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BeepeHue. PacwupenHas tabnuua MeHgeneesa

Period 1 Periodic Table 1-172 18 Orbitals
2

1 B35 16 17 g ) s
s[6|7[8]° )0

2 Blc|n|o|F|Ne| 2%
|2 4|15 16|17 |18

N B R M N R MR

s [Tz =2 [ 2 27 282 20 3 122 133 |34 35 |36 | assas

K|calsclmi| v]cr|mn|Fe]co|Ni|cCulzn|Ga|Ge]Aas]|se|Br|Kr P

s [37]38]30 40 ar]az[a3]aa]asfde|a7[as ao]sofsifs2fs3]sa] .,
Rb|sr| v |zr|No|Mo|Tc|RufRh|PdfAag|cd]infsn|sb|Te| 1 |Xe »

5556 | s |72 7374|7576 [ 77| 78 | 79 | 80 | 81| 82|83 ] 848586

6 L cs|Ba| 7 [mr|Tal W] Rre|Os| ir | Pt | auug| 11 | Pb ] Bi | Po| At |ra ] 65596P
5 [57]3 | o. [10a[ 105 e o7 s xoo o v ez TR e s 7ssa7m

Fr | Ra|103| Rf Db | Sg | Bh | Hs {Mt]| Ds |Rg | Cn

8 [119]120) " 156 1s7||ss 159] 160|161 162|163 | 164|139 | 140 | 169 | 170 [ 171 | 172 857a8p

9 |165|166 167168 9s9p

AEEREERRREREREEE a
La| Ce| Pr|Nd|Pm|sm|EufGd|Tb]Dy|Ho|Er

5|80 o0 or]oz[o3foa]os] 6|78 ] 9100 s
Ac|Th|Pa] U INp|Pu]Am|cm| Bk | Cf | Es |Fm s

8 |141] 142|143 144 145] 146 147 | 148| 149 | 150 | 151 | 152 of

8 |12l|122|123|124|125|126|l27|12ﬁ|129|130|131|132|l33|134|135|136|137|138|sg

Tabnuua B3sta U3 pabotbl Pekka Pyykkd Chem. Rev. 112, 371 (2012).

Z =118 7s%7p° 119 — 121  8s8p Z =145 — 158 7d6f 8p
122 — 124 8p7d6f Z =159 — 166  7d8p9s
z

=125 —144 8p7d6f5g =167 — 172 7d8p9s9p

N NN
Il



BeepneHue

B naHHOM poknage Mbl NpeAcTaBisieM KpaTKuid 0630p pe3ynbTaToB HallMX pacyeTos
3neKTpoHHOM cTpyKTypbl CTI 7-ro v 8-ro nepMopoB C aTOMHbIMW HOMEPaMK B UHTEpBase
110 < Z < 170 v ux Gonee nerkux romonoros [1-7].

@ OcHoBHble KoH(Urypauuu CTI

° nOTeHLl,Maﬂbl WOHHU3aLUHUKU U CPOLACTBA K INEKTPOHY

OpHo4acTHuHble 371eKTPOHHble naoTHocTH. CpeaHeKkBagpaTUUHble PAAUYChl U LMPHHDI
pacnpeneneHnii 3NeKTPOHHON MIIOTHOCTU BaNIEHTHbIX 3/IEKTPOHOB. JHTPOMNUK
LLleHHOHa

DyHKUMK nokanusaunu anektpoHos (DJ13)
KeaHToBO3nekTpoauHamuyeckue (K3) nonpaeku ana (110 < Z < 170). [5]

Opb6uTtanbHbiit konnanc 5g anekTpoHos [7]

AnekTpoHHas ctpyktypa monekyn Og2 u UueH (YHyHeHHUIH, 3Ka-ppaHuui) U ux
6onee nerkux romMosoros

. M. Y. Kaygorodov et al., Phys. Rev. A 104, 012819 (2021)

. 1. I. Tupitsyn et al., Optics and Spectroscopy 129, 1038 (2021)
. M. Y. Kaygorodov et al., Phys. Rev. A 105, 062805 (2022)

. LI Tupitsyn et al., Optics and Spectroscopy, 130, 1022 (2022)
. A. V. Malyshev et al., Phys. Rev. A 106, 012806 (2022)

. I. M. Savelyev et al., Phys. Rev. A, 107, 042803 (2023)

. 1. I. Tupitsyn et al., Phys. Rev. A, 109, 042807 (2024)
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Beepenue. OcobeHHocTh anekTpoHHoro ctpoeuuss CT3 7-ro u 8-ro
nepuonoB

Hackonbko naneko B obnactb CTI MOXHO pacrnpocTpaHuTb
NePUOAHUYECKHUM 3aKOH?

AnekTpoHHas cTpyktypa CTJ yHWKanbHa B HECKONIbKMX acnekTax:

@ YpaBHeHue [lMpaka Ans TOYEYHOro AApa He UMeeT pelleHus, HaunHas ¢ Z=137.
OpHako, eciu y4ecTb KOHeuHble pa3Mepbl spa, TO PeLleHHe MOXHO HaWUTH BMIOTb
[0 KpUTUYECKOro 3HaueHus Z=173, korpa HWKHWIM 1s ypoBeHb AocTuraet
oTpULATENBHOIrO KOHTUHYYMa [lupaka.

@ [loHsaTe ocHoBHOW KoHurypauuu CTI 8-ro nepuopa B OTAENbHbIX ClyYasx He
ABNSIETCA XOPOLIO OnpefeneHHbIM, NMOCKO/IbKY Habopbl PENSITUBUCTCKUX aTOMHbIX
TEPMOB pa3HbIX KOHGMUrypauuii MoryT nepekpbiBatbes [1].

@ CunbHble pensiTUBUCTCKUE 3(hPeKTbl BbI3bIBAIOT TaK Ha3biBAEMYIO KOHTPAKTaLUIO
S1/2- M P1/2- OpbuTaneii, T.e. CABUraloT MakcHMyM NIOTHOCTH pacripeaeneHms
3NIEKTPOHHOM MIOTHOCTH 3TUX 060/I04eK B 061aCTb MEHBLUMX 3HAYEHHM
CpeAHeKBaApaTHUHbIX PafuycoB. B peaynbtare BaneHTHble Si/o- M P1 /- 060M104KH
MOTYT CABWHYTbCS B 061aCTb aTOMHOrO OCTOBA.

[1]1 1. M. Savelyev et al., Phys. Rev. A, 107, 042803 (2023)



Beepenue. OcobeHHocTh anekTpoHHoro ctpoeuuss CT3 7-ro u 8-ro
nepuonoB

@ CnuH-opbuTanbHoe paciuyenneHue BaneHTHbIX p- obonodek CTI oueHb BEMKO U
nocturaet 10 eV gna 7p- obonoukn atoma Og (Z=118) u 75 eV ans 8p-obonouxu
atoma ¢ Z=165.

@ M3-3a cunbHOM KOHTpakTaumuK s- and p; /o-060/104€K W OrPOMHOrO
cnuH-op6uTanbHoro paciuensniequs, 8ps/o-obonouka CTI 8-ro nepuona sacensiercs
ToNbKo HauuHas ¢ Z=167, nocne Toro Kak 3anonHserca 9s-obonouka.

° MHTep(‘_‘CHbIM npUuMepoM sABNAeTCA pacnpeneseHue BaJIEHTHOM 3!16KTp0HHOﬁ
ANNIOTHOCTHU B aTOMe Og.

Og siBnsietca anemeHToM 7-ro nepuoga 18-oi rpynnbl 6n1aropogHbix (MHEPTHbIX)
rasos c koHdurypauueii [Rn] 514 6d10 7s2 7p6.

M3-3a cHnbHOW pensTUBUCTCKOM KOHTpaKTauuu pacnpegeneHle pafuanbHOM
3NeKTPOHHOM MIOTHOCTH BaNeHTHOW 7py /o~ 0bonouku atoma Og HauuHaeT
NEepPEeKpPbIBATLCS C BHELUHUMU OCTOBHbIMK 0DO0/I04KaMHM.

B pesysnbtarte pyHKUMS IOKANM3ALUK 3/IEKTPOHOB B BaIeHTHON 06/1acTH CTAaHOBMUTCA
6113KOM K 3HaueHuio 0.5, KOTOpoe ABASETCA XapaKTepHbIM A1 OAHOPOAHOMO
3NeKTpoHHOro rasa. B pabore [1] atoT adhpeKT UHTepnpeTUpOBaCS Kak pa3MmblBaHue
pacnpeneneH1s NAOTHOCTH BaNEHTHbIX 3IEKTPOHOB, NPUOIMKAIOLLEECs K CyHalo
00HOPOOHO20 3/1IEKMPOHHO20 2a3d.

[1] P. Jerabek, B. Schuetrumpf, P. Schwerdtfeger, and W. Nazarewicz, Phys. Rev. Lett. 120, 053001
(2018).



Beepenue. OcobeHHocTh anekTpoHHoro ctpoeuuss CT3 7-ro u 8-ro
nepuonoB

o lNpumep. 114-i anemeHT (Pneposuii, Flerovium)

MopmanbHo 114-i anemeHT 7-ro nepuopa ¢ KoHdurypaumei 7s27p? sensetcs
romonorom yrnepoaa 2s22p? v npuHaanexut k 14-oi rpynne.

OgpHako, cnuH-opbuTanbHoe pacluenieHue BaneHTHoM 2p opbuTanu, KoTopoe Ans
yrnepopa cocTaenset BenMuuHy 6 meV, B cnyyae 7p opbutanu cneposus — nopaaka
6 eV, 1.e. B 1000 pa3 6onbue.

Mo ato# npuumte 7p3 /o opbutanb 114-ro anemMeHTa He 3acenseTcs 3NEKTPOHAMKU U
He MOXeT yyacTBOBaTb B XMMHUECKOM CBS3W, B YaCTHOCTH B 0Bpa3oBaHMM Sp°
rubpUaM3aLmK, XapaKTepHOM AN COefUHEHUN yraepoaa.

@ Hauunas c anementa Z=125 no Z =142, 5g o6onouku ¢ 6obwmm opbUTabHBIM
MoMeHTOM (I=4) 3anonHseTcs 31eKTPoHaMH.

ApheKTUBHBIN paguanbHbif NoTeHUMan 5g 3NeKTPOHOB, KOTOPbIM COAEPXKHT BOoNbLLOM
LEHTPOBEXKHbIM YNeH, UMeeT ABe MOTEHLMasbHbIe SIMbl, YTO MOXKET NPUBOAMUTbL K Tak
Ha3blBaeMoOMy OpbUManbHOMY KOAAANCY.



14-5 rpynna Tabnauubl Mengeneesa (rpynna C)

Group 14: Ionization Potentials
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12-2 rpynna Ttabnuubl MeHgeneesa (rpynna Zn)

w (=2

IS

S - Shannon entropy, RMS [a.u.]
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Pacnpepenenve anekTpoHHoW nioTHocTu B atome Og

Og koHdurypaums: [Rn] 514 6d10 7s2 7p6.

Og Total electron density [a.u.]
— T T T T T

2 1
log, o(r/ao)

PaauanbHas 0iHO3NEKTPOHHas nnoTHocTb 47 p(r)r? atoma Og.

Kak BMAHO M3 pUCYHKa 3N1EKTPOHHAs MIOTHOCTb HE UMEET HUKAKWUX XapaKTepHbIX MUKOB B obnacTu
JIOKa/U3aLMK BaSIEHTHDBIX 3EKTPOHOB KaK B HEPENSITUBMCTCKOM MPUBIMKEHNUH, TaK U B PEISITUBMCTCKOM
cnyyae.



Hepenatueuctckas oyHKUMSA NoKanusauun anekTpoHoe (DJ13)

The gpyHkyus nokanuzayuu 3sekmpoHoB (electron localization function—ELF)
XapaKTepuayeT CTereHb JIOKaNM3aLUmMk 3EKTPOHOB B aToMax W Mosiekynax. OHa Gbina
BBEJEHa B KBAHTOBYIO XMMHIO B paboTe [1]

o\ —1
ELF(r) = <1+ {g)({:)] ) , 1)

B npubnukernn Xaptpu-Doka dyHkumus D(r) onpegensietcs cneayowum o6pasom

1 [T_ 1 |Vp<r>|2}

PO=5 "1 o

5 and T= Z |Vpio(r)]?. (2)

1,0
3,Eler P — OOLHO3NEKTPOHHaA MJIOTHOCTb, @ 7 — MJIOTHOCTb KUHETUYECKOM JHEepruu.

DyHKuMS Do(r) onpepenseTca AN OLHOPOAHOrO 3/IEKTPOHHOro rasa
3
Do(r) = 25 (37%)*/p%3(r) . (3)

ELF npuHWMaeT 3Ha4eHus B MHTepBane oT Hyns fo eaunuupl (0 < ELF < 1). bonbwue
3HayeHuss ELF pocturaiotcs B 06nacTax nokanusauuu o6onouek, a HeGosbmnm
3HaYeHUsIM COOTBETCTBYIOT obnactu Mexay obonoukamu. Jas 00HopodHoz0
asnekmpoxHoeo eaza ELF=0.5.

[1] A. D. Becke and K. E. Edgecombe, J. Chem. Phys. v.92, 5397 (1990).



Penatueuctckas (byHKLI,MFI 3}16KTpOHHOI:1 N10OKa/in3auuu

Vo (r)]?
D)= 3 [W*mT*(r)— L[l } , @
Pt 8  p(r)
rae A = 1,2 HymepyeT GosnbluMe U Manble KOMNoHeHTbl GucnuHopa [upaka, 1
A P2(r), A=1,
A A a
r) = ), r)=—F 5
pr)= > pMr), P r2aa{Q3(r), Ao (5)

A=1,2

T (r) B hopmyne (4) sBNSETCA PENATUBMCTCKMM aHa/IOrOM HEpensTUBUCTCKOM MIOTHOCTH
KUHETUYECKOM 3HEeprum

1 1
T =Xwt), G =gy %\wm(w)\? (©)

u WA (r) — BecoBas pyHKUMS, KOTOpPas UMeeT B

Ap) = PA(T)
Wa(r) = o) 0

I Tupitsyn et al., Optics and Spectroscopy, 130, 1022 (2022)



Og (Z=118). Configuration 7s27p6
Electronic Localization Function (a.u.)
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CruH-opbuTanbHoe pacluennenue 7p o6onodku (~ 10 eV) u KoHTpakTauus 7p1/2
060/104KM HaCcTONbKO BesvkK B atoMe Og, 4TO C y4eToM TOro, 4TO B BaJIEHTHOM 06NacTH
ELF ~ 0.5, agTopbl pabotbl [1] caenanu Bbigog o Tom, uto Og aomkeH
LEeMOHCTPUPOBAThb NOBeAeHUe NoA0OHOE OAHOPOLHOMY 3/IEKTPOHHOMY rasy.

[1] P. Jerabek, B. Schuetrumpf, P. Schwerdtfeger, and W. Nazarewicz, Phys. Rev. Lett.
120, 053001 (2018).



Z=164 Electronic localization function Z=164 Electronic localization function
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Z=164. dnexTpoHHas KoHpurypaums: [0g]5g86f147d10,

OfHO3NEKTPOHHbIE SHEPTUU € U CPEAHUE PAANYCbl <r> OCTOBHbIX 3/1€KTPOHOB

e [keV]  <r>[a.u.]

1s 1/2 -770.6 0.0028
2p 1/2 -343.0 0.0038
2s 1/2 -196.3 0.0130
2p 3/2 -66.2 0.0279

mc?=510.7 keV



Op6uTanbHbii Konnanc. JeyxbsMHbIA paguanbHbii NOTeHUHan

PapuanbHbie ypasHenus [Oupaka-®oka ans f- u g- anektpoHos (l,=3,4) copep>xar
601bLION LEHTPOBEXKHDBIN YNeH, KOTOPbIH AOMUHUPYET MPU Manbix 7.
la(1 1
Vi) = vy + el D ®

B pesynbTate MOXeT oKa3aTbCsl, YTO 3PAEKTUBHBIN PaAnasbHbli noTeHuran Viaq(r)
UMeEET [Be AMbI: Y3KYIO W ryOOKYIO JIOKANW30BaHHYIO SIMY U MEJIKYIO, HO LIMPOKY!IO,
BHELUHIO AMY.

al| )
\ - - -~ potential without exchange

potential with exchange

\

outer (H-like) well
0.005 \
0 r : 20
—0.005
—0.010
0.015
—0.020
—0.025 -
025 0.5 1 2 4 8 16 32 64 128
rola)

~<— inner well

Puc.: Z=125. 3dbcheKTHBHBIN pasuanbHbii noTeHuWan ans 06oNoUKH a = 597/2. CnnowHas nuH1s —
noteHuuan ¢ obMeHoM, a NyHKTUpHas — 6e3 obmeHa.



Opb6uTanbHbii Konnanc 5g anekTpoHoB. [ByxXbsMHbIN paguanbHbii
noTeHuMan

[ns 5g anekTpoHOB, NIOKANM30BaHHbIX BO BHELUHEN fiMe, 3(PHEKTUBHDINA MOTEHLHUAN MOXKHO
CYMTaTb YMCTO KYNOHOBCKHUM, T.e.

N 1 I(l+1
V) = -+ 1G5

R r— 0. (9)

MuHuMyM noTeHuuana yrad (1) BO BHelwHel siMe JocTuraeTcs B Touke well is at the point
min =1 ({+1) =20 a.u.. (10)

Mny6uHa BHelHeN sMbl Vi B TOYKE MUHUMYMa pasHa
Vinin =~ — 2004+ 1)]7! = 0.025 a.u.. (1)

OpHO3NeKTPOHHAs IHeprus egl W CpefHui paguyc <r)IT'LIl 5g cocTosiHUs BO BHeLLHeW siMe
6NM3KN K HEPEIATUBUCTCKAM BOLOPOLHBIM 3HAYEHUSIM
1

efl ~ —55 =0.02au. (12)

(rymy ~ [3n2 —i(l+1)] =275au. (13)

N | =



Z=125. 5g- opbuTanbHbIi Konianc

Ta6nuua: The one-electron energies of the e5, and the mean radii ()54 of the valence
597 /2-orbital, and total Dirac-Fock energies of the neutral atom with Z = 125. All values are given
in atomic units

Z=125. [Og]8528p}/26f§/259%/2

Term (J) E€5g (r)sg Total energy
1/2 —0.0200016 | 27.494 | —64846.13530
3/2 —0.0200015 | 27.494 | —64846.14377
5/2 —0.0200017 | 27.493 —64846.14376
1/2 —0.0200017 | 27.493 | —64846.14376
9/2 —0.0200017 | 27.493 | —64846.14376
11/2 —0.0200019 | 27.493 | —64846.14377
13/2 —0.5387971 0.732 | —64846.37848
15/2 —0.5348849 0.732 | —64846.36810
17/2 —0.5367741 0.733 | —64846.37428

1. I. I. Tupitsyn et al., Optics and Spectroscopy 131, 895 (2023)
2. 1. I. Tupitsyn et al., Phys. Rev. A, 109, 042807 (2024)



Z=124. 5g- opbuTanbHbIA Konnanc

Tabnuua: The one-electron energies 54 and mean radii ()5, of the valence 597 2-orbital, and the
total energies of the neutral atom with Z = 124. All quantities are given in atomic units.

Z=124 [0g185°8p1 ;56 13 /2597

Term (J) €5g (r)sg Total energy
0 —0.01996061 27.567 —63308.54698
1 —0.01998763 | 27.520 | —63308.55467
2 —0.01999968 | 27.497 | —63308.55467
3 —0.01999626 | 27.504 | —63308.55460
4 —0.01999806 | 27.499 | —63308.55462
5 —0.02001107 | 27.475 | —63308.55472
6 —0.02002020 | 27.457 | —63308.55474
7 —0.24072513 | 0.799 | —63308.52478
8 —0.23380541 | 0.799 | —63308.50880

1. . I. Tupitsyn et al., Optics and Spectroscopy 131, 895 (2023)
2. 1. I. Tupitsyn et al., Phys. Rev. A, 109, 042807 (2024)



Opb6uTanbHbii Konnanc 5g anektpoHos. [lgoiHble pelenus (Z=125)

Double-well potential. Z=125, [Og] 8s’8p'6f’5g"

Z=125. Two solutions for 5g-orbital.
T T T T T T T T T T T

T 127 T T T
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One-electron energies and radii of two states in [a.u.]

5g — localized (inner) orbital, 59’ — delocalized (outer) orbital, z—:ng — nonrelativistic H-like energy for

n=5.
es5g = —0.51464169 a.u. <r>5¢ = 0.71289 au.
g5, = —0.02000147 a.u. < T gy 27.4943 a.u. (14)
en, = —0.02000001 a.u. <r >k 27.5000 a.u.
Total Energies (J=0.5):
FEinner = —64846.2788 a.u. (15)
Equter = —64846.0878 a.u.



KpMBbIe NnoTeHLHanbHOM 3HEPrMn OCHOBHOIro COCTOoAHUA OUMEPOB
6}'IaF0pO,D,HbIX ra3os

200

—200 4

—400 A

Energy (cm™1)
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0g;
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Internuclear distance R (A)

Pacuetb! BbinosiHeHbl [laHunnom YcosbiM U AHTOHOM Pbi>KKOBbIM METOAOM CBA3aHHbIX
knactepoe (CCSD(T))



MapameTpbl rpaHeLEHTPUPOBAHHON PELLETKH KPUCTaIIoB BNaropoaHbIxX
rasos

MapameTpbl rpaHeLeHTPUPOBaHHON PELIETKH KPUCTaNnoB 61aropogHbix ra3os

a[A] Ey [eV] Eeon [eV]
Xe 4.50 -0.19 0.19
Rn 4.61 -0.22 0.24
Og 4.43 -0.97 0.34

a — MeXaTOMHOe pacCcTosiHWe
FE¢on — 3Heprus cuennexus

Pacuetbl BbinosHeHbl AHTOHOM PbIXXKOBbIM MeTO[OM (hpyHKLMOHaNa NaoTHocTH (revised
PBE-D3BJ SO)



KpMBbIe NnoTeHLHanbHOM dHEPrMn OCHOBHOIro COCTOAHKUA TUOPULO0B
LLe/1I04YHbIX MEeTaJ1/10B

y —— PensTUBMETCKIR pacET
161 & HepensTUBMCTCKMM PactET

3 1 19 37 55 87 119
3apaA WenouHoro MeTanna

Pacuetb! BbinosHeHbl Amupom CaeTrapaeBbiM MeTOAoM CBA3aHHbIX knactepos (CCSD(T))



Thank You for Attention.



OcHoBHble KOHMUrypaLu

How do we define the ground state configuration?

=125 8p'6f *5q" 8p'61°7d'sg"
Terms E(J)

Terms E(J)

DF average,
DF average,

OcCHOBHas KOH(UrypaLusa: KOH(UrypaLns C HAMHU3LWEN IHEPryel LeHTpa TsxecTn E2Y
OCHOBHOM ypOBEHb: ypOBeHb C HauHu3wWel aHeprued E(J)
Z =125.

HauHuswme 3HaveHus aHeprum Oupaka-Doka B NPUBAMIKEHWUN LEHTPA TSXKECTH
KoHdurypauum (E2Y) v HauHM3Wee 3HaueHHe ypoBHS aHeprin Epw(J)

Configuration EXg [au] J Epr(J) [a.u.]
8pl6f35gt E, -64627.549597 6.5  -64627.614303
8pl6f27disgt Es -64627.542119 8.5  -64627.638846

AE = Ey-E; 0.007478 -0.024543

Imu KoHgbueypayuu umeom pPasHylo YemHocme U He nepemewuBaromcs.



OcHoBHble KOHMUrypaLu

Z =126
HauHuswme 3HaveHus aHeprum [Oupaka-Doka B NpUBAMIKEHWN LEHTPA THXKECTH
KoHdurypaumu (E3%

Configuration EX% [a.u.]

8pl7d 612592  -66298.183666

8pl6f3592 .183121
8pl6fisgl .168137
8p26 2592 .146963
8pl7d?6 f159> 114149

SHeprun KoHdurypaumit 8pl7d1625g2 and 8pl6f35g2 npaKTUUecKH CoBMNaAaloT

OcHoBHas koHurypaums CTI Z = 126 B paboTax pasHbix aBTOPOB
8p262592 Mann et al., 1970 (DF)

8pl7d*6 52592 Fricke et al., 1977 (DFS)

8p'6f459' Umemoto and Saito, 1997 (DF+PZ SIC)

8pl6£3592 (0.98) Nefedov, M. Trzhaskovskaya, 2006 (MCDF)

8p'7d 62592 Zhou et al., 2017 (DF)



Ground electron configurations

Tabnuua: Ground state electron configurations

Core: [Og] 8s?

Z  Conf. | Reflt] Ref[2]
125  5g'6f27d'8p’ 8.5 | 5g'6f38p! 59'628p2
126 5g26f27d'8p! 10 5926127d'8p’ 5926f38pt
127 5g36f27d'8p! 13.5 | 5g>6f%8p> 5g°6f28p2

Core: [Og] 8s> Bpf/2

144 5g'%6f'7d3 4.0 | 5g'®6f'7d° 5917611 7d°
145 598613742 6.5 | 5g'®6f37d2 59'86f37d2
162  5g'%6f147d® 4.0 | 5g'®%6f'47d® 59'86f147d79st
163 5g'86f147d° 2.5 | 5g'®6f'47d° 59'86f147d%9s!
164  5g'86f14741° 0.0 | 5g'®6f'47d'° 59'86f147d%9st

165  5g'%6f'47d'%9s' 0.5 | 5g'®6f!459'87d'09st -
166 59'%6f147d'°9s? 0.0 | 5g'®6f'*59'87d'09s> -

[1] B. Fricke and G. Soff, Atomic Data and Nuclear Data Tables 19, 83 (1977).
[2] V.I. Nefedov, M. Trzhaskovskaya, Dokl. Phys. Chem. 408, 149 (2006).



Shannon entropy as a measure of localization of atomic valence states

According to the formula of K. Shannon [1], the amount of information is defined as:

N
S=-> pilnp (16)
=1

where N is the number of random events, p; is the probability of the i-th event and

N
dopi=1. (17)
i=1

The minimum value of S is reached for the deterministic event when one of the
probabilities of p; is 1, and the rest are zero. In this case, S = Smin = 0.

The maximum value of S is reached for an equally probable distribution p; = 1/N. Then,
Smax = In(N)
0< S <In(N) (18)

For continuous distribution
S=- /d'r In(p(r)) p(r), /d'r p(r)=1. (19)

The Shannon entropy increases with increasing delocalization of the valence states.
[1] C.E. Shannon, Bell Syst. Tech. J. 27, 379; 623 (1948).



Nonrelativistic Electron Localization Function (ELF)

The probability of finding two particles with the same spins simultaneously at positions 1
and 2 in a multi-electron system is given by the following expression:

Py(ry,r2) = Z p2(rio,raolrio,reo), (20)
o=%1/2

where p2 — reduced density matrix of the 2nd order

pa(w1 walal #h) = Y Tijw @} (1) @] (22) er(@) pi(zh), = (r,0). (21)
ijkl
Here I';; 1; is second-order reduced density matrix (RMD2) in the basis ¢;(x)

1
Tijm = = (¥ |afaf ajay | ¥). (22)
2 J

The probability density to find two electrons with parallel spins in the same point is equal
to zero
Py(r,7) =0. (23)



Nonrelativistic Electron Localization Function (ELF)

Consider the conditional density probability P, (r1,72), which is equal to the
probability density of finding one electron at the point r 4+ s, when another electron is at r

PQ(’I‘,’I‘—FS)

Py(r,r+s) = o)

(24)

where p is the one-electron density.

We define D(r) as the first nonzero coefficient of the of the spherically averaged Taylor
expansion of the conditional density probability P, on the displacement s. The first
expansion coefficients vanished by the Pauli principle, the second is vanished after
spherical averaging. Then

1 1 P
As Po(r, 7+ 8) _ ASM

D(r) s=0 2 p(r) s-0

=3 (25)

The more highly localized is the reference electron, the smaller is the probability of
finding another electron near the reference point.

[1] A. D. Becke and K. E. Edgecombe, J. Chem. Phys. v.92, 5397 (1990).



Fl (Z=114). Configuration 7s"’7p2
Electronic Localizatiom Function (a.u.)

— —— Relativi
— Nonrelativistic




Orbital

collapse. Double-well effective potential

The orbital collapse effect occurs in atoms with open d- and f-shells as a
consequence of the fact that the effective radial potential acting on the electrons of
these shells contains two wells: a deep narrow inner well and a shallow but wide
outer well.

The effect of orbital collapse was predicted in [1], where it was shown, that the
formation of a double-well potential is a consequence by the sum of two contributions
of different signs: the screened potential of the nucleus and the centrifugal term,
increasing quadratically with increasing orbital quantum number [. This effect was
then considered in various papers and reviews (see [1-4] and references therein).

With small changes in the various parameters determining this effective potential, the
average radius and energy of the orbital can change by a factor of ten depending on
which of the wells it’s localised in.

This phenomenon can have a significant influence on the properties of free atoms
and ions, as well as atoms in molecules, clusters and crystals.

[1] M. Goeppert Mayer, Phys. Rev. 60, 184 (1941)
[2] J. P. Connerade, Contemp. Phys. 19, 415 (1978)
[3] R. I. Karaziya, Usp. Fiz. Nauk 135, 79 (1981)

[4] J.-R Connerade and R.C. Kamatak, Handbook on the Physics and Chemistry of Rare Earths, v. 28, p. 1 (2000)



Orbital collapse

The radial Dirac-Fock equation for f- and g- electrons (I=3,4) contains a large centrifugal
term I(1 4+ 1)/r2 wich dominates at small r. As a result, it may turn out that the effective
one-electron potential has two wells: a narrow deep localized well and a tiny, but very
wide, delocalized well.

This leads to the fact that with small changes in the atomic parameters the delocalized
solution can collapse into a highly localized one [1], for example, depending on the value
of total angular momentum J.

Double well 4f - potential. La, Z=57 [Xe] 6524lJ
T

w

— 4f - effective radial potential | _|

5
T

V(r) [au]

V, O=-1rsasn2e

outer (H-like) well

«—— inner well

L
025 05 1 2 4 8 16 32
r[au.]

[1] Griffin et al, Phys Rev 177, 62. (1969)



Orbital collapse. 4d — 4f E1-transition

Example of the 4f-orbital collapse of the excited configuration 4d°4f in the Xe-like
isoelectronic series.

Wave functions for the Xe-like isoelectronic sequence

1 — 77—
L[le—— La*(z=57) ]
L . . 9, 1. 2_6 |

08 Configuration: [Kr] 4d"4f 5s°5p
0.6 —
T ]
Ba%(z=56) C° (&=59) Xe (2=54)

0.4 _
021 -

0 1 1 1
(] 5 10 15 20 25 30

r(a.u.)

[1] K. T. Cheng, C. Froese Fischer, PRA, 28, 2811 (1983)



Tabnuua: List of values of total angular momentum J (relativistic terms) and number K of similear
(identical) terms of configurations [Og]8528p%/26f§/259;/2, Z = 125 and
[Og]8528p%/26f§/25g%/2, Z = 124 of atoms with Z=125 and Z=124 respectively

Z2=125 Z2=124
Term J Term J
1/2
3/2
5/2
7/2
9/2
11/2
13/2
15/2
17/2

SN WO o oo N
o
SN WR OO AW

ONO A WN =




No orbital collapse of the 6f-electrons

There is no collapse of the 6f-orbital for the elements of 8th period, since the 6f-radial

potential has only one inner well.

V(r) [a.u.]

-100—
-120~
-140 r . .
0.0625 0.125 0.25 0.

Single-well 6f-potential. Z=125, [Og] 8s’8p'6f’5g"
T

60
40+

20
o
201
40
=60~
-80

— 6f - effective potential

single (inner) well

5

1



Orbital collapse. Dirac-Fock double solutions

We consider configurations with only one f- or g- electron outside closed relativistic shell,
since in the restricted Hartree-Fock method all electrons of the one shell have the same
radial wave function, and only one electron can be localized in the outer well.

In some cases, depending on the initial approximation, two different solutions can be
obtained: one localised in a narrow inner well and the other in a wide outer well.

The dual solutions were first found in Ref [1]. Using the mixing of the initial and final wave
functions in the iterative procedure the authors obtained two Dirac-Fock solutions for
lanthanum with configuration 6s? 4f5 /2 and for europium 6s? 4fg/24f7/2.

1. I.M. Band and V.I. Fomichev, Phys.Letters A, 715, 178 (1980)



Orbital collapse. Dirac-Fock double solutions

In order to obtain two solution we use the following procedure.

@ We introduce the parameter «v as a multiplier in the exchange interaction and represent the
Dirac-Fock operator in the form of

Vor(r) = Vi + o Vx, (26)
where Vi — Hartree potential with self-interaction correction, and VX — exchange operator.
@ In the first step, we adjust the parameter a in order to obtain the required solution. Thus, for
example, a = 0, as a rule, gives us a solution localised in the outer well.
At this stage we use the eigenfunctions of the Dirac operator with the modified Gaspar potential

[1] as an initial approximation. The modification has been done in [2] to take into account
self-interaction correction.

“ar
vc.(r>:75+N“1<1 = > 27)

r r 1 + Ar
where A = 0.2075 Z/3, A = 1.19 Z'/3, and N. is the number of electrons.

@ Then we change the parameter « in order to go directly or gradually to the value o = 1, using
as an initial approximation the wave functions obtained at the previous value of a.

[1] R. Gaspar. J. Chem. Phys., 20, 1863 (1952).
[2] A. E. S. Green. Advances in Quantum Chemistry, 7, 221 (1973).



Spin-orbit splitting

Tabnuua: One-electron energies e(nlj) and spin-orbit
splitting Aso [eV]

7-th period
z
114

116
118

8-th period
A

125
144
145
164
165
166

E(791/2)
10.4

14.3
20.1

e(8py1/2)
5.3
13.8
16.2
69.9
79.7
90.1

e(Tp3/2)
4.5

6.1
8.3

€(8p3/2)
2.4
2.7
2.7
3.6
5.0
6.6

Aso
5.9
8.2
11.8

Aso
2.9
1.1
13.5
66.3
74.7
83.5




Orbital collapse. Two solutions for f-electrons (La, Z=57)

A coexistence of two different states of an atom with the same electronic configuration
both for lanthanum (65245 /2)

Comparison our results with [1] for the La configuration (6524f5/2) in [a.u.]

4f — localized (inner) orbital, 4f' — delocalized (outer) orbital, afff — nonrelativistic H-like
energy for n=4.

e = —0.23830 <r>y o= 1.2501
apr = —0.03180 <r >y = 17.0614 (28)
eqp[1] = —0.0316 ——
el = —0.03125 <r> = 17.9999
Total Energies (J=2.5):
Einer = —8493.5521 Eimer[l] = —8493.6247 (29)
Eouter = —8493.4767 Eouter[l] = —8493.5512

1. I.M. Band and V.I. Fomichev, Phys.Letters A, 715, 178 (1980)



Orbital collapse. Two solutions for 6f-electrons (Z=148)

Z=148. Configuration: [0g]8s?2 Sp%/2 5g'® 7dg /5 6fC

/

1
2 6f7

/2

Tabnuua: 6f-orbital localized in the inner well

Level J Total energy E6f <r>
2.0 -115208.5829  -0.10466  1.570
3.0 -115208.6011  -0.11633  1.566
4.0 -115208.6145  -0.12470 1.574
5.0 -115208.5860  -0.10774  1.562

Tabnuua: 6f-orbital localized in the outer well

Level J Total energy oA <r>
2.0 -115208.6203  -0.0309  18.206
3.0 -115208.6208 -0.0314  17.798
4.0 -115208.6210  -0.0317  17.594
5.0 -115208.6205 -0.0311  18.058



One-electron model QED potential

The model self-energy (SE) operator VSE for 5 < Z < 120 was introduced in our papers
[1-3]

VEE =158 + D 16i)ABir(¢xl, (30)
ik=1
where
n
ABi = > (D7) A% (D™ Mk 31
=1

ASi = Sk — WO VEEB) and 55 = (VS5 V) .

loc
Here 3J;; are the matrix elements of the exact one-loop energy-dependent SE operator
33, calculated with hydrogen like wave functions 1[)1(0) [1].

At the present time, the scope of model QED operator has been expanded up to
Z=170 [4].

1. V.M. Shabaev, I.I. Tupitsyn, V.A. Yerokhin, Phys. Rev. A, 88, 012513 (2013)

2. V.M. Shabaev, I.I. Tupitsyn, V.A. Yerokhin, Computer Phys. Comm., 189, 175 (2015)

3. I.I. Tupitsyn, M.G. Kozlov, M.S. Safronova, V.M. Shabaev, and V.A. Dzuba, PRL, 117, 253001
(2016)

4. A. V. Malyshev, D. A. Glazov, V. M. Shabaev, I. I. Tupitsyn, V. A. Yerokhin, and V. A. Zaytsev,
Phys. Rev. A 106, 012806 (2022)



