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JE - T EIUTE T A R AR, IR BB SR A (B,
PUOE AR MALE]. AT T & (35K) IR
T 5w 4, v DLUR Gutth [ BRPUTE 52 - AR Rk T
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like] 3d). R 7Pt — = Z = 20, B HEET
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TERRZH A [Ar-like] 4523dY. JRFF21 < Z <29 X
e B A R, TR EE T8
MAER3d BTG A PER . XX RS
LI A IE 7S 3d Bl 4s BUIE, AHE A 4p P, X

140702-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 14 (2016) 140702

MK PO RE NP X (45-3p-3d) , WK
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B LU R TS A (5p-5s-4f) WX ¥ 1
i -G E I (6s-5p-4f) WX LA K =ik R e &=
) (6s-5p-5d) WEIX. ¥ Ky 21 €4 M /S 14 JE (6s-5£-D2-
6d-7s-6p) ([FIFE D2 AR BLHIE) BTV 585
X. EHE (6p-6s-5f), (7s-6p-5f) Ml (7s-6p-6d) =4~
MK 3l B R Al T R B A IR T B TR
YRR DL RS D e R R . FIER 2,
K3 BL S A, 3RATRE 23 0 VR AR e 98 S OpE
FeitGE oL, B 4 T SRS B Y S S A AR
R R £

— 15K IKF (Mendeleev order)
81 850\ —— Z8EIKF (H-like order)
~

7L

°r 6h
IS
i o4r
H

3L

2L

1

0 I I I I I I

0 1 2 3 4 5

BB B 1

B ErAsmsXE aaggRaRaEmany (H-
like order) , W ffH SRR 155 K IKF (Mendeleev
order) T, PIAIHFRIRF MR & X R RHETS
X, 568 = i1 (4s-3p-3d) N1 EH X, B 6= (5s-
4p-4d) AT w5 X, HEMNNATE (55-4f-D1-5d-6s-5p)
NE T 345 X, AL M N IU T (6s-5f-D2-6d-7s-6p)
NHEIVIESX (EEEFTRERS D1, D2 AT TH#IRIK
FEEEARFEMNZE R, b w4 Kk, MUY
i)

Fig. 1. The orbital competition zones. The red thin
line represents the H-like order, the blue dashed thick
line represents the Mendeleev order. The shaded zone
between the two lines represent the orbital competition
zones, the green triangle (4s-3p-3d) for the competi-
tion zone I, pink triangle zone (5s-4p-4d) for the zone
II, the concave hexagon (5s-4f-D1-5d-6s-5p) is for the
zone III, the light pink (6s-5{-D2-6d-7s-6p) is for the
competition zone IV (Note that the D1,D2 marks the
crossing points of Mendeleev order and H-like order,
they are only used auxiliary to mark the competition

zones, not represent the physical orbitals).

Bl2o—Babsil TR Z < 119 AR T3
SHTHSFENPERSSHER. TN H2E
TEUL R & B, X s R AR bR oM R T Z,
AR T SRR N, PRI AR AT R (2,
N)WRET M EEUSRT. EXE— A
(Z,No) ERATHFR E MR SRR T 598
K, 1 G [F) A 5 0% R R R TR I R e it A 4
TR mE2REREA NG, = MAIBARE
3dYFEH T L. AR N, & EhoIE R
Fr i) XA R, B2 N, < 18HIIX
B BB EX AL (N, = Z) BRI MR
THAR, BT R K FHANIE. F10 K
Hh VR 7 A A N [Ar-like] 4s, 2 TE AT JRFAZS
[1-2,3s, 3p]* Fefili EIAFE 1A 4s T IR HL. XA 2R
LTI R RE ISR FHE. KSR XA
Mg X, ST IR E R R — e
ikt B2 M0 e A X, Ji T AH S %
HKAWRFHFE. N, =19, Z > 21 THEN
[1-2,3s,3p)*3d". 4 i 1 F7 B4 ik B SR SR 5 55
B LK E MR Z = 119, ik, {8 Al £ B
EWTHELASE AR THASKRIMERE A
B FEEREPHEA EAERERT HIELES
TE—i2, XA PR O T 4+ 0 2 A 3L [F Yo
FHL R HIZHAS, B o Ni JR 776 4 (28, 28) B
W 0T = 11 3d8 2R 4T (0 [0 Bl 1) 482 28, KRR IR
THA N [Ar-like] 3d%4s2. 54T 56 4 e rp s
BUSIET, BEsi i Z k1 58N, H
FH R B 0% B 5 G BT I L S AR BT e AN AR X
TGO, FATA A 17T H % 005 56 4 T 1)
Sl R, HBIOCH S E B UK
AU, B R 2SR R wE 2
(Z,No) = (25,25)95Mn LAJZ (25, 24)o5Mn'+ 1) 3d
WL 380 5, T TR L, AN B AR Y A
th3d® ST iR, RIFE3d° ST iR b
Ji, 1E3d0 T HHRLE A R T RN 5 AN d
T 7EKE 3 552, R 5pt SEHLT N HE LR 2 1A Xk
Pt B G FL T T HE 2, AR B T A0 R T
X AT 5s?.

FI, IEFX

AT 58 J5 7 1, W LT S AR EOR N 7 1)
WSR2, AR e TR BERE Hils
BASE 7 X BEA TR E, ZAKE0E
JEF XA THE S, S RP R EE . R LT
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44t
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—<— 4d6
—>— 4d7
—a— 4d8
—<— 4d9
—a— 4410
—O— 4s!
—O— 4s?
3d!
—a— 342
—a— 3d3

—— 3d4

—<— 3d°
—»— 3d6
—<— 3d7
—v— 3d8
—— 3d9
—v— 3410

10 1 1 1 1 1 1 1 1 1 1 1

K2 #H— “dERACRETHASESE ZAETRE, N, BT S B RE s T ik, HAd
WEX BRI RPFERAR, AL IER TR, Glne M v 1o K ¥ IHE A 1s22522p03s23p54s (M5 H
[Ar-like] 4st) | ZHEBTE X, ZAMBELXZERAXT 1s22p°3s23ps3dt (15 N [1-2,35,3p]* 3d1) HFE; B i
We R CARRE )y Rk, AR, I TE 4 X S i IR RN PR B 2 FEIEAE T, ITSe 4 KGN, BT S
19 < N, < 30 WETAT (4s-3p-3d) 3e 4+ X, X028 —id A Hn . 7 S%31 < N, < 36 MR T RS, 4
B HREOEINE 37< N < ATHF, fEdEN (5s-4p-4d) Se4rIX, R b A MaE

Fig. 2. The orbital competition diagram for the 1st and 2nd transition elements, where Z is the atomic number
and N, is the electron occupation number. The colored lines represent the same occupation number of the orbitals
along the isoelectronic sequence, referred as isoelectronic-occupation line. Neutral atoms on the left along the
diagonal line of the graph are filled with Mendeleev order while the highly-ionized atoms on the right are filled
with H-like order. Eg., the neutral 19K atom has the configuration 1s22s22p%3s23p%4s (or abbreviated as [Ar-like]
4s1), going right along the isoelectronic sequence through the competition zone, the highly ionized atoms on the
right side of the graph have the H-like order configuration 1s22p®3s23p63d! (abbreviated as [1-2,3s,3p]* 3d'). The
configurations of the second transition element atoms are expressed in the same way. To make the graph more
concise, the isoelectronic-occupation lines for the atoms outside the competition zone are not shown in the graph.
Fig.2. mainly shows the competition zones I and II. Atoms with electronic occupation number 19 < N, < 30
lies in the (4s-3p-3d) competition zone, which corresponds to the fist transition elements. Atoms with electronic
occupation number 31 < N, < 36 are not in the competition zone. When the electronic occupation number of
atoms increase to 37 < N, < 47, the atoms are in the (5s-4p-4d) competition zone, which corresponds to the second

transition elements.

T X AR AR S L e s FE T R A d LT
LA o1 Sc A, Forp o i 5~ 435 O [Ar-like] 3d'4s?;
AT J5 7 R0 3d T Y IR 51 B A, O L
4s ML, Ho— B AL I T35 08 [Ar-like] 3d14s!;
—EEAR F 21ScT (N, = 20) [ 3d LT #hLiE g
LA IR, W B 4s BT, TR B4 5 1
Y75 Sc?t [Ar-like] 3d%; 4s BB 58 2 J5 A4 HLES 3d
B, FEEAEFIEFIXZ = 23, 28 B H EIX
JFPIRCE 93V M JE 7 445 N [Ar-like] 3d34s?, —
FE WL B IV i [Ar-like] 3d?, T AN J2 [Ar-like] 3d34s;
0sNi M P2 A [Ar-like] 3d%4s?, — JE LB B

% [Ar-like] 3d°, i AN A& [Ar-like] 3d%4st. H 1135
G X A7 AL BB P ROHE R s Y e i Ji
T [Kr-like] 5s*4d! ) 4d HL 7 #1L1E BE L 5s HL 7 Hh
TE RE VR, W HES 4d TR A 7 [Kr-like] 5s?;
Hilm 2, — B EHEET [Krlike] 552 (30YT,
N, = 38) FLES — M TR A [Kr-like] 4d, 1M
3E [Kr-like] 5s'. BIEHN Z = 26, 27 K& 28 it 5
T L FE o R B R B I e R
PEJR T d B s b, RIS — 3 U 3 51 Se
[3d14s?], 22 Ti [3d%4s?], 93V [3d34s?], 54Cr [3d54s?],
osMn [3d%4s?], o6Fe [3d%4s?], 57Co [3d74s?], 2gNi
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[3d%4s?], 29Cu [3d'%4s!], 30Zn [3d'%4s2]; 4R 1M,
55 o U T & BT S A 50 Y [s?4d ],
10Zr [4d%5s%], ;1 Nb [4d*5s']; (DF )61 301 347),
42Mo [4d55s1], 43Tc [4d%5s?], 44Ru [4d75s!], 45Rh
[4d85s1], 46Pd[4d!0], 47 Ag[4d05s!], 4 Cd [4d105s2].
FRATPHREAE AR ST T 18 350 43 1) B3 1 A 38 oo 6 A1
B HEZ N RE SRR —, AT
RIURHAW R 2], — M RSCF THEAES
DF P0Gt A 2 B 7 A6 5h, T Tkt
—35 e, DF P65 S a0 i 20 45 [17)
Fre (PR SEI IR A 762 t Ag R sk ok
HIYoE). B2, B3 EETERRESAS
B NI I ZE S . IR SR A 4 AN A — 2
It &, # 18R 7 RSCF i+ 5 DF Y61 17 45

FIGHBA BRI, RSCF THEX &L i H
BEAT JR AT A, T DF 61 I 35 1 3R 0 28 4
PHHAT R IRAIEL, #R 1 T RS R I
RN, B2 45 B Sein WA, X T e
SR 7 RSCF 151, DF P 355 UL f sz g6 41
ST EEEARF). R2RRE . E L F
=D RCE VYR e RS, R BoRi
T8 55 4 (FUIEIRAR) AR MMz 4. 4
U, 97Co [3d74s?], 45Rh[4d85s], 77Ir [5d76s2] LA K
100Mt [7s26d7], IR 3dHLIE S 4d PLIE B FE A A,
T 5 R 4f, SEEUE IR 2 5, 1 5d 5 6d
OB SR A BT ANE, LABL oMt [7s26d7] 2 6d
wANRE.

#1 I, 1154 IX RSCF iHAA S DF Gl i35 AL S ga AL S A — B o R

Table 1. The ground configurations of ions where the RSCF calculation results are not in

agreement with the DF and experimental results in competition zones I and II.

BUAET RSCF4l#&  DF4l& %l 1) LR A A 1T)
(41,41)41Nb [4d35s2] [4d%5s1] [4d*5s1] [4d%5s1]
(41,40)41Nbt [4d35s1) [4d4] [4d4] [4d]
(43,43)43Tc [4d85s1] [4d55s2] [4d55s2] [4d55s?]
(43,42)43Tc™ [4d9) [4d®5s!] [4d®5s!] [4d®5s!]

FIFERX

x2 BB BV AN ERCEPEET
HAXT

Table 2. The comparison of the ground configurations
of the neutral atoms in the first, second, third and

fourth transition elements.

H— B B= Y

22Ti[3d%4s2]  40Zr[4d%5s2] 72Hf[5d26s2] 104Rf [7s26d2]

23V[3d34s2} 41Nb[4d45s} 73Ta[5d36s2} 105Db[7s26d3]

24Cr[3d%4s!]  4oMo[4d®5s]  74W[5d%6s2]  1065g[7s26d%

25Mn[3d54s?] 43Tc[4d55s2]  75Re[5d56s2] 107Bh [7526d°]

26Fe[3d64s2] 44Ru[4d75s] 7608[5d6682] 108HS[7S26d6]

27Co[3d74s2] 45Rh[4d®5s]  77Ir[5d76s2]  109Mt[7526d7]

28Ni[3d8482] 46Pd[4d10} 78Pt[5d968] 110DS[7S26d8]

29 Cu[3d10451] 47Ag[4d105s] 79Au[5d106s] 111 Rg[7526d9]

30Zn[3d1%4s?] 43Cd[4d105s2] goHg[5d106s2] 112Cp[7526d10)

7 20Ti[3d%4s2) 8% 21 Ti[Ar-like]3d%4s?, 40Zr[4d%5s2] 1RFE
10Z1[Kr-like]4d?5s2, 72Hf[5d26s2] 1 & 72Hf[Xe-like]5d26s2,
104Rf[7s26d2] 18 104Rf[Rn-like] 7s26d2.

B3R UI S XNEN. B3R TS
# OB N =46 FH T RINE 1. ZELHT R
THIE TS, HEN [Kr-like] 4d'0. FEZE H T 54
B, NN, > 47 FFif, #ENAFBF N E M
NIFSIX. HTFWRAMABRT, TFEMEE, B
& =N, (5p-5s-4f), (6s-5p-4f) Fil (6s-5p-5d),
Gy R E R BT, MR R
TUACE =R n R R 1. B3 A e
IR B A S DX 5 4% BB T 38 1) Rk 7 S 7 B TE.
B3 Al s A s X R A R AR P IR A A,
i g Ag JR TN [Kr-like] 441058, J7T 7
HHEma) Z > 621F, 5st S H T PRk (B H
2R) ARy A T R IRL (RGEG =), —H
WEARE Z = 119. @B XE (ER Z Xik)
THEE BT R (N WK VOATT A7, &
N, = 60 B}, 4f HUE I, 4k MK IKIHFE 5s, 5p, 5d,
6sPLIE. X TEI3H47T < N, < 54X, A il
47 < Z < 59T R HJE TACE A X, #4114
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P RIFIATE Bs, 5p HL T, HAEHL T 42k KT
A, BURIRIE N

[Kr-like] 4d'05s'5p?, i+ j = N, — 46
(47 < N, < 54, 47 < Z < 59).

ZXI AL Z > 60, 5s, 5p S HF b 4 2k A
EA R (RN, Af55 L7 AR &AA B EH ) A
(4f-5s-5p) Fe 4 [X. (4f-5s-5p) WX WA _EJ7
] ZE A (1) 5st, 5s2, Bpt,---, Spd S HL T HIELL
)BT A B E T WnEr SOk, 75T
FPZ, ¥ e 7 b 4 H, R bs, Bp HLT b 4 AL
ANAZ, TR N B A5 T o s e AN FE B g L
e % BRI (Z,N,) = (60,49) goNd''* fi R
W H 5s? LT AR MR TFF Z > 58, 1
I 3R B EI 55 < N, < 68 22 MG =5 1k FE X
S, 65 55 HL 7 HE RO 5 AL S L o5 9 B A
A XA R 2 (4F-5p-6s) TP IX, BINFG Lo R &R
¥ s7La [5d'6s%], ssCe [4f'5d'6s%], soPr [4f3657],
6oNd [4f*652], ¢1Pm [4f°6s2], 62Sm [4f5652], g3Eu
[4f765%], 64Gd [4f76s25d], ¢5Th [426s%], 6Dy
[4f106s2], ¢7Ho [4f'16s2], gsEr [4f126s2%], goTm
[4f136s2], 70YDb [4f146s2], 71Lu [4f'46s%5dl]. 75
RN Rz X AR AN 7 B (57, BT) s7La
[5d'6s2], (57, 56) s7La® [5d?], (57, 55) s7Lat
[5d] BA K (58, 58) 55Ce [4f'5d'6s%], (58, 57) 58Ce™
[4f15d2] TE A, 2R JE Bk I%E 5 — A~ “OILES ™, i (64, 64)
64Cd [4f75d652], (64, 63) 4GdT [4f75d6s'] L J%
(64, 62) 64GA2T[4f75dY] ¥ B, & J5 FF Bk 0% 5 =
JA IR TR, W F B 2 H 56 F RSCF i S A6 4
. DF Ot 7 2 oF 5 DL K Sz 56 0l 41 3
uh e, MAFLEA BB A, (57, 56)5,Lat, H
RSCF i1 4 A 5d6st, RS2 5 DF U451
J95d?; A E 5d, AL B TE 55 1Y (58, 58)55Ce [
RSCF iH 5H 425 R [4f' 5d16s2], 5 DF ik 7 7 1)
THE K NIST 7 45 ) SR AL S M R) (1E A2 20 R
JE WA 2 U bR A R [6s2412], AR A NIST
HA); (58, 57) 53Cet B 1, RSCF it HAK N
[4f16s2], T DF “F %06 3 35 1+ 52 Jy [4f15d2], 552
I AHAF; (64, 64) 64GAd B T HIRSCFIFHAT A
[4f76525d"], DF % 3 ~F 3511 5 24 25 [4f75d16s2],
550 ) (64, 63)64GdT BT I RSCF i1 54
AN [4f86sY], it T2 DF 541458 [4175d 165,
LSRG HIE; (64, 62)64Gd%T 71 RSCF 1541

AN 48], JeEF 3 DF 143 v [4f75dY), 558
ISAH ) (72, 70)7HE2H B 71 RSCF it B AHE N
[4f145d16s' ], Yl T2 DF 5414 0 [445d%), 5
SIS R 3FH T _EiR RSCF it 55 DF il
TP TH RS DL SRR A A R RO, 45T
FFZ > 70, 4RI T PR 69 < N, < 80,
HEN (5d-5p-6s) e IX (38 =i AT R),
HABWSE—, & AT REL N
N, = 80}, ixsa g+ WX 45 o), HAEH 7 R )51
Y75 N [Xe-like] 4f'45d'06s2(FER B 4% Z > 108
B, N, = 8045 H T R4 LA 52 /K F ] 47 4 &2
Z = 119).

K35 X A2 FE 1 IR, 70 N=F
F—MRE NG A KRS B E TR, 6
U1 (62, 62) 62Sm [4f°6s2] — (62, 61) g2Sm™ [4f%6s1]
— (62, 60) ¢2Sm>t [4f%], H T2 4 FE 14 in P BF 4
PR AL, b af i 7 SR SAE AL, B
£ (62,59) JF U o B Af BT IX B Af5 ST 5 R
LR GEE KT 7 1A (62, 60) 62Sm2t [4f5] — (63, 60)
s3sEudt [4f] — (64, 60) 4Gd*t [4f5] — (65, 60)
65 Th?t [4f5] — (66, 60) gDyt [4ff]; £ Z = 67
(67, 60) grHo™ I Py BIFANIR, Af oL 5 48 H kg hn
1, H& M (66, 60) 66Dyt [5p04f®] 45 i (67, 60)
erHo™ [5p°4f7], BUHE N 4f, 5pH T3 4 X, Bl
AR T HELE TR, B (66, 60) 66Dyt
[5p®4fS] — (66, 59) ¢sDy’* [5p°4f] — (66, 58)
66Dyt [5p*4f®] — (66, 57) 6sDy’" [5p34ff], H
B RE NG, N B4R RCUR AR BE, R b 4f BT
R B YRR Af, Sp T RFX, HE
(66, 57) 66Dy*T HFUHTE B 4 — Fh T IR, 56 —Fb
PR R e TR, 4 (66, 57) ¢¢Dy?T [5p34ff)
— (65, 56) sTht [5p24f], 4f' & By |5 ¥5 2k M
66Dy’ (66, 57) A1/t FHTIR A 65 Th?T(65,56). F
JRR 2 BT 4f, 5pH TS, N, = 575 H
TR, R 7 Z 1653812 66, MBFINE, 4f
F B EOE N L, A& (65, 57) 65THST [5p*af’)
AR (66, 57) 66Dy T [5p34fS]; 5 —T5MH, Z = 65,
N, =57 — N, =560, HEEHEML, B FHT
Ji A FH /b A AR R D) ZH 2538 9 (65,56) 65 Th+
[5p24f%). B HL B B 4k 43, W] (65, 56) ¢5ThT
[5p24f0] — (65, 55) 65 Th'0t [5pl4ff] — (65, 54)
65 Th T [5ptafs) Ky ik, fHT N4 B, FHik—
L BRI TF s e B A . A R R A B
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R R 22 R IR, (62, 56)62SmSt [5pf4f?] —
(61, 54) ¢, Pm"* [5p*4f?], BT 4f, 5p LT 35 4+ 1
JE R, Pm®T B 1) Af B o5 48 S8 A 5 4 P 1
FAf? — Af' — AP RFEA M. &5, =M
JH, (67, 59) ¢rHo®T [5p*af’] — (67, 58) grHot
[5p24f®] — (67, 57) ¢7Ho't [5pl4f™], T 4f, 5p

LTS R IR, Af FELT o 48 BB 2 25 A0 5 189 n 4%
A7 — A — AfT PP, I B BRI
B EAESAEXEITREES K, /] (67, 57)
67Ho'0F [5s25pt4f7] — (67, 56) g7Ho'!t [5s24f%] —
(67, 55) g7Ho'2t [5s24f7), Af #1745 B % B4k
FER A% A7 — 418 — 4fT IRFIETE.

T
80 p up —o st 5dl
—+— 4f2 —O— 55?2 —<— 5d? [Xe-like]4f!45s25pF5d%6s! Pt(78) d—A [1-4,55,5p,5d]* (78)
—v— A —O— 5pl —v— 5d? =
75 [— b4t (O Bp2 e B4 —>
—v—4f5 O 5p3 —— 5d° ::
—A— A0 5pt —A— 5d6 — :
ol TAAT o 5ps 5d; [Xe-like]4f4652 Yb(70) 3 [1-4,55,5p]%5d2 (70)
4P 56 —4—5d
< 9 [Xe-like]4f'26s2 Er(68) [1-4,5s,5p]* (68)
—— 4f9 O—6s. ¢ 5d
10 10
65 o g” 62 o
L e
z e g2
—v— 4f13 [Xe-like]4f56s% Sm (62) A ‘ [1-4,55]* (62)
60 .~ 4f14 [Xe-like]4f16s2 Nd(60) A < [1-4]* (60)
y—v
*; » A—A
b 4+4+<4+<¢ <4 [1-3,4s,4p,4d]*4f!! (57)
O/( o Vv \ A e aun 2 v
55 — O e B e e e
[Kr-like]4d105525p8 Xe(54) V¥ V¥V V¥ V¥—¥—V [1-34s 4p,4d]*4f5 (54)
A A A A A A A A A
50 |- SaSuNsaaassaaaasl
0000 ) i v Ty
[Kr-like]4fl!95s! Ag(47) 5 S € © > >0 >B>>P>PP [1-3,45,4p,4d]*411(47)
15 [Kr-lije]2d? Pd{d6) 111 Tl ! LU [1-3,45.4p,4d]*(46)
42 45 50 55 60 65 70 75 80

Z

WA IR AN, e TR ENE S PR R =0

3 B wSXETHEESR

WRAMITR, BB XS E 2 —8; ££ (5p-5s-4f) WX, Hh0 5s, 5p &5 L1 b2k LAU7 8 3 AR BUR 7413, it

6oNd5 T FIHZA [Kr-like] 4d105525p04f!

Fig. 3. The orbital competition diagram of the competition zone III, which corresponds to the blue concave

hexagon zone in the Fig. 1. The neutral and ionized rare-earth atoms and the third transition elements are

included in the graph. The colored isoelectronic-occupation lines are defined in the same way for the same

occupation number of the orbitals along the isoelectronic sequence as in the Fig.2. In order to help one read

out the related atomic configurations more conveniently, the colored occupation lines for 5s, 5p are shown
in the (5p-5s-4f) sub-zone. Eg., 5oNd5* has the configuration [Kr-like] 4d105s25p64f!.

Kl 3 H (6s-5p-5d) F& 430 X (5 =i ¥ A W o
) Pt N, 29— 5 aE R
RA A, AL E 7 B i Ho0 d B B
55, LAK 5d LT AH BAE A S5, Wt % 71Lu
[4f146s25d1] o 1% R - 4 A5 O [Xe-like] 41465251,
HEBBH AR, 5dHTHUIE R, SkH
B 5d BT R — B Ak o Lut [4f146s2]. 4k 4L
BN 7 Lu?t [4f'46sY], 7 Ludt [4f'4], SR 5 H
BN Lt [4f13). 3 I B =0 I
¥, Hbd 7R B R RG] 18 AR i, BT
DA 73 Ta FF U6 48 Oh S FLUES 6s L. 28 =ik U A
WM 71 Lu [6s25dY], 7oHf [6s25d2%], 73Ta [5d36s2],

7aW [6d%6s?], 75Re [5d°6s%], 760s [5d%6s?], 77Ir
[5d76s%], 7Pt [5d?6s'], 79Au [5d'%6s']. E &%
X AN 53l 85 4k 25 7 7 (19 RSCF i 5 5 DF % 3 i
BT AR, JE R H A2 et F Ry 0 B
AR VEE DF G HAS S5 KW AS M
[H], a0 (73, 72) 73Ta™, (73, 71) 73Ta’t, ... (76, 74)
76082T, (78, 78) 7Pt &%, H A& 4% Il Wi 3 3 fr 4.
B 3 bt S UM F A, R A =R
PEILER R A ES T RSCF 15 5 DF J6 -7yt
FEHIATE, s 22 et RO AR AN 2. R
AR 4f, 5d HL-THUIE BEXT T B VA #AH S 85U,
PASICIX L6 Ji - (R LT 58 S A b
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3 HII 34X RSCF it 4% DF il

I TSRS SRS A — B e R

Table 3. The ground configurations of ions where the RSCF calculation results are not in

agreement with the DF and experimental results in competition zone III.

BAASET RSCF A% DF A& SHEMAR L0 e Mg s 1]
(57,56)57Lat [5d16s?] [5d?] [5d?] [5d2]
(58,57)58Ce™ [4f16s2) [4f15d2] [4f'5d2] [4f'5d2]
(64,64)64Gd [4f76525d1] [4f75d16s2] [4f75d16s2] [4f75d16s2]
(64,63)64Gd T [4f86s1) [4f75d16s!] [4f75d16s1] [4f75d16s!]
(64,62)64Gd%T [4f8) [4f75d1] [4f75d1] [4f75d1]
(72,71) 7oHf [4f145d16s2] [4f145d16s?] [4f'45d26s1] [4f'45d16s2]
(72,70) 7o Hf2+ [4f145d16s!] [4f145d2] [4f*45d2] [4f*45d2]
(73,72)73Tat [5d26s2] [5d36s!] [5d36s] [5d36s]
(73,71)73 Ta?t  [5d26s!] [5d3] [5d3] [5d3]
(74,73)7a W+ [5d36s2) [5d*6s!] [5d*6s!] [5d%6s']
(74,72) 74 W2 [5d%6s!] [5d?] [5d4] [5d4]
(75,74)75Re™ [5d*6s2] [5d%6s!] [5d%6s'] [5d%6s']
(75,73)75 Re?t [5d*6s!] [5d°] [5d%] [5d°]
(76,74)76 Os T [5d9) [5d%6s!] [5d%6s'] [5d%6s']
(78,78) 778 Pt [5d®6s2?] [5d%6s'] [5d%6s] [5d%6s!]

e roHE 2%k 10 415 55256 U7 A% 4, AL DF 505 908 14 AR ).

FIVESREX

WEBRIMT R THIVESFXE L. %%
X AE ST, mFIEWFE. B (6p-6s-
5f), (7s-6p-5f) Ml (7s-6p-6d) =AM FEFILIX. 535 %F
LR T R B AL R T AR R T, M
KBS e R R . w R X PR
SFE, AT IEREETHLE, RATE N 6s, 6p
LHT L, LB S 5s, 5pAHFE. AK
RN BE SRR N, = 8% 7 K% Hrh
VE B F 5Pt 4145 [Xe-like] 4f145525p05d%6s! = [1-
4, 5s, 5p|*5d%s', —JE BB ZE (Z > 79) A

THEEEA NIEA [1-4]*5s25p°5d10 = [1-4, 5s,
5p, bd]*. S5 EI3RML, XFE AR KR T R

X (79< N < 86), F 72 MK =5 1k B X 45k
(719 < Z < 94) EFHEHEAEIR, HBT1H#E
BRI FIETE 6s, 6p LT, AT RIEN:

[Xe-like]4f145d1065' 6p’

79 < N, < 80,
i=Ng—78, j=0,
79 < Z < 94,
81 < N, < 86,
i=2, j=N,—80,
79 < Z < 94,
PR X (79 < N, < 86, Z > 95), 6s,6p

SR T PR AR R E A, 6s', 652, 6pt, -,

6p° & HL 1 4 2k 2 1) T A B AL ES IR AL AE (6p-
6s-5f) 7w Fr L IX. HEEIIw G X AR, HIVE
FXXAEMEEUERFARAEZ = 11918
FRARFER. WETFHEHES R T T
79 < N, < 82, Z > 106+2(N, — 79) PL K
N, =83, Z > 115 E@Jﬁ%éﬂ?&%ﬁjﬂﬁa,ﬂﬁ
Bl [1-4,5s,5p,5d]*58%, (K = N, — 78). 4 H T
G N, 89 < N, < 10276 Hl, K4k
) ep P J 7 4k T (58-6p-7s) 324 X, A R R
(7s-6p-5f) 354 X 1 5 (6s-5p-4f) 5L, HILd HL T
M, HWWHEE R R T sAcH B FHBERE
N [Rn-like, 7s?6d']|=[1-4,5s,5p,5d,6s,6p] ¥ 7s26d} =
[7s26d']. B Jt HgoAc [7s%6d'], 9oTh [6d27s?],
00Tht [6d27s], o Th?t [5f'6d'], o1 Pa [5{27s26d1],
o1Pa?t [5f26d'], 92U [5£37s26d"], 9sNp [5f*6d'7s?]
P B2 9sNpT [546d 7st] T B R “ON 57, Bk
“INE796Cm [5177s%6dY], & J5 Bk 3 25 I i
R W TR, AT R R AR BT R
W T BT, B goAc [7s26dY], 9oTh [6d27s?],
91Pa [5f27s26d!], 92U [5£37s26d1], 93Np [5f*6d17s?],
osPu [597s%], o5Am [5f77s%], ¢6Cm [5f77s26d'?],
o7Bk [5f27s2], ogCf [5f197s2], g9Es [5f11752], 190Fm
[5£1275%], 191Md [5f'37s%], 102No [5f147s?], 104Lr
[5f47s%6d'). T dINE R EIN, 5 HL T & 4
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PL— AN H N AT, W goTh [6d27s?) 5 F + o0
% 53Ce [4f'5d'6s%] A[Fl, H BT 9oTh™ [6d27s'] 5
5sCet [Af15A2] A E. K <IN HH I JG % o1 Pa
[4127526d], ¢oU [5f37s26d"], ¢sNp [5f*6d!7s%] 5
X RLFE LR A EL NS I I6 FR 96Cm
[5f77526d!], 96 Cm™T [4f77s?], 96Cm>2t [4f%] 5 X} N i
TR WAF. EPAZERE N, AEHFXHRT
M) Tp AL 103 Lr [7s27p']. VERE (90, 89)goTht,
(90, 88)goTh**, - -+, (96, 95)9sCm™ (N, = 95) 55
(1) RSCF i 5 5 DF Jt i Wi~ 35 1H 5 DL K Sk 3
BT, Qi A frow, T 4 45 1 S50 00 #
P BRI n (N, < 94), RSCF il 5.
DF 1+ 5 25 R # 5 s — 2, AR R HEH
o, A BREERF. f£89 < N, < 1024
0 DX $5k B8 A0 AN, BRI Z = 119 R &
(5£-65-6p) 34 IX. (5f-6s-6p) 755+ [X 1 652 5
6pt 5 B o 5 4 2 R AR K — B XS A7 7E AT
5" SR HARL. XRW: T NRER TR
W fEH, BEERT 7 Z 3R 7 A A IR W
BARR. [FIH, 6p? 5 6p® S5 HL T 5 48 2 L [A] A7
TEZIMR. 1E (5f-6s-6p) F&5 X MM Lot 32 —FF
WAEAEFEER=RIR. g 7 5iEHRE
N, > 102, #E A E 5 DU A #A 76 2% 1) (6d-6p-
78) T X, %S X LK 3 H1 1) (5d-5p-6s) TE

e X BN i N KA RSP, BN, = 103
Ll T R, 104RET [7526dY], 105Db?T [6d17s?] JR
THEFT 1A 6d T, RIGEIT 106Sg>T [6d27s!]
F]107Bht 63 A3INM6AHETHEZ = 119.
M5 2 %F B (5d-5p-6s) e F WX H N, = 71
LT, 1 Lu [6s25dY] o HE [5d16s%] Ji T
WA —NSd BT, Z = T30 3Tat [5d%] 78 3
AMEAdHTHEZ = 119. X E W 6d H T K% 5
(1) N 72 J2 LT BE i 28 B 5d L - B OR, R T
HIGABEE Z e inggig. (6d-6p-7s) 3§+ L
X T B 56 DU JE A 3 % T 2K 0slr [7s27pl], 104Rf
[7s26d2], 105Db [7s26d3], 106Sg [7s?6d%], 107Bh
[7s26d°], 10sHs [7s26d°], 10oMt [7526d7), 110Ds
[7s26d%], 111 Rg [7s26d%]. 1X H 10311, 104Rf, 104RfT,
105Db, 10sDb T 735 (5 85 24> 7s BT, AR AT SC
AR, 72 i1 SR EATE M. EEAX
RSCF il 8 5 DF J6 i Hi-7 ¥ 1H M AF £ A — 5L
Z Ak, (105, 102) 195Db3, (106, 104) 106Sgt,
(107, 105) 107Bh?*, (108, 106) 10sHs?**, (112, 109)
1120p3t, (113, 111) 113 Uut?+ 55, WK 4 ). [FIFE
iy, Pl 4 S SEEG I L A R DY i
PR FE TR E K RSCF 5 5 DF J6 1Pt
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——5fl g gs! 6d!
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> o
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Fig. 4. The orbital competition diagram for competition zone IV, which corresponds to the pink concave

hexagon zone in Fig.1. The transuranium elements and the fourth transition elements are included. In order

to help one read out the related atomic configurations more conveniently, the colored isoelectronic-occupation

lines for 6s, 6p are shown.
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Table 4. The ground configurations of ions where the RSCF calculation results are not in

agreement with the DF and experimental results in competition zone IV.

B AR RSCF 47 DF 4% Sk [16) S W ER A 2 [1T]
(90,89)90 Tht [6d17s?] [6d27s] [6d27s] [6d27s]
(90,88)99 Th2+ [5f17s1] [5f16d!] [6d2] [5f16d1]
(91,90)91 Pat [5f27s2) [5f27s2] [5f26d17s!] [5f27s2]
(91,89)91 Pa2t [5f27s1) [5f26d1] [5f26d'] [5f26d1]
(92,90)92 U2+ [5f37s1) [5f4] [5f36d1] [5f4]
(93,92)93Npt [547s2] [5f46d17s!] [5f46d17s!] [5f46d17s!]
(93,91)93Np2+ [5%] [5%] [5f46d1] [5%]
(94,93)94Put [5f67s1) [5f67s1] [5f26d17s!] [5f67s1)
(96,96)96Cm [5f87s2) [5f77s26d] [5f77s26d1] [5f77s26d']
(96,95)96Cm™ [5f87s1) [5f77s2] [5f77s2] [5f77s2)
(97,96)97 Bkt [5f07s1) [5f27s!] [5f86d17s!] [5f07s1]
(97,95)97Bk*T (5] (5] [537s1] [59]
(105,102)105Db3+ [5f46d17s'] [5f146d2] [5f146d2] [5f146d2]
(106,104) 106Sg>+ [6d27s?] [6d37s!] [6d37s1] [6d37s1]
(107,105) 107Bh2+ [6d5] [6d47s] [6d47s1] [6d*7s!]
(108,106) 10sHs2t [6d47s?] [6d57s] — [6d57s]
(109,107) 109Mt2+ [6d57s?] [6d57s] — —
(110,108) 110Ds2t [7s26d9] [7s16d7] — —
(110,107) 110Ds3t [6d57s?] [6d67s!] — —
(111,111) 111Rg [7s26d9) [7s16d10] — —
(111,110) 111Rgt [7s26d8] [6d87s2] — —
(111,109) 111Rg?t [7s26d7] [6d87s!] — —
(111,108)111 Rg3+ [6d57s?] [6d8] — —
(112,110)112Cp2+ [6d87s?] [6d°7s!] — —
(112,109)112Cp3+ [6d87s1] [6d°] — —
(113,111)113Uut?t [6d97s2?] [6d'07s!] — —

7E: 9oTh2t, g1Pat, 92U+, 93Np2t, guPut, o7 Bkt o7 Bk2+ 20k [16) g4 555086 (L7] R4,
A3 DF #5553 U7 /1.

®5 M LA TR AN L

Table 5. The comparison of the ground configurations

of the neutral atoms in the rare-earth and transura-

nium elements.

FiLok

AT R

58Ce [4f5d6s?]
59Pr [4f3652]
coNd [4f*6s2]
61Pm [4f°6s2]
625m [4f6682]
63Eu [4f76s2)
64Gd [4f75d6s2]
65Tb [4f9652]
66Dy [4f10657]
e7Ho [4f116s?]
6sEr [4f126s?]
69 Tm [4f136s2]
70Yb [4f146s2]
71Lu [4f145d6s2?]

90Th [6d27s?]
91Pa [526d7s?]
92U [536d7s?]
93Np [5f*6d7s2]
94Pu [5f07s?]
95Am [5f7782]
96Cm [5f76d7s?)
97Bk [5f97s2]

98 Cf [5f107s2]
99Bs [5f117s2]
100Fm [5f127s2]
10]_Md [5f13752]
102No [5f147s2]
103Lr [5f147s27p]

iE: 58Ce [4f5d6s?] X 3 55Ce[Xe-like] 4f5d6s? LA K

90Th [6d7s?] 8% 9o Th[Rn-like] 6d7s2.

%5 JBoR T v MR A RGER Al T 2 A A HUEL
SRR Lo R, HAf, 5d HuE KBt R 1
5¢f, 6d YUIE HBAF1E 35 4, AH X 7 J& 31 0 5% 4 10 ik
WHIAR. WL ICE 53Ce [4f5d6s?], 52X R
BTG 90 Th [6d27s%] 1M HE [55d7s?); #i 1 J0FK 5oPr
[4£36s2), 1M 5 2 X6 B8 4 76 3 o1 Pa [5£26d17s?] T
3k [5£37s2).

S

L4 (37K) BIE TS (W 2 4) |
AR BB TFIF 2 < Z < 119 bk SR AT
B B TS T LA, PR T 110 19
T F AR BRI, RN S D s B s
BT AT K30 p o B B s T e
B YRR T TR B VT, AN T 1 H B U 1
B S R SR, T 2 b TR 05V
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osNi, 2 iU E 30 Y 55, AR 5 IX LT R AT
BT A DG, FRATTEER 2 ot b BR — B3 DU
U R A D T, RN B BEA E A
AR, it TR F RS TR, AT H
tEBIGINEIngg1g. K 3 ME 4 b IRATE R T 7
AN TR E M SHE B X PR E
PAEBLIE SE G 8 ER XL T d 7 <987, 1k
LD 1 B A8 AR S B F T UK BLIE )
WHEIRK. AAER LSBT R SR T 5
I = PR, IR T AR B S E T
KOS ERIW R R, FFERS P Lox 58
70 2 o TR T 0 3 A 4L A B R HOR R R 3
TOER I BRI R, W TR AR I 5f TR
B F 5 A o0 3R AF B RS2 B IS S8
Imggtg, USE 4 e Z = 119U N, < 88 4%
MR Y e

XfF PR E R R T (S EAEET) 6
GLAER S DR R DA BOAE B BRIE JL 3R, AR S fT 4
TR TFERSBTHSKERZRTZHAEARY
T 5 (MCSCF) 4 2 “H 58 % 257 1S 2015200 4K
PP ETEF R R, B R IRATH A LA a2
(L, HEAT MCSCF 1§ K 58 % 4. H ik
Ui, 7E B2 1 (4s-3p-3d) 3&F1IX 5 (5s-4p-4d) 7%
11X B3 (55-4f-D1-5d-6s-5p-5s) 3¢ 4+ 11T [X
(% (5p-bs-4f), (6s-5p-4f), (6s-5p-5d) = MILIX). LA
J% B 4 ) (6s-5f-D2-6d-Ts-6p-6s) 365+ IV [X (% (6p-
6s-5f), (7s-6p-5f), (7s-6p-6d) =AML [X) FHITEHE P,
HE N7 5 £ B A ORI BCUTE LA AT A PR ZS
H ¥ (B MCSCF). %145 B AR AR 401 1) 8 2 25
T4 (2] 5 R 1 2 R A OGS A LA

BT D)2 E BT IO B (f Xk
B, X-ray free electron laser, XFEL) %57 23], LA
K E T TR E TP E (electron beam ion trap,
EBIT) [ 7 B4=290 ) i 78 B A0 A T 7 45 4 S 3
B 77 i AR AR AL AR U (S0 S 5 PO AR CdR
R e R aE - N SR A S A M
SR figp A OGOk DL K B 7 ik AR AR T i G B A4 FE 1
A B flhn, XFEL NS 84 e &, BE
XFEL R & 138 &, oo R Mg B < 3. @
HHERESE, WEREETIFNEELR, BHEd
Tl EL 2L S (0 R A DX e S I R L BILE s
FHSE G A RFAE A K 5l g 2 AR B 0 K
THUE” AR AR, X RO E B S R

TGRS, BT S TS DL AR
FLPR AL 05 B LAl

B2, B3 DL B A R s s 4w B AL, B
TAHRJE ¥ B B3 S HEINR EAHS TR AT
AN, o A 2 AR B K B o (P 2
ER] A K Sy I 1) 2 S 76 m] AR IR B A 25 1) D
¥ SEJE B PR g i T (B BRI )
BT AR EYR) , B DRSS T
HL T 450 5 K R I A AE A B oG &, H
U a9 W1 &K (4s-3p-3d) 354X AR ES
A X 3 1) 3d-4s $ 55 41 Ol 5 26 0 i A
JCE (5s-4p-4d) o 50 X AR B84k 45 X 35 1) 4d-5s
BB TSR IA AR Bl R 5 Sc SN
[Ar-like] 3d"4s? (3 B P NGF M 72 B4 2 L 25 R
NEAT ), — R R TR > — AN s BT, TR R4
A [Ar-like] 3d'4s®; T 58 3 JA 391005 2 0 v 4
JEF 30 Y 75 M [Kr-like] 5s24d, — & HL 55 J5L T ik
DA 4d BT TS [Kr-like] 5s2, A& AR
) [Kr-like] 4d'5st. [HIH o5 Sc Al 39 Y R I H AN FI
YIPE, 50Y 2 m il T A 0 ot 3 B2
YAG BO6 2% o 54 B P T 91 Sc A 30Y M
e R SR S — AN, R T
03V [ZHAS A [Ar-like] 3d34s?, — FE LB /D 24> 4s
BT, HIE I —A 3d L7, TR AL [Ar-like] 3d%;
FEOXF B 58 3 U JE A J6 3 4 NB[Kr-like] 4d*5s,
— BB H — N 5s LT, TERZLE [Kr-like] 4d?.
EARIX PR R A S, RPN T S 0
R GE PO B o VA RNE AT Bk Ha P 1T LiNDO3
HAT PP S A X ot R iE B A 8
AR B E T, o3V AR A A R 7 11 35 35 10 45 8
TN REE IR 2T A28 7)) i 4 Nb 45 2% B 385 HL
A AR Bl AN RS, B — R R T
F oeFe[3d04s?) (H 1 BEH B 1 o6 Fe™ [3d%4s!]) A
ARG, O T B A A A AU BE BRI 2 41 I Bk
WA G E. B I E G R 1 Ruf4d 7581 (3
1P L B8 1 aRut [4d7)) AT PG il A g
P 5 =AW TR 760s [5d%6s?] (FL1 AL
B 760sT [6s'5d°]) SEMYIA B, HFPUEM. £
B3 (6s-5p-4f) 36 4+ 0 X B (RPF4 o0 3R), H
PR PSR B A BA ARG Af LT A 4=
LT, AR 9 0 A 1 04 VR s7La, srLat,
s7La?t, 55Ce Ml 5sCet JR 75 1 5d HL T, X AF4F
(1) 5d LT LR TN R A A TR R I B S
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Abstract

Tonized atoms widely exist in plasmas, and studies of properties of ionized atoms are the foundations of frontier
science researches such as astrophysics and controlled nuclear fusions. For example, the information about the ground
configurations of atoms is required for accurately calculating the physical quantities such as energy levels and dynamical
processes. The configurations for different ionized atoms can be obtained with the photo-electron energy spectrum exper-
iment, however it is very time-consuming to obtain so many data of all ions. Therefore the more economical theoretical
study will be of great importance. As is well known, the configurations of neutral atoms can be determined according
to Mendeleev order while those of highly ionized atoms are hydrogen-like due to the strong Coulombic potential of their
nuclei. Then with the variations of ionization degree and atomic number along the periodic table, there would appear
the interesting competitions between electronic orbitals. Although some theoretical results exist for ions 3 < Z < 118,
3 < N, < 105 (where Z is the atomic number and N, is the electron number), there are many errors in the results for
highly ionized atoms. Therefore, the ground configurations of ionized atoms and their orbital competitions still deserve
to be systematically studied.

Based on the independent electron approximation, we calculate the energy levels of all possible competition con-
figurations of all the neutral and ionized atoms in the extended periodic tables (2 < Z < 119) by Dirac-Slater method.
Then the ground configurations are determined by calculating the chosen lowest total energy. The advantages of Dirac-
Slater method are as follows. 1) It has been shown that the Dirac-Slater calculation is accurate enough for studying
the ground properties of atoms, such as the 15% threshold, and that higher accuracy will be obtained for highly ionized
atoms, because the electron correlation becomes less important. 2) Furthermore, with Dirac-Slater method we can ob-
tain the localized self-consistent potential, thereby we can study the orbital competition rules for different atoms. Using
the three of our designed atomic orbital competition graphs, all of our calculated ground configurations for over 7000
ionized atoms are conveniently expressed. We systematically summarize the rules of orbital competitions for different
elements in different periods. We elucidate the mechanism of orbital competition (i.e., orbital collapsing) with the help of
self-consistent atomic potential of ionized atoms. Also we compare the orbital competition rules for different periods of
transition elements, the rare-earth and transuranium elements with the variation of the self-consistent filed for different

periods. On this basis, we summarize the relationship between the orbital competitions and some bulk properties for
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some elements, such as the superconductivity, the optical properties, the mechanical strength, and the chemistry activ-
ities. We find that there exist some “abnormal” orbital competitions for some lowly ionized and neutral atoms which
may lead to the unique bulk properties for the element. With the ground state electronic structures of ionized atoms,
we can construct the basis of accurate quasi-complete configuration interaction (CI) calculations, and further accurately
calculate the physical quantities like the energy levels, transition rates, collision cross section, etc. Therefore we can
meet the requirements of scientific researches such as the analysis of high-power free-electron laser experiments and the

accurate measurement of the mass of nuclei.
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