18 20 22 24 26 28 30
for X state for A state Rec (Angstrom)

SA-CASSCF - MO is optimized w.r.to (weighted)average energy of
the states of a particular symmetry

Advantage :

*Single set of orbitals with different coefficients describe all the states
*CASSCF states are orthogonal to each other

16



|How do we add dynamical correlations now? ==

/

*Multi reference Coupled Cluster (MR-CC) -

*Multi reference Configuration Interaction (MR-CI)

*Multi state Complete Active space Perturbation Theory (CASPT2)

CISD

I

_07 T
A
-0.8 \

MR-CI

Figure 3: RHF-based CISD, CCSD, CCSDT-1, MCSCF, MR-CISD, and MR-LCCM potential
curves for No (absolute scale). The various curves are identified as follows: (e) CISD, (o) CCSD,

(A) CCSDT-1, (O) MCSCF, (+) MR-CISD, and (*) MR-LCCM.

= Most accurate
el MR-CISD method for small
5 / molecules
g ri| *\ : «Computationally
g expensive
% MR-LCCSD || MR-CC
§ Saale | ] + SS CC + EOM-CC
=l ; Multi-reference
oy Y Beiiolt on TU semeialeR  lodumods description on
o N 3iON Bc‘:’r}% Len4gitoh in 4B§hr e some target states

*Challenging area

Ref: R.J. Bartlett, To multi reference or not to multi reference: That is the question? —

Int. J. Mol. Sci. 2002,3,579-603

17




Perturbation Theory : Partition of Hamiltonian : H=Ho + V
| Hilbert space : P (reference space) + Q (secondary space) =1

Wave operator Q* |0( > = |W >|(£0 ~ )2°|a) = V2= |a)

BLOCH equation - 0N a){alV*|a)
Single-State (SS-CASPT2) Ll st L s 1)
P=|a){al. P= Z. a){a
l i
- ‘\/, =E("| - ‘> ” . \
Hola) = Efla, Hila) =Efla) (a=1.2.---.4d)
We need Q. and E_“
- ~ a a f—
He =la){alFla )X al+ ¥ k)X klFlk) We need Q,* and E,* (¢ =1,2, .....,d)
P = Y I BY BIF*|1BY{ B+ lexnlp |k \AI
X (kl+ Q5 Fe0% + 05, F0s " .
+05uF 0%+ 0. o0y . + -
k : all states within the CAS (@=1.2. - .d). (23)
orthogonal to o ‘
Q< = states obtained by 3 space : (1,2,.....,d) |2f=Y 07la)al.

applying double excitation MR- Q : linear combination of SS £
operator on « -

. " . . ~ P
(Eg —F*)0fla) = 0% Hla) . Hiza = PHP + PHO{P.




Why MS-CASPT2? | o ___ Mixing of
P a— : ionic and
*CASSCF is not a good reference I
.. . covalent
Strong mixing of reference with PECs of
the secondary space - PT2 fails NaCl
*SS-CASPT2 can be inadequate
at avoided crossings (same 0 e

symmetry states cannot cross
each other - adiabatic

approximation)

\L—

Fneo

Avoided crossing of mixed
w.f of NaCl energies

Ionic-neutral curve crossing of LiF molecule

Fiz 1. Potennal energy curves for the two lowest 'S states of
LiF i the rezmmon of thewr neutrzl-iomc avoided croszing. The
dotted lines represent the SR-CASPT2 calculations and the sohd
lnes represent the MR-CASPT2 calculations. The pomts mndicate
the FCI calculations.

Total Energy + 106 a.u.

i i i L
s 10 1l 12

LLF distance (au) Ref:J Finley, Chhemical Physics Letters, 288, 299-306(1998}’




Summery of methods for treating electron correlation

Dynamic Nondynamic Size
Method Correlation Correlation Consistent Variational Scalin
Wm

B3LYP Very Good Controversial Yes No o
MP2 Fair None Yes No aNd
cIsD Good Fair No Yes n2N4
CCsD Very Good Fair Yes No neN4
MP4 Excellent None Yes No N
CCSD(T) Excellent Good Yes No N
CASSCF None Excellent No Yes b
CASPIZ Good Excellent No No b

* n 15 the number of occupied orbitals and N the number of wvirtual orbitals. The scaling
ssions are approximate and based on the assumption that N >>n.

* The number of configurations contributing to a CASSCF wave function in C; symmetry is given

by:

QS+ D[(u+D!]
(,u+1)(p—§-.s')!(l+§+.s')!(§-.s*)!(1+y-§+ $)!

where S 15 the total spin (1.e. 1/2 of the number of unpatred electrons), v 15 the number of active
electrons, and u 1s the number of active orbitals. For higher symmetry species, the number of
configurations will be smaller. For CASPT2 the number of configurations 1s the same, but then
the calculation will take roughly nN* times longer because of the MP2-like correction for dynamic
electron correlation.




Relativistic effects in Quantum
Chemistry

Reference

* Relativistic effects in atoms and molecular properties, M. Ilhas, V.
Kello, M. Urban, acta physica slovaca vol. 60, No.3, 259-391 (2010)

* An introduction to relativistic Quantum Chemistry, Bernd Hess

e Relativistic Electronic Structure calculations for atoms and molecules,
Markus Reiher and Bernd A Hess, Modern Methods and Algorithms of
Quantum Chemistry (2000)

94




Calculated m/m_ for ground state n=1

Relativistic effects in atoms | —

/ Group | Group 2 Group 11 Group 12
= H 1.000027
L _ 21—1/2 Li 1.00024 Be 1.00042
m = mel[l — (v/c)7] Na 1.0032 Mg 1.0038
K 1.0092 Ca 1.011 Cu 1.023 Zn 1.025
Rb 1.038 Sr 1.041 Ag 1.064 Cd 1.067
: Cs 1.091 Ba 1.095 Au1.22 Hg 1.23
m, m,, are the masses at velocity v and zero . b1 e 169 o
A ) ] 119 1.99 120 2.05
Bohr’s model for hydrogen like species Group 13 Group 14 Group 15 Group 16
B 1.00067 C 1.00095 N 1.0013 0 1.001
> Al 1.0045 Si 1.0052 P 1.0060 S 1.0068
v = (2tre~/nh)Z Ga 1.026 Ge 1.028 As 1.030 Se 1.032
In 1.070 Sn 1.073 Sb 1.077 Te 1.080
E = —(2x7e?*/mn"h>)mZ~ T 1.24 Pb 1.25 Bi 1.25 Po 126
> > 113 1.75 114 1.79 115 1.82 116 1.86
r — Ze= /v Group 17 Group 18
He 1.00011
F 1.0021 Ne 1.0027
Gowp1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 C11.007 Ar 1.0087
Period[q 2 Br 1.034 Kr 1.036
1 O Non Metals @ Noble Gases 11.084 Xe 1.087
@ Alkali Metals O Metalloids 5 3 = 5 T At 1.27 Rn 1.28
O Alkaline Metals @ Halogens I; |. tl.z nlz
@ Transition Metals O Other Metals B |C|NJO Ne 117 1.90 118 1.95

@ Rare Earth Elements

&%%%ﬁ (H to Na) -1-3 : less than 1%
|_530n Sb |. K—-4:0.9% to 3.6%

B [ o | I | Rp 5. g9,
. . .- Cs— 6~ 10%

wonthaaides [Sq |y [Nal P Sm] Fu [ | o | By [ o [Er T Vo | 1o | All other elements : more than 10%

ke o o 6

[ax]

-~ o G &= W N

.'.U

wciniios [ |Ra b o P [&n) cim] B [ | 5 [Fm o Nol 17 |

Ret: Relativistic methods for Chemists, edited by M. Baryzs and Y. Ishikawa, Chapter 2 by John S. Thagler
Relativistic effects and the chemistry of the heavier main group elements




| Relativistic effects in properties (coinage elements)-Group 11

/

lonization potentials (eV)

9.1
8.6
8.1
7.6

1P. (eV)

CCSD(T)-non rel
4,.

CCSD(T)-DK ral

29Cu: [Ar]3d!%4s!
YTAg: [Kr]4d!0 5s!
PAu: [Xe]5d!14f146s!

71

Au
6.1 A\Ag —o

ROHF-non rel
40 60 80

z

* Cu, Ag, Au - ROHF and NR- CCSD(T)
Electron correlation effects are similar

* Cu - NR CCSD(T) result is close to expt.
Ag - NR CCSD(T) result is differing by

0.5eV
Au - NR CCSD(T) result is misleading

* One component scalar relativistic DK -

( loco tn avnorimaont

Apart from electron correlation - relativistic treatment is also important

v Non-relativistic Hamiltonian

v Non-relativistic Hamiltonian + correlation

v’ Relativistic Hamiltonian (at different a

Atoms and Mo

roximations)

n Relativistic —
e accuracy




Relativistic Calculations 1n Molecules
» 7<40 — relativistic effects are small (except nuclear
dependent)

* Computationally expensive
Molecular calculation: expansion techniques (Gaussians)

1 : ) . :

Y. = g H'\WV . I —ar’ \ _ (711 (1) —a?

Vi=—0cp¥, - (.\' e ™ =" =2ax" e
2mc O \ ]\ ,,

No. of small comp. =2 * No. of large comp.

* Coupling of spin and spatial wf — complex wf

- prevents handling of spin and point group symmetry
separately

24




Decoupling schemes: 4 to 2 component Hamiltonians

- Unitary transformation of the Dirac Hamiltonian accurate to various orders
of some expansion parameters

Attributes of approximate relativistic Hamiltonian
*Accurate results close to 4 component calculations
*Well balanced to treat heavy and light elements and molecules
*Variationally stable

(i) Foldy-Wouthuysen (FW) transformation

(ii) Douglas-Kroll (DK) transformation

Foldy-Wouthuysen (FW) transformation : PRA, 78, (1950) 29

~

H'zcomp —U ﬁjcomp ot [ = L,’z L.'l U’O Product of series of

transformations

A s . 1 ~—~ . Breit/Gaun YBP S BP, - ~BP
Hpespee = 3 ho@) + 33 45700 m HE = W0 + ) 9
i i#=J i i<j




Douglas-Kroll (DK) transtformation || Expansion parameter:

(Ann. Phys. 82(1974)89) FW transformation : (1/c)
DK transformation : V .

. fq oy Tar2h1/2 . ] g .
Un = (1+W5)/"+ Wi, W _ is an anti-Hermitian operator

Idea: Block diagonalisation of the Dirac operator

A , ho0 |Electronic bound + continuum
decoupled r 4 $ | g
H™ % = UH U =l - states defined just by h+] - complete
| elimination of small component

Identify: odd operators (couples LS or SL) : cop
even operators (couples LL or SS) : (f -1), V
Find: A unitary matrix which removes the odd terms

2" order in V,,
decoupled o3 - NP R — . 1. I R,
H P BE, + €1 — BW1E, W1 + (W17, Ep)), DK2 (good for

chemical appli.)

DK2- Hess, PRA 32(1985) 756, Hess, PRA 33(1986) 3742
DK3- Nakajima, Hirao, JCP, 113 (2000) 7786
DKH — infinite order — Reiher, Wolf, JCP, 121 (2004) 2037; JCP, 121(2004) 10945

ZU



Transformed two component Hamiltonian Hess et al, Modern

— — —— , — electronic structure
HPE — Z (E; + \:";',- (2) + h_"\-'f} (1)) + Z [ '.” <f - u::[,\ ;+).| | theory, Part I, ed.

; o iti " D.R. Yarkony,
Advanced series in
*Spin free terms (kinematics, scalar relativistic terms) | physical chemistry,

* Spin-orbit terms (spin-spin, spin-orbit terms) Vol.2, p 152-278(1995)

How can we separate these terms?

(0-a)(oc-b) = a-b + io-(axb)||Dirac relation

Why are we separating the terms into SF and SO terms?
* Many center 2-electron SO integrals are computationally expensive
~ similar order - computation of 2 electron integrals over small basis

How do we compute SO effects in molecules? - first order
Perturbation theory

* Define a pseudo one-center mean field SO operator (MFSO)

* RASSI-SO - MOLCAS

v" Spin-free states are obtained first using scalar terms (Sz is not

defined)
v' Using H = scalar term + MFSOQO, Basis : spin-free states




i

Example: Suppose we have several calculations of RASSCF wave functions,
which yields seven 'spin-free states':

State Symmetry Energy State Symmetry Energy

1 Singlet ¥  -18994.19788204 5 Triplet ¥  -18994.07376530
2 Singlet ¥ -18994.02066430 6 Triplet A -18993.99394833
3 Singlet A -18993.98648409 7 Triplet A -18993.99394833
4 Singlet A -18993.98648409

Three of the states are triplet states, S = 1. Each of these has actually three
components, but this distinction was not made earlier. When the spin-orbit
interaction is to be added, a Hamiltonian matrix is formed with thirteen states.
The spin-orbit matrix elements are computed, for example

<SF 6, Ms = 0|S°C|SF 3, Mg = 0> — 4700 cm ™"

<SF 7. Ms = —1|$5O|SF 6, Mg = —1> — 44707 cm™!

and so on, and these elements added to the Hamiltonian, which is then

*

28



| Property Calculations (Change of Picture)

/‘

(w|a, ¥) = (W U+UI?DU’*U|‘P> - <U‘P|UI§{DU+ U‘P) - <\P e | g
“rdecoupled T T (h. 0 UX-U=X decoupled VY _UVY = I \P- .l
Héwowied _ R U =|0 .| pU = =U¥=| |
Nuclear quadruple moments
" System q |a.u.] () |mb]
'H™Br, (v=0)
no-CP  CCSIXT) 8el 7.579 299
CP CCSD(T) Bel. 7.308 310 49,
CP CCSD(T) 18 el. 7.313 310
4—component CCSD(T)“ 7.035 322
Recommended value this work” 31343
YH'2 L, (v=0)
no-CP  CCSID(T) 8el 11.935 -651
CP CCSD(T) 8el. 11.013 =707 9%
CP CCSD(T) 18 el. 11.038 705 .
4—component CCSD(T)* 10.751 -124
Recommended value this work® -710+10




| Spin-orbit effects in atomic calculations

R ===

T . S § 26Fe atom
"""" |
1 MRCI-SD method
. NR —non-relativistic
P REL — DKH scalar
: - - - o0 SO — RASSI-SO
N 1 —— ——
T NR REL _SO_ ;na Confi ) T 7 level
onhguration erm
: RASSI-SO experiment”
3p®3d°4s? D 4 0 0
3 382 416
g . 2 669 704
SO splitting °D ~ 22cm-! O s
441 Sl -1 3p°3d7(‘F)as F 5 7180 6928
SO splitting °F ~ 110 cm PP A
3 8 040 7728
2 8 326 7 986
1 8517 8155

JYU



g

' Spin-orbit effects in molecular geometries |

E [nHartreel

12 : ' ! ' ! ' '
[ I

Contraction of bond lengths

1\ "..' | / \ 7 T 4 7

| \ J/ \ / 3 R

1N \ \ A/ g
\ : X \ / / /

| A : \ ,“/
4l \\ \ { "\‘ \ { / /,
/ \ / /
\ ‘ X v / \\ .\\ \ / ,,'/ / 3 /

\\\ / 'K Il\\\. ‘I\ \ / ' , Y, /./ /
2 | \ \ / 4 \ O\ >< VA V4
\ ‘ / / \ \ '\\‘ / \ /,.v I ;
\\ /-/_,/ \_\ \. >{ o9 /
0| \\\7.4_/ S T N
CuF CuF AuF AgF AgF  AUF
ror r roonrnr
-2 - L x L x L L
1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4
R [Angstronl

CuF R, < AuF R, < AgF R,

1.8

‘ -

16 | [ —
1
2

1 InN

14

1.2

Avoided crossings:
°2(0),°I1(0)
°2(1),’I1(1)

S2(2),’T1(0)
Not affected

3
% 0.8 4 //
y 06 | % , \M_
04 F £ 00; T
02| W‘S’ ‘ e
0 . 38 39I RI;hﬂ 2
4 5 6 7 8 9
R [Bohr]
State R, (bohr) w.(cm™ ') T.(eV)
Spin-free relativistic results
X7y - 4.163 447.3 -
1*1 3.884 5223 0111
SO results B
(0™ 4.157 441.1 - ]
g 4157 4416 0.001
72 3.882 522.6 0.100 )
0- 3.887 521.6 0.133
| 3.940 780.4 0.133
0+ 3.042 705.6 0.154

ik



Photoassociation spectroscopy 1n
ultracold polar molecules

Reference
» Ultracold Photoassociation spectroscopy: Long range molecules and

atomic scattering, Kevin M. Jones et al., Reviews of Modern physics, 78,

2006

5302




. . A a . A A . a . a .
« ( d ) (
-

PA laser : S (ground) - P (excited)

R IT—T
(zs+1)A

" E, X2('Sy) 2% »(1) (ground)
__________ A*LB 0 1/2
?‘( _________ 1 ! +Li,'(°S;)
(AB)
L . E st(lso) 22:1/2(2)9 21_[1/2,3/2 (1)
%0 decay i PA +Li 2s1(2P1/2,3/2)
o “h Xsp(_3P0,1,2) Msp30,12,10 D
\ Y - ! + Lio'(°S,)) I 0.32(2), “Z10.30(D),
— ¥ 22,,,3)
Kevin M. Jonesg et al, 1 2 )
AB Rev. of Madern XSP(. Pi)z Z12(4), H1/2’3/2(3)
internuclear separation RPhySiCS’ 2006 +Li 2 ( 81/2)

A pair of ultra cold ground-state atoms absorbs a photon, creating a
molecule in an excited ro-vibrational electronic state. Thro spontaneous
emission the molecule decays to high lying vibrational state of the ground/
excited meta stable state. Subsequently, through Raman pumping,
stimulated emission brings the molecule to v=0 ground electronic state 3




Why polar molecules? \/

/o .
The interest 1n polar molecules stems from the fact that polar

molecules have permanent dipole moments. This allows them to
strongly interact with an external electric fields and with each
other by long range dipole-dipole forces.

Rb Cs/K Yb Yb

¢ o o

Long-range dipole-dipole interactions between molecules can
create new types of highly-correlated many-body states.

Why ultra cold(< ImK)) polar molecules?

Slow

‘Long ‘Narrow High
measuring
molecules

line widths resolution
times

Dr. A. Vutha’s talk on reducing statistical uncertainty 2




What is the contribution from Quantum chemists? g

Search of new types of ultracold polar molecule as candidates for the study o
long range dipole-dipole interactions - permanent dipole moment (PDM) 1s an
indicator of the strength of these interactions.

Estimation of PDM can lead to understanding of interactions between
molecules, Bose-Einstein condensation, Fermi degeneracy etc

PDMs, TDMs and spontaneous emission rates to determine the type of lase
for photoassociation spectroscopy experiments

Precise measurement of molecular vibrational-rotational transition
frequency- Measurement of variance of m /m, (proton to electron mass ratio
and a (fine structure constant)

Frequency uncertainty ~ Stark effect can be estimated from vibrational PDM
and TDMs.

Lifetime of single vibrational quantum state can be obtained from PDM -
important requisite while designing experiments

Computation of molecular properties — Parity violation/Parity-time violation

Non-radiative charge-transfer processes — examining the PDMs with

avoided crossings .y




FrSr: d=3.47D, B=0.36 GHz

Polar 1zation faCtOr Of Abe, Gopakumar, Hada
YbLi: 4¥ d =6.09 D, B=3.6 GHz
mOlecu1eS Gopakumar, Abe, Hada

YbF: d=3.7D, B=6.7 GHz

Aoki san’s
presentation

FrSr
YbLi‘s
YbF

Cali
Meli
Bali | |
St i

Ybli | |

0 10 20 30

Applied fed E &V /cm)



Why alkaline-earth-metal-L1 molecules?
— —
| ® Li being the lightest atom can be easily laser-cooled in ground state

o Alkali-L1 molecules - Large PDM hence lifetime of single quantum state
is short - not advantageous for experiments

PDM (Debye) PDM (Debye)

NalLi 0.56 MgLi 0.90
KLi 3.6 Cal.i 1.15
RbLi 4.13 SrLi 0.33
CsLi 5.45 BaLi -0.42
FrLi - YbLi -0.04

* Alkaline-earth —metal - L1 molecules — PDM smaller than alkali-Li1
molecules ~ long lifetime of state advantageous for experimentalists

* Nuclear spin of X is zero — choosing °Li(nuclear spin =1)-fermionic or
"Li (nuclear spin = 3/2) —bosonic molecules could be formed

* Simple energy structure due to zero nuclear spin of even alkaline-earth-
metal atoms
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Experiment/ theory work -L1Yb molecule

* Experiment- simultaneous MOT of !74YDb and °Li
M. Okano et al, App. Phys,B, 98, 691 (2010) , Hideaki Hara al, PRL,106, 205304 (2012)

o Computation — Ground and excited states of L1Yb molecule

YbLi- PDM

-14065.1

-14065.15

Absolute PDM is of same order

0.05

' 5| | by all correlation methods 3 o
Fro "%| | - Not a probable candidate for |:
Foe ..5| | long range dipole-dipole -
Sutoss s 2| | interaction studies & 010 R (V)
g —— MRCISD (FF)
-14065.4 05w B —— MRCISD(Q) FF)
ccsp o 015 \ /— CP-DX3-UCCSD(T) FF)
D-FF(0.00001)- -0.6 V.. ==L RECEUCCSDIT (T
1406545 CCSD-FF-0.0012 CASPTZ—PDOODB - -0.7 Re (CASPTZ) == 6.69 au’ -
e Nuclear distance (a.u.) o Re(CCSD(T)) = 6'70 au e é l ISR;anlo l 1'2 I
Theory U (au) U (Debye) Theory Method g, (Debye) p, (Debye)
RECP-UCCSD(T FF —0.058 —0.058
SS-CASPT2 0.034 0.086 _ , w
DKH3-UCCSINT) FF ~0.028 -0.030
CCSD(T)-FF-0.000001 -0.0145 -0.037 SS-MRCISD(Q) ~ FF 0135 0128
CCSD(T)-FF-0.00001 -0.0172 -0.036 SSMRCISD - EE s 00
SS-MRCISD EV -0.114 -0.105
THE JOURNAL OF CHEMICAL PHYSICS 133, 123317 (2010)

Relativistic calculations of ground and excited states of LiYb molecule
for ultracold photoassociation spectroscopy studies

Geetha Gopakumar,'™ Minori Abe,' Bhanu Pratap Das,’ Masahiko Hada,' and
Kimihiko Hirao®

THE JOURNAL OF CHEMICAL PHYSICS 133, 044306 (2010)

Structure and spectroscopy of ground and excited states of LiYb
P. Zhang, H. R. Sadeghpour, and A. Dalgamo™




| Searching for other probable

Ab initio study of permanent electric dipole moment and radiative lifetimes

PHYSICAL REVIEW A 84, 062514 (2011) Li mOleculeS

candidates : alkaline-earth-metal-

TABLE III. Spectroscopic constants for ground (°X) states of 2*Mg°Li, “’Ca’Li, *Sr°Li, and **Ba®Li at CCSD(T) level of correlation.

of alkaline-earth-metal-Li molecules

Molecule R, (A) w, (cm™") wexe (cm™!) B, (cm™") @ (cm™) D, (em™")
Geetha Gopakumar,' Minori Abe,' Masatoshi Kajita,” and Masahiko Hada' MeLi 3.116 187.0 8.24 0363 0.015 1332
CaLi 3.305 2104 5.58 0293 0.006 2260
e : 3531 195.8 498 0234 0.004 223
2 3.668 205.5 3.60 0217 0.003 2871
.g - 15 TABLE V. Vibrational energy levels (cm 1), rotational constants
..._';' 1 (cm~'), and permanent dipole moments (debye) for low-lying
24 as vibrational levels.
= -
2 ‘S 0
2z ) Molecule v Energy (cm~7) B (cm—Y) PDM (debye)
g =48
S8, *MgfLi 0 £9.70 0.354 0.860
1% K ~ ) . 1 259.67 0.340 0.785
" o \ 4 . p . « 2 415.58 0.325 0710
i Nuchear distazce (A) 3 35734 0301 0.642
o - 684.82 0.293 0.577
UcafLi 0 98.25 0.276 1.099
3 1 297.03 0.272 1.047
2 489.53 0.265 0.983
S . b 1 d . PDM 3 666.26 0.255 0.906
1milar trend 1n 4 830.64 0.250 0.862
=SrfLi 0 99.98 0.232 0311
1 285.76 0.226 0.285
2 459.62 0.222 0.264
3 622.76 0.217 0.245
B 779.83 0.211 0.227
S*Ba’Li 0 97.78 0.215 —0.373
1 289.33 0.212 —-0.377
2 47947 0.209 —0.380
3 665.03 0.205 —0.379
- £43.70 0.201 —-0.377
THE JOURNAL OF CHEMICAL PHYSICS 138, 164108 (2011)
R (units of a )
FIG. 7. Pesmanent dipole moment of the gromd siate of the Li-group I Ab initio properties of Li-group-ll molecules for ultracold matter studies
TJ‘?JJ?.:&‘L lm.le - 1.5:’.5'.“335.3%:.25’31’331‘3:&?; Svetlana Kotechigova,'* Alexander Petrov,” ™ Maria Linnik," Jacek Kios,?
molecules. and Paul S. Julienne®
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Calculation details — Ground state of XLi molecules

* MOLCAS 7.2 software

* C,, Point group symmetry

® Third order Douglas-Kroll-Hess (DKH) —relativistic Hamiltonian
with relativistic basis set (ANO-RCC) — all molecules

* Potential energy curves and spectroscopic constants — CCSD(T)
level of correlation

* Excitations are considered from Li(1s,2s), Mg(2p,3s), Ca(3p,4s),
Sr(4p,5s) and Ba(5s,5p,6s)

* Electronic PDM using finite field perturbation theory - parameters
(£0.001 a.uto +£0.0001 a.u.) - starting from CCSD(T) energy

* Electronic PDM at CASPT2 level — as expectation value as a check

e Numerical vibrational wave functions - Numerov method —
vibrational PDM and TDM matrix elements

* BSSE (basis super position error) 1s negligible — largest ANO-RCC

basis set "

U




Spontaneous and black-body transition rates in alkali-

ficarth-L.1 molecules

Black arrows — spontaneous emission

I-wvspont : 2 Femis(v %V')

rBB ﬁ(

v

a) "

v

= zﬁ(wv s (v —v')+ z

v v

8t 1

3 #hc’
tot
- I
1
T 1~tot
FV

remis/abs(v 9V’)=

o |(v]d])

I'

V

tot
T

V

(=)

S = DN Wk

l

1

—hew! kgT
2 -1

n(w) =

Yellow arrows — Black-body emission
Orange arrows - Black-body absorption




Radiative transition : Spontaneous emission + Dipole polarizability
Black-body emission + Black-body absorption (300K) (second derivative of energy)

TABLE VIIL §pomanoms and black body radiation-induced

transition rates at 7 = 300 K (in s~') of all vibrational states of Low lYlng Vlb levels

TMgT Spont. Tran. Rate < BB

Vibrational Spontancous Black body-induced || tran.rate

number transition rate transition rate . . . . .

- — Lifetime is limited by BB

1 0.046 0.121 trans. Rate

2 0.090 0.183 5

3 0.134 0.237

4 0.176 0.281 . . . i

: o s High lying vib levels i

o 0201 0292 Spon. Tran. Rate > BB tran. |* =« o v 0o

7 0.303 0.251 Nuckier dirtaace (A
Rate G. 3. (Color online) Dipole polarizability of the ground ZE

. . E: for AEM-Li molecules [AEM: Mg (thick red line). Ca (blue

Contribution from overtone | uunesiise). sr (green dotied line), and Ba (orange short dashe

- tI‘anSitionS )] (in au.) at CCSINT) levels of correlation.
— (an-harmonicity of the PEC)
- «Cala
100 oo 8 Molecule R. (A) oy (an.) a0 (a.u.) (ap) (a.u.)
BaLi MgLi 3.116 482.1 235.4 235.3(7)
CalLi 3.395 5909.4 326.0 333+ 17
£ SrLi 3.531 640.0 370.4 350 + 15
= e Bali 3.668 660.5 4492 432+ 22
__
------- - Lifetime of v=0, J=0 vibrational state
N 6Li**Mg =22s , °Li*Ca = 39s ,
1} S 10 15 20 2% . .
vibratons! qantum tmber 6Li88Sr = 380s and 6Li!38Ba = 988s e




| Candidates suitable for ultracold matter studies

———

MgLi : Ground state PDM - large but cooling of Mg
atom difficult
CaLi : Ground state PDM — large; cooling of Ca
already achieved
(T. Binnewies et al, PRL, 87, 123002 (2001)
SrLi : Ground state PDM — moderate ; cooling of Sr
already achieved
(H. Katori et al, PRL, 82, 1116 (1999)
Simultaneous cooling and trapping of Li and Sr
for electron EDM measurements
(Torri et al, 5t International workshop on
FPUA 2011, p-121-123)
BaLi: Ground state PDM — small — cooling of Ba
already achieved
(De Subhadeep, Phd Thesis, TRIuP facility at
KVI, Netherlands)

L Stark shift in the transition frequency
ﬂ_\:Eu — L_\_ Upper
S state
Y
[ )
transition .
frequency transition
frequency
Stark shift No Stark shift
(AE,— AE)h (AE, = AE)
A 4 v
"\ Lower
AE \—"— e — state
without ight  with fight without light ~ with light
In general With a_proper laser freq.
(magic frequency)

Vibrational transition frequency

PHYSICAL REVIEW A 85, 062519 (2012)

Accuracy estimations of overtone vibrational transition frequencies

PHYSICAL REVIEW A 84, 045401 (2011)

Magnetic-field effects in transitions of X Li molecules (X: even isotopes of group II atoms)

Geetha Gopakumar,” Minori Abe, and Masahiko Hada
Department of Chemistry, Tokyo Metropolitan University, Minami-Osawa, Hachioji, Tokyo 192-0397, Japan

Masatoshi Kajita'

PHYSICAL REVIEW A 84, 022507 (2011)

Elimination of the Stark shift from the vibrational transition
frequency of optically trapped "*Yb®Li molecules

Masatoshi Kajita"
nal Institute of Information and Communications Technology, Koganei, Tokyo 184-8795,

Geetha Gopakumar. Minori Abe. and Masahiko Hada

of optically trapped "*Yb®Li molecules

Masatoshi Kajita"
National Institute of Information and Communications Technology, Koganei, Tokyo 184-8795, Japan

Geetha Gopakumar, Minori Abe, and Masahiko Hada

10P PuBLisHNG Joumnar oF Paysics B: Atosmic, Mocecuiar anp Orncar Paysics

J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 025001 (5pp) doi: 10.1088/0953-4075/46/2/025001

Sensitivity of vibrational spectroscopy of
optically trapped SrLi and CaLi
molecules to variations in m,/m,

Masatoshi Kajita', (goc(ha GopakumarZ, Minori Abe?
and Masahiko Hada~



/m,and o in Grand

Implication of variance of m

Unification Theory (GUT) p

* Grand unification theory implies the possibility of
variance of various natural fundamental
dimensionless constants.

* One example
[d(mp/me)/dt] /m /m, =R [da /dt ]/«
20 < R_ <40 : depends on the detail of GUT
where o is the fine structure constant o = e?/ hcgme,

* To determine R_, information of variation of « and
m,/m, is required.
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~——® Program: MOLCAS 7.2 version.

Calculation details — Ground and excited states of CaLi molecule

—

e Hamiltonian : Relativistic spin free 3 Order Douglas-Kroll Hamiltonian

= Correlation : Spin free multi-state CASPT2 followed by first order Spin-Orbit effect using
RASSI (RAS State Interaction Program) — SO-MS-CASPT2

* Symmetry : C,,

e Active Space for CASSCF : 3 electrons in 8 orbitals
(4s and 5p of Ca and 2s and 2p of L1) — (4,2,2,0)

[ al: (Ca -4s, 4pz; L1 — 2s, 2pz) b1/b2 : Ca — 4px/4py; Li 2px/2py; a2 - 0 |
e Number of roots for state averaged CASSCF :
(?a; :3,%b;:2,%b,:2 1%, 11, %, 1 1, %, 1 1)
* Number of roots for spin-orbit CASPT?2

Character table for C_

E C2(z) s(xz) s(yz)

(?a; :4,%b,:3,%b,:3 1%, 1 1,%, 1 1, %, 1 1) at 1 1 1 1oz
bi 1 -1 1 -1 s , R
* Basis : ROOS-ANO-RCC i L1 4 a1
(Ca) 20s16p6d4f — 10s9p6daf b2 R A e

(Li) 14s9p4d3flg - 8s7p4d2flg
Symm.* Spherical harmonics (orbitals in C.,)
ap (1) s(o) . (o) d,2 (o) dp2_2 (8) [ (0) fr(z2—y2) (0)
b1 (2)  pr(m) drx (7)) fre2—y2) (7)  fas (9)
b‘2 (3) Py (77) dy: (ﬂ-) fy(:Q—IQJ (7‘—) fy3 (@)
ag (4) dry (8)  fry> (9)
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LiCa (@

250 F

200
Ca('S) + Li(P)

[ Ca(®P) + Li(®S
o | CP) + LiCS)

Energy (102 cml)

e

100 -
50 -

+ Ca(!S) + Li(?S) 122 25

2
e\t it
2 3 4 5 6 7 8 9 10 222—'_
Internuclear distance (A)

t t. 22H

SpikE p— . 1411

pin-iree excitation energies 13+

State Present Expt. State  Present Expt.
P 14956 15263 2P 15212 14904

1/2

3.40
2.98
3.56

3.20
3.32

3.67
5.01

2 2y +
1_13/2,1/2’ )2 172

4 2
1_15/2,3/2,1/2,1/29 1_13/2,1/29

4y + 2y+
p2 3/2,1/2> )2 172

2131
11225
7280

3759
3721

3572
265

206.2
305.7
208.7

254.8
223

174.5
29.6

0.28
0.35
0.25

0.30
0.29

0.23
0.13

(Cali spin-fiee CASPY2 PECS & spectroscopic constants |

Molecular @5*DA,, Atomic @5*DL

Li (?S,,) + Ca/Sr (!S,)

Li (°Pyp3,) + CalSr (1S)

Li (281/2) + Ca/Sr (3Po,1,2)

5882.05
9702.61

13479.71
13603.72

13745.06
17227.63

Inclusion of 3d in CAS space
EE of 3P =15310 cm™
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't‘ LiCa, "Q=1/2" ® - ”?F
180 # \ Lesy+cacpy | bbU N T e
3 “ e pae s..*«:}z‘_"_“!.i".".’!‘.".".’_“?—'l‘-- ——8th1/2
160 ; 'é_:‘\\ """" TiCP) + Ca(ls) ~mmmmannas
“. l‘l.;:\\\
B I RN a
E . g
< 120 Fi oY [ e b N7 | e
S A =
& PN &
2 : ' 138
= | = II 555555
80 ll II ‘ ,’ ;,
: 1375 t e /
60 ‘l II -687.306 § Q—B/Z ' ,,
0 v 137 |V N T s/
\‘ LiCS) + Ca('S) N \ § A /
20 \ mmmmmmmmmmmmmm- v -
LT 1365 | \ NI A / 1.5
‘ 2 _;\ ,4 : 6 7 8 9 10 30 5 3 4 5 6 7 é 9 10 \ - : // - = 15
Internuclear distance (A) ) Internuclear distance (A) 136 \ ,
135.5 b / T
Spin-orbit effects leads to several \ /
L] L] L] 4 . . . " L ! L
states with double minima due to "LiCatransiion dipole " @ | [ 5, 5 5o 34
o . 3.5
avoided crossings

»Atomic limits - Order of 3P and 2P
states are not obtained - (325 cm™)
»Molecular regions - character of
states are obtained as expected

» Excitation energy error < 3%

» spectroscopic constant error <1%

2P (2s-2p) transition dipole moment
100 a.u - 2.37 a.u. NIST - 2.36 a.u.

Transition dipole moment (a.u.)
(3

3 4 5 6 7 8 9

10
Internuclear distance (A)
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Spin-free
Re De (’oe
A) (em™)  (em™)

Spin-orbit

” 12(1) 372 | 1242.09 [92.03  |0.08 |-

2z |37 | 124200 P29 008 - 122) 3.24 |9088.25 |177.83 |0.11 | 7180.45

g e s CHAT B R LY O R 32(1)  |3.24 1905679 167.65 050 |7227.19
126) 382 610400 1285 008 10212 |

rp | 370 | 236724 1109.24 1007 | 14092.04 | |y1p@)  [3.70 [2290.61 [103.93 |0.08 |14063.29

203 | 336000 007 | 1arsacy | 152D 1370 |2319.65 [107.67 |0.47 |14121.01

32% 102.24 3/2(2) 3.70 [2287.39 [105.68 |0.08 [14101.70

125 3.70 |2318.84 |108.86 |0.08 |14082.38

16173.07 12(6)(1m) |3.45 | 1920.41 [91.99  |0.09 |14501.79

1/2(6)(2m) |3.93 |- - - 14755.50

-842.089

)

Energ§ (em™}

-842.095

e
o
N

-842.097 red lines - 5

1/2(8) 4.76 | 1721.99 124.49 |0.05 |19343.77

3/2(4) 476 1171715 124.11 [0.05 |16585.67
Moderate spin-orbit effect — crossing of 4%, 2X and 2I1 48




Spontaneous emission rate (sec?) | (a) - % to 211
*(a) -1 1

, T — 140000 /sec —not
» | —— "LiCa spontaneous emissioin rate" .
easy experimentally

w
=
4

ec)
3
8]

N
153 99
% S

W

26 1
24 1

%

*(b) - 12X to 22X
— 600000 /sec — not easy
but ok
(sensitive detectors in UV)
(c) - 12X to 2211
— 14000000 /sec - good
observe fluorescence

12
10 1

Spontaneous emission coefficient (10 /

o N = D

08

(d) - 12X to 32X
- 30000000 /SEC - Very
"LiCa ch.arge po!)ulation go O d
of Li 2p orbital"
- more than 107 /sec

07 F

06
05
04 F

03 F

Mulliken charge population of Li 2p,/2p, orbital

02

Observe LIF spectrum using
laser diode or Ti: Sapphire

0.1 F

[ S
O |||||||| i
25 35 45 55 65 75 85 95 105

laser 29

Internuclear distance (A)



Measuring EDM using ultracold HgYb molecules

1.Dual MOT of Yb and Hg:

loaded from Zeeman Slower for Yb
Vapor Cell for Hg

2. Transfer of atoms
by Optical Tweezer:

215 mm travel, 1.7 s, 12% loss
(demonstrated)

3. Optical Pumping(F=1/2 < F= 1/2)
& Loading into 3D Optlcal Lattice:

Opti~c al Tweezer

Takahashi sense1 — talk @
FPAU — 19-20-May-2012



Measuring EDM using ultracold HgYb molecules

~ 4. Photo-Association(f—v=v,) and STIRAP(v=v,—v=0)

(Nuclear-Spin-Preserving) o

’

ST
\mﬁnmg
ITT:

5.Apply Electric Field:~10 kV/cm

3 sec. coherence time [l \ %
Vv _j7] 1 1 o
6. STIRAP(v=0—v=v,)and So(YP)#5, (He)
Photo-Dissociation(v=v, — f) Photo. R
(Nuclear-Spin-Preserving) STIRAP ociation

Takahashi sensei — talk @
FPUA — 19-20-May-2012



Atomic calculations (validating whether the basis sets can represent the ground
and excited states of atoms) — MS-CASPT2 — largest ANO-RCC basis sets

— B S T

ground
0 17288.44
FP 6s6p
1 17992.01
2 19710.39
1 24489.10
D 6s5d
) 24751.95
3 25270.90
P 1 25068.22 | 6s6p
D" 2 27677.67 | 6s5d
3S 1 32694.69 | 6s7s
s W 34350.65 | 6s7s

Al
Bl
B2
A2

States

States
obtained
1n calc.

Reason/
Problem

Excitation energy error

estimate (3rd Calculation)
IS, 3P, 1P, °D, 3S and !S < 4%

1D <5%

2110

6s,6p,(2)

6p,(1)
6p,(1)

IS, 3p
and P

IS, part
of (P
and 'P)
and 'S
and 3S

A1 RAS
space —
6s, *s
(not
6pz)

3110

6s,*s,6p,(3)
6p,(1)
6p,(1)

1S, 3P, 1P, 3S
and 'S

IS, 3p. 1p, 38
and 'S

(1)6s*s and
6s6p excited
states are
mixed

(2) Order is
wrong

5221

659 * Sa6pz? >X<d‘229*dx2-y2 (5)
0Py, *dy,(2)

6py,*dy,(2)

*dyy (1)

1S, 3P, P, 3D, 'D, 3S and S

1S, 3P, 1P, 3D, 'D, 3S and 'S

(1) Character of all states
as expected

(2) All states in order as
obtained in NIST data

3




t— --——
2110 States All states obtained
0 |37645.08 with requlred
g 7s7p Al 7s,7p,(2) 'S, *Pand 'P character
1 3941230 Bl Tp.(1)
B2 Tp (1) Excited states in
2 [44042.98 | o dor
1 [54068.78 [7s7 . :
ip pr Excitation energy error estimate
3P < 5% and 'P < 2%
| HgYDb Ground state - State specific CASPT2 method
RAS space: 4220 (8 RAS space: 5220 (9 orbitals — 6s,*s, 6p -
orbitals — 6s,6p — Yb and Yb 7s,7p - Hg) - 4 electrons
7S,7p Hg) 4 eleCtI‘OIlS _ Potential energy surface (1)

233684 = 60 61 62 63 64 65 66 67 68 69 70
’\ -33684.97

T4
-33684.98
\ -33684.97
-33684.98
-33684.97

Energy (a.u.)

S T V3 7. 1 A . A A S A A A A —
5-33684.97
l\!
-33684.98 - =
8-33684.98
-33684.98 £ \

-33684.98 - — T \\_—— — s08a%8 _
333333333 _|Re=663au. |- R.=662au
Qe == 35.6 Cm—l -33684.98 Nuctear istance (a.0) Q — 36.7 Cm_l
D, =2397.14 cm-1 D, = 2340.39 cm-1
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CASPT2 (7331)-State specific —

ground state

| -33684.974 -33684.974
4 -33684.976 - W -33684.976 -
-33684.978 - 33684.978 -
-33684.980 - ——CASPT2-5S -33684.980 -
-33684.982 - ~8— CASSCF-SS ~33684.982
-33684.984
-33684.984 s SCF
-33684.986
-33684.986 -
v -33684.988 -
-33684.988 - Ay, tega.990 |
-33684.990 -
23684992 | SCF and CASSCF (scaled) do not have
-33684.994 . .
5.8 minimum
—

— | ground state

CASPT2 (7331) — State average -

00 0ae 000000000000

=—4—CASPT2-SA
—fli—CASSCF-SA

—d—SCF

Comparison of CASPT2 (7331)(state specific/average) with CCSD(T) —
ground state of HgYb molecule
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Potential energy surface (1) 33

6.4 6.6 6.8

~

-33

-33

-33

-33

66666666

66666666

66666666

66666666

66666666

= | State specific

R, =6.52 a.u.
Q.= 38.7 cm-1
D, =2349.46 cm-1

State average

R, =6.70 a.u.
Q. =29.59 cm-1
D, =2213.23 cm-1

‘‘‘‘‘‘

Potential energy surface (12)

CCSD(T)

R, =7.06 a.u.

Q. =28.3 cm-1
D, =1064.80cm-1




Computation of excited states: What should we CheCId/
® Order of excited states with respect to energy in comparison with NIST atomic data

* How many states to be included in optimization at CASSCF level?

* How many states to be included at CASPT2 level?

* Smooth curves starting from binding regions to dissociation regions !
* Molecular excitation energy @100 a.u. in comparison with atomic excitation energies?

Al

Bl

B2
A2

Program : MOLCAS 7.2 version.

Method : Spin free 37 Order Douglas-Kroll Hamiltonian
Correlation : Spin free multi-state CASPT?2 followed by
first order Spin-Orbit effect using RASSI (RAS State
Interaction Program) — SO-MS-CASPT2

Symmetry : C2v

Active Space for CASSCEF : 4 electrons in 14 orbitals
(6s, 6p, 7s and 5d of Yb and 7s and 7p of Hg) — addition of

5d to get good Yb atomic limits

Frozen core : 46 orbitals (1s to 4d of Yb (en ~7.561 au) and
Is to 4d of Hg (en ~ 14.352 au)

Active orbitals in CASPT?2: 5s,6s,5p,4f (Yb) and 5s,6s,5p,
41, 5d(Hg)

Basis : ROOS-ANO-RCC — 379 basis functions
(Yb) 25s22p15d1114g2h — 12s11p8d7f4g2h
(Hg) 25s22p16d12f4g2h — 10s10p9d6t4g2h

Singlet states Triplet states

(D) 12,(2) 'Z,(3) 'Z,(4) 'Z,(1)
IA [5]

(1) ', (2) "I [2]

(1%, (2)°%, 3)°L,(4) %,
(1)°A[5]

(1)°IL, (2)°TL, (3)°I1 [3]
(1) ', (2) "I [2]
(D'A 1]

(1)°IL, (2)°IL, (3)°I1 [3]
(1*A [1]

22 spin-free states

Atomic calculations RAS space: Yb
(5221) + Hg (2110) >>>> YbHg (7331)

Order of excited states 7331- RAS space

Atomic limits States

Ground Yb('S,) + Hg ('S,) 53

st Yb(P,, ,) + He('S,) 3%, 31
2nd YbCD, ) + Hg('Sy) 3%, 3T, 3A
3rd Yb('P,) + He('S,) 1y, I
4th Yb('D, , ;) + Hg('S,) I3, 1, A
5th Yb(S,) + He ('S,) 3y

6th Yb('S,) + Hg ('S,) D>

7th Yb('S,) + Hg(*P, | ;) 3%, 311

8th Yb('S,) + Hg('P,) Iy, I

How many states at CASSCF level of
optimization?
55232311: Between 6 to 5 a.u unsmooth
PECs for 1-'%, 2-3¥ and 1-3I1 states
43222211: Ground ('X) has
discontinuity at 6.5a.u.
53222211: (used this CASSCEF calculation
for CASPT2 (55232311)
- lowest 20 spin-free states




Spin-free-HgYDb singlet excited states

Symmetry configura  Character Dissociation
Al tion channel
20000 singlet(5)
= (1)Sigmasinglet = = (1)Pisinglet = (2)Sigma singlet (1)12 2200000 Hg6Ssz682 Yb(ls) +Hg(1S)
45000 (3)Sigmasinglet = = (2)Pisinglet (4)Sigmasinglet
"""" (Hpeltasinglet === (5l5gmasinglet 2)'z 2u0d000 | Hg6s2Yb6s6p | Yb('P)+ Hg('S)
40000 |
{ Yh('S)+ Hg('S) 3)'z 2u000d0 Hg6s2Yb6s5d | Yb(!D) + Hg('S)
o0 (4)'s 200000d | Hg6s2Yb6ssd | Yb('D)+ He('S)
Yb(D)+ Hg('S
2000 | (D)+ Hel5) 5)'s 2ud0000 | He6s2Yb6s7s | Yb('S) + He('S)

v
- -
- -
- -
-
- -

-

—
-

25000

Energy (cm-1)

20000 F

15000 F

10000 F

5000 F

—
— = -
-

Symmetry configura  Character Dissociation
B1/B2 tion channel
singlet(2)

2u00000 | Hg6s2Yb6s6p | Yb('P)+ Hg('S)
doo

2u00000 | Hg6s2Yb6s5d | Yb('D) + Hg('S)
00d

Symmetry configura  Character Dissociation
A2 tion channel
singlet(1)

Yb(iS)+ He(s) (H)'A gudooooo 0 | Hg6s2Yb6s5d | Yb('D) + Hg('S)

2.10 2.60 3.10 3.60 4.10 4.60

5.10 5.60

Nuclear Distance (1)

Blue lines: Singlet Sigma states
Dotted red lines : Singlet Pi states
Purple lines : Singlet Delta states

* All low lying Yb excited states required are
reproduced correctly

* Due to state averaging procedure(optimization)
some states may not be accurate
(5) singlet Sigma, (2) singlet Pi and (1) singlet

Delta




Spin-free-HgYD triplet excited states

52000 4

47000 Ay

42000 A

37000 +

Energy (cm!)

27000 A

22000 4

17000 A

12000

32000 A

= = (1)Pitriplet
e (2)Sigmatriplet
- = (2)Pitriplet

= (1)Delta triplet
e (5)Sigma triplet

= (1)Sigma triplet
(3)Sigmatriplet

= = (3)Pitriplet
(4)Sigmatriplet

I('S) £HeEP)- —

pup—————r
- — = - - -
— =

Symmetry
Al
triplet(5)

configura
tion

Character

Dissociation
channel

(1)’ 2u0u000 Hg6s2Yb6s6py | Yb('P)+ Hg('S)
5> 200000u | Hg6s2Yb6s5d | Yb(D)+ Hg('S)
(3%% 2000000 | Hg6s2Yb6s5d | Yb(D)+ Hg('S)
(4)°’z 200u00d Hg6s2Yb6p5d
(5)° 200u0u0 Hg6s2Yb6p5d

Symmetry

B1/B2
triplet(3)

configura
tion

Character

Dissociation
channel

2.60 3.10 3.60 4.10 4.60 5.10
Nuclear Distance(A)

Blue lines: Triplet Sigma states
Dotted red lines : Triplet Pi states
Purple lines : Triplet Delta states

5.60

(1’11 2u00000 Hg6s2Yb6s6pz Yb(’P) + Hg('S)
u00

(2)°’11 2u00000 Hg6s2Yb6s5d Yb(’D) + Hg('S)
00u

(3)’11 u200000 Hg6s1Yb6s2Hg | Yb('S) + Hg(’P)
Ou0 6pz

Symmetry
A2
triplet(1)

(1y°A

configura
tion

2u00000 0
Ou

Character

Hg6s2Yb6s5d

Dissociation
channel

Yb(’D) + Hg('S)

*All low lying Yb excited states are not reproduced

correctly (red shaded)
» Hg excited (triplet Pi states) are obtained but
triplet Sigma states are missing.

*Yb (triplet Sigma) states

dissociating to 3S are missing.
* (4) triplet Sigma and (s) triplet
Sigma are not the states required.

4




Spin-free spectroscopic constants /

Dissociation

3.49 1977.67 34.9 |Yb('S) + Hg('S)

(D% -(3)!Z and (4)'X has
3 1 . .
aym | 283 | 817281 109 |YbCP)+HE(S)| | 0 30 crossing at
(apz | 320 | 384807 1 106 |Wb(P)THe(S)| | ymaller nuclear distance
ops | 303 | 547972 | 826 |YbCD)+Hg('S)

Gpz | 311 | 318428 | 631 |Yb(D)+Hg('S) |« 5th !Y and (3)°11 state
opm | 302 | 622740 | 823 |vb(D)+He('S)| |has a broad maximum ~
(ym | 281 | 1241448 | 119 |Yb('P)+Hg('S)| | due to non inclusion of
3.16 | 5189.37 213 |Yb('P) + He('s) | | higher excited states

2)'x
Gy | 312 | 429893 | 741 | Yb(D)+ He(S)
oy | 31| 441346 | 658 |Yb(D)+Hg(s) * All states are strongly

wys | 305 | 332865 | 826 |Yb(D)+Hg(S) bound in comparison with
the ground state

yia | 309 2867.30 63.7 |Yb('D)+Hg('S)

) 2.737 13564.63 127 | Yb('S) + Hg(°P)
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Permanent dipole moment, ground state dissociation energy

—5220
7331

PDM (Debye)

4 6 8 10 12 14
Nuclear Distance (a.u.)

PDM-SS-CASPT2 L g
’ Method Re PDM@Re
| a0 (a.u.) | (Debye)

MS-CASPT2-PDM-
35 SE-SO

= spin-free

25 1 = spin-orbit

1.5 A

0.5 A

Perme nant dipole moment {Debye)

T T T T
5 7 9 11 13 15
Nuclear distance (a.u.)

-0.5

SS-CASPT2-4220 6.63 1.15
SS-CASPT2-5220 6.62 1.09
SS-CASPT2-7331 6.52 1.15

MS-CASPT2 6.59 1.27
(spin-free)
MS-CASPT?2 6.57 1.29

(spin-orbit)

Method De (cm-1)

CCSD(T) 7.06 1064.80
CCSD(T)-CP 6.71 1845.59
CASPT2-SA 6.69 2213.24
CASPT2-SA-CP  6.36 3277.46
MS-CASPT?2 6.59 1977.67
(spin-free)

MS-CASPT2 6.57 1538.10

(spin-orbit)

Ground state pdm ~ 1.1 D to 1.3 D

CASPT2 method produces more bound molecule in
comparison with CCSD(T)




HgYDb spin orbit excited stai

Yb: 1s2.....58*5p%4f146s>
Hg : 152.....55?5p%4f146s? 5d107s2
Hg (7s?) ground + Yb (6s?) ground
(G=0) (G=0)
Total Mj values possible: 0
Hg (7s%) ground + Yb (6s'6p!) excited
(=0) (=0,1,2)
Total Mj values possible: 0,+1,0,£2,+1,0
Hg(7s?) ground + Yb(6s!5d') excited
(G=0) (=12,3)
Total Mj values possible: £1,0,£2, 1,
0,£3,+2,+1,0)
Hg (7s?) ground + Yb(6s'6p') excited
(G=0) G=D)
Total Mj values possible: 0,+1
Hg (7s?) ground + Yb(6s'5d") excited
(=0) (=2)
Total Mj values possible: 0, £2,+1
Hg (7s%) ground + Yb (7s?) excited
(G=0) (=0)
Total Mj values possible: 0
Hg (7s%) ground + Yb (7s?) excited
(G=0) G=1)
Total Mj values possible: 0,+1
Hg (7s7p) excited + Yb (6s?) ground
(i=0,1,2) (= 0)
Total Mj values possible: 0,+1,0,£2,+1,0
Hg (7s7p) excited + Yb (6s?) ground
(G=0,1) (G=0)
Total Mj values possible: 0,1

———

-

1S0-0
3P0-0
3P1-0
3P1-1
3P1-1
3P2-0
3P2-1
3P2-1
3P2-2
3P2-2
3D1-0
3D1-1
3D1-1
3D2-0
3D2-1
3D2-1
3D2-2
3D2-2
3D3-0
3D3-1
3D3-1
3D3-2
3D3-2
3D3-3
3D3-3
1P1-0
1P1-1
1P1-1
1D2-0
1D2-1
1D2-1
1D-2
1D2-2
1S0-0

IST data 100
a.u.data
0 0

17288.44
17992.01
17992.01
17992.01
19710.39
19710.39
19710.39
19710.39
19710.39
24489.1
24489.1
24489.1
24751.95
24751.95
24751.95
24751.95
24751.95
25270.9
25270.9
25270.9
25270.9
25270.9
25270.9
25270.9
25068.22
25068.22
25068.22
27677.67
27677.67
27677.67
17288.44
17992.01
17992.01

17934.01
18437.81
18477.64
18477.67
19690.28
19690.31
19761.13
19761.14
19782.94
24597.62
24597.73
24793.83
25045.43
25053.81
25238.74
25238.86
25376.21
25377.58
25378.02

25769.8
25792.44
25813.11
25813.52
25815.38
25938.55
25938.55
26342.68
28672.51
28709.59
28873.16
17934.01
18437.81
18477.64

3.7
2.5
2.7
2.7

-0.1
-0.1

0.3
0.3
0.4
0.4
0.4
1.2
1.2
1.2
2.0
2.0
2.5
0.4
0.4
2.0
2.1
2.1
2.1
2.2
3.5
3.5
5.1
3.6
3.7
43
3.7
2.5
2.7

First check: Atomic excitation energy with 100 a.u. data

Proper
dissociation
channel for
the lowest
31 states out
of 46 spin-
orbit states

Excitation
Energy < 5%
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Spin-orbit MS-CASPT2 PECs

35000

\
30000 |

25000

(cm-1)

+,. 20000

Y

Energ

15000

Blue lines -
omega - o
Red dashed lines
— omega — 1
Yellow dotted
lines - omega -
2

Green lines -

Yb 1S-0

Nuclear distance (ﬁ&)

Yb - 3P-0
——150-0 =——3P0-0 =——3P1-0 = = 3P1-1 = = 3Pl-1 3p2-2 3p2-2 = = 3pP2-1 = = 3p2-1
3P20 = = 3011 = — 3D1-1 3D1-0 3020 = = 3D2-1 = — 3D2-1 3D2-2 3D2-2
——3D3-3 ——3D3-3 3D3-2 3D3-2 = = 3D3-1 = = 3D3-1 ——3D3-0 = = 1P11 = = 1P1-l
——1P0-0 1D2-2 1D2-2 1D0-0 = = 1D1-1 = = 1D1-1 ———150-0
Yb 1S-0
T T T T T T T
27 3.2 3.7 4.2 4.7 5.2 5.7




Transition Dipole moment — spin free level — check (lifetime calculations)

3.5 4

[ N
(9] N w
1 1 1

Transition dipole moment (a.u.)

[y
|

0.5

Yb('P)+ Hg('S)

- w— o wm o wm e e e e = o= o
- -
—_-
-

1)Sigmasinglet — (2)Sigmasinglet

= (3)Sigma singlet (4)Sigma singlet

e (5)Sigma singlet = = (1)Pisinglet

2)Pisinglet

2.5 3.5

4.5

5.5 6.5 7.5
Nuclear distance (A)

—

* Electric dipole
transition possible
from ground ('S)
to (IP) state (at
dissociation limits)
» All other
transitions are
forbidden at spin-
free level.
* TDM ~ 3.114 a.u.
Lifetime of 'P
state (expt.)

~ 5.7 nsec
* 100 a.u
calculations

~ 4.5nsec

* Molecular regions:

Large TDM connecting ground('S) with (4)'Z (yellow) and (2)'TI(green) states at
binding regions ((4)'X and (2)'T1 dissociates to  Yb 'D excited state)
* Possible candidate for stabilization step in photo association experiment
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Fundamental Physics applications starting from chemistry

v'Lifetime of excited meta stable states for the possibility of
PA experiment in excited states

v Fitting the theoretical PECs with experiment to obtain
accurate values of long range parameters (C6, C8..)

v With long range parameters find scattering length —
important parameter in laser cooling experiments

v" Parity Non Conservation in Chiral molecules — PNC
NMR properties

v" Electron EDM in open shell molecules

v Nuclear EDM in closed shell molecules

SO On....

Thank you
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