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An Electronic Structure Calculation for 5f States of 6 Phase Plutonium
Based on the Density Functional Theory Method

LI Ru-Song"” HE Bin' LI Gang' XU Peng’ LU Xin-Cheng® WANG Fei'
(‘Xi'an Research Institute of High Technology, Xi'an 710025, P. R. China,
*Navy Research Institute of Nuclear and Chemistry Safety, Beijing 100077, P. R. China)

Abstract: First-principle calculations of 5f" (n=0-7) electronic configurations are performed with several
density functional theory (DFT) methods to describe the localized/delocalized states and obtain the precise
population of the 5f manifold in delta-plutonium (5-Pu). The results show that spin polarization clearly reduces
the cohesive energies of each electronic configuration, and enhances the cohesion properties. For 5f°, 5f', 5f°,
5f¢, and 5f° electronic configurations, the cohesive energies obtained by the spin-polarized local density
approximation (SP-LDA)+U method are markedly smaller than that by the SP-LDA method when the lattice
constant of 6-Pu exceeds 0.475 nm. The cohesive energies calculated with the spin-polarized generalized
gradient approximation (SP-GGA)+U method are smaller than that by SP-GGA method, except for 5f* and 5f°
electronic configurations, and the former trend to coincide with SP-LDA results when the lattice constants are
larger than 0.570 nm. For the SP-LDA(GGA)+U method, the cohesive energies of 5f°, 5f', 5f°, 5f*, and 5f° (5f°, 5,
5f°, 5f°, 5f°, and 5f”) electronic configurations are all equal, while the cohesive energies of 5f*, 5f° (5f*) electronic
configurations are the same as that of the 5f (5f°) electronic configuration. The cohesive energies of 5f
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electronic configurations calculated using the other methods are equal. 5f projected densities of states show
that spin polarization results in the exchange split behavior of 5f orbitals. Several 5f states are removed from
the Fermi level, which lowers the contribution of 5f states to chemical bonding, and enhances the lattice constant,
indicating that strong spin polarization induces partial localization of 5f orbitals. The optimized lattice constants
obtained by the SP-LDA method are in good agreement with the experimental values, but the SP-GGA+U
method sharply overestimates the lattice constant (by up to about 20%).

Key Words: 5fstate; Electronic structure; Localization; Spin polarization

il

1 5

W RN T R AR PR G 1T, AR
WA TS SO 7 2. 94 5 TG Pu b T H A B 50K
BB S R B R e R B 8 5k
BB M) E PR IR Z ) XA 7 &
S PuETZ B AT N, WIITER B4 T,
AHRZWNEZR AL R, AR NS
IKFHBL), ot Pu B A 5 s i - B A, AR Al
AR Ry R OB B BRI R IR (B 25%).>
5RZH0H WA B L, Pu 2R 45 i AR B
FRLEE R (o). S2BR L, B 2A R AR 4 KN o
Pu U B D, IX B T B I R M, R
TN B = e R (i Al Ga, Am) AT 3L
15 2R I DL B SR A N b T AR e IR

SR, H AT LS T 5 A HE IR Pu T A TR 3%
SR, P, 3T e % B T (LD A SRR JE
AL (GGA) bR AE 2 B 72 bR B8 (DFT) J5 v2: Tl 3%
FRAERT L 5 1) A% S 3, DA SR A 28 S 50 v A W
SRR R . 1 L, X e R A
B HL TR S 1 T A5 % JE (DOS) H Fermi BE 4%
BT SR B ) S 1 e kAT R 0

BRI, 8 T 38 0-Pu H SFHL T 19 5 S8l 5 80k
A, S 0T SFHL IR AR L G5 R A U 5
W), - SRASHE A V) S P T4 J5 4, AR SCRH 2 Fps
2 B FRAS VRN 57 (n=0-T7) B TRy T BEAT T 58—
PEIRBEHER, 3R45 5 LTI B N IR B S s Hie
5] F) BE % 2R, 20 BT Pu 7 6p 6d F1 SR A5 55
(PDOS), FH- ¥ AL B ks &5 £ S 5 {8 A0 He A 3508
AT ST L.

2 HERE

ST H e RS 4 (SOC) 7] £, Wang H1 Sun’ 78
DFT A H et SCBR FEIEI(SP-GGA) T, K H 42
LR 1k 28 0T T B (FP-LAPW) 33%:, B 9T 45 B % W
TE® A %5 8 SOC M1E L R, 5 5-Pu I 3E 7 5045 A1

bl BROBR LIRS 1 il A o BRI AR RS B 5 S B0 A
418 W T, Soderlind' F1 Kollar® 25 M 22 3 £E HF 48 6-Pu
(1) 72 FEAT N, SOC RN B A B 2 b 52 M 1 5 45
. Hay Fll Martin'® & AN 1 SOC R M. Be % F 1A 491
RICE LFAL G 7R AT M. SEBR |, SOC
BN 2 TS T ISP AT AR R, (H R s AR N T
H EMAL(SP)RLSL " BIF 7045 R B 2475 FE SP 2.
I, f BEAR A Hh A R o FH 11 W A2 5 .2 [RIB, SP Ak
RS 23 5 S I LT R S 1 2 TR A — Bk, IF L
Al LLE I Pu 42 R IR I AH 7 A Pu & & 1) AR 8
M5 B I FE 7T K B SP-GGA T 5 1514 R g o 3
Pu &M H B FL B SV 2 1 P AR R AR R
bt e . NI, A SCHE T Pu i T
(1) SP B BL(BEALL T Pu SFFEL TR0 40 78 38AT N), 7044
SR 3L T R 5 RS SOC RN, B fn sk FH 2% TE A FT 52
KM S 4 AN Dirac J5 PR 77 1%,

A S BART B0 R Pu 1R 50517
S50 5N5 50 5T T Y. SR A SP-LDA+U
(A % FE Pu 5FH T 5% 2 1 1 Coulomb #H H.1E H,
Hubbard U 2% 3K 75 %) 5FHL ¥ 2 [i] Coulomb #H H_1E
H 1 IE, F [F). SP-GGA+U. LDA % J5 i, i@ it
Shick %5 ' (1) “ HL " F1“22 " 2 B (U=4.0 eV Fll J=
0.7 eV)iEAT % . “FI#EIEREE N E.=500 eV, A
B(SCFSEE /NT 1.0x107° eV - atom™.

3 BRI

F M DFT J7 ik HEARAT 1) 57 B 7 Y N B e
5 R B R RO R WTE 1(a-h) s,

ME 1(a=h) Al LLFE H, 24 &b k& 5 208 i 0.450
nm i}, SP-LDA .SP-GGA .SP-LDA+U #1 SP-GGA+U
J7ETHESRAS B R A B R RIS, X R B ekt
AL (R AU, O-Pu H 8 73 58 180 5 R AS) 39 5 5 FEL T A
U TR, 3T 5705715 51 S L AL, 24
i A% AU 0.475 nm I, SP-LDA+U J7 7k i &3k
2N R AERH B AKX T SP-LDA J5v2:, iX £ B % & 51



Suppl. ZEUIHA%E: T B2 OB P TV 0OH Pu SPRZS L T LT 77
2r a —=—SP-LDA+U —— GGA-RPBE 2t b —a—SP-LDA+/ —— GGA-RPBE
——SP-GGA+U —e—LDA —e— SP-GGA+U —e—LDA
0F —a— GGA-PBE —e— GGA-PBESOL 0t —a— GGA-PBE —e— GGA-PBESOL
—— GGA-PW91 —e— SP-LDA —v— GGA-PW91 —e— SP-LDA
%} 2L ——GGA-WC  ——SP-GGA % 2ol ——GGA-WC  ——SP-GGA
B 3
5 —4r s 4
5 5
s 6 2 -6}
2 2
g -8 2 -8
8 8
-10 _10t
-12+ 12}
0.30 0.35 040 045 050 055 060 065 070 0.75 0.30 0.35 040 045 0.50 055 060 0.65 0.70 0.75
Lattice constant/nm Lattice constant/nm
2t ¢ 2L d
—=—SP-LDA+U/ —— GGA-RPBE —=—SP-LDA+U —— GGA-RPBE
—e— SP-GGA+U —e—LDA —e—SP-GGA+U —e—LDA
oL —— GGA-PBE —— GGA-PBESOL or —+— GGA-PBE —e— GGA-PBESOL
—— GGA-PW91 —e— SP-LDA —v— GGA-PW91 —e— SP-LDA
3 2L ——GGAWC  ——SP-GGA 3 -2r —~—GGAWC  ——SP-GGA
B E
5 -4f g 4l
5 5
2 6 N
2 2
2 -8 2 -8y
8 | 8
-10 -10
-12 —12+F
0.30 0.35 040 045 050 055 060 065 070 0.75 0.30 0.35 040 045 050 0.55 0.60 0.65 0.70 0.75
Lattice constant/nm Lattice constant/nm
20
e —=—SP-LDA+U —— GGA-RPBE 21 f —=—SP-LDA+U —— GGA-RPBE
ok —e— SP-GGA+U —e—LDA —e—SP-GGA+U —e—LDA
—— GGA-PBE —e— GGA-PBESOL ot —— GGA-PBE —»— GGA-PBESOL
> ol —v— GGA-PW91 —e— SP-LDA —v— GGA-PW91 —e— SP-LDA
° —— SP-GGA > > ——GGA-WC  ——SP-GGA
> (] -2 [
2 4t &
5 5 4l
[ )
= [
2 % -6
) s -8t
-10} o
-10
_12L
L s L L L " L L ) _12 L n L L L L L L )
0.30 0.35 0.40 045 0.50 0.55 0.60 0.65 0.70 0.75 0.30 0.35 0.40 045 050 0.55 0.60 0.65 0.70 0.75
Lattice constant/nm Lattice constant/nm
2r g —=—SP-LDA+U —— GGA-RPBE ) h —=—SP-LDA+J —— GGA-RPBE
—e— SP-GGA+U —e—LDA r —e— SP-GGA+U —e—LDA
0+ —— GGA-PBE —e— GGA-PBESOL —— GGA-PBE  —=— GGA-PBESOL
—»— GGA-PW91 —e— SP-LDA oF —— GGA-PW91 —e— SP-LDA
> 2l ——GGA-WC  ——SP-GGA - ——GGA-WC  ——SP-GGA
g -4r s
() % _4 -
.% -6+ 3
5 g -6
£ -8t £
O 8 -8t
~10}
-10
12}

0.30 0.35 0.40 045 0.50 0.55 0.60 0.65 0.70 0.75

Lattice constant/nm

1 ZFMDFT FETEREN @) 57, () 57, (© 57, () 5°, () 5, (D 5%, (8) 5/ F(h) 5/ B FHBIAREEES
mISEHBHEH X R
Fig.1 Cohesive energies of (a) 517, (b) 5f, (¢) 517, (d) 51>, (¢) 5%, () 51, (g) 5/°, and (g)5f” electronic

Lattice constant/nm

configurations calculated by various DFT methods as a function of lattice constant

1 . . . . . A . . )
0.30 0.35 040 045 050 055 060 0.65 0.70 0.75



Acta Phys. -Chim. Sin. 2015

0OFr 2 |-
2l or
3 3
c [CR—
s o :
; g -6p
c -8r 2
2 o -8
3 -10} S
(@] O —10}
_12 [ 1 1 1 1 1 1 1 1 ] _12 i 1 1 1 1 1 1 ]
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.7 0.35 040 045 050 055 0.60 0.65
Lattice constant/nm Lattice constant/nm

2 (a) SP-LDA+UFI(b) SP-GGA+U 5 KT EHIR BRI 5 (n=0-T)E THE N BEES RIESHZ BREH xR
Fig.2 Cohesive energies of 5/ (n=0-7) electronic configurations calculated by (a) SP-LDA+U and
(b) SP-GGA+U methods as a function of lattice constant

10.0 !
e~ a — Pu7s ' :; gg [ b —Pu 7s
> ——Pu 6p el ——Pu 6p
© 8ot Bl Bl e 45f —Pu 6d
s —Pu 5f s 4o0f —Pu 5f
g 6.0r 5 35¢
) T 30f
@ B 25
[0} = O
g 40 g Sof
[} 2]
S 20f 5 1o ]
> > 10f ,
@ @ 05f M{M !3 ﬂ
g oof g oof —
-50 -40 -30 -20 -10 30 -50 -40 -30 -20 -10 0 10 20 30
Energy/eV Energy/eV
~ 50F ¢ : T 904 l
> 45F —Pu 7s ! o 80fF —Pu 7s
o 40 —Pu 6p ! 2 70E ——Pu 6p
5 L ——Pu 6d ' e F —Pu 6d
S 35 : = 6ok
8 a5 —Pu 5f ! 8 60¢ —Pu 5f
: 20T ' S s0fF
= 25¢ i g 3
8 20f ; 5 40¢ ]
3 15[ ; 2 s0f :
S 10 > 20f
s 05p 2 qof :b I,
= [} -
8 oo} : S ook :
-05 I . ; I 1 i I 1 ) il I I I 1 I I |
-60 -50 -40 -30 -20 -10 0 10 20 30 -50 -40 -30 -20 -10 O 10 20 30
Energy/eV Energy/eV
~ ! 50F '
1 50 © i o f !
3 S 45} .
o —Pu 7s o 40l —Pu 7s I
s 40 —Pu 6p S el —Pu 6p i
5 —Pu 6d g 90 —Pu 6d !
2 30F —Pu 5f & 301 —Pu 5f !
() I
S = 25 |
@ 3 L i
s 201 w 20 .
o : % 15 :
> 10t ] S 1or ;
'% ¥ g 051
g oot m g oof :
-50 -40 -30 -20 -10 O 10 20 30 -60 -50 -40 -30 -20 -10 0 10 20 30
Energy/eV Energy/eV
3 (a) LDA, (b) SP-LDA, (c¢) SP-LDA+U, (d) GGA-PBE, (e) SP-GGA #(f) SP-GGA+U 5351+ E

+H-/s8

IRISHI Pu 7s, 6p, 6d F 5712527555 FE (PDOSS)
Fig.3 Pu7s, 6p, 6d, and 5f projected density of states (PDOSs) calculated by (a) LDA, (b) SP-LDA,
(¢) SP-LDA+U, (d) GGA-PBE, (e) SP-GGA, and (f) SP-GGA+U methods



Suppl.

RS 5T 8 RZ RIS TR RIOH Pu SPRAS I T4 51 79

L7 — BT 22 [A] 9% 21 Coulomb HE /% /F FH ] Hubbard
UZHK 5F % B3 5 il NI A AT S Hubbard f2
W, PEAK Fermi BEZR L S5/ HE |1 BE, ATk 2D P9 K fE,
H8 5 Py T L BR TSR Sf° HL T A B LA Ak, SP-
GGA+U 71t HER1F I N R s W 24K T SP-GGA
T A= NHBRIIGE, BT 5 S i 8
PLAN, 24 ik 2 B 1T 0.570 nm i, SP-GGA+U
SP-LDA ik R R I T H G, A XM S
[ —Fh ] E RS 5 SP-GGA 545 B AH Lk, SP-
GGA+U J7 %9 5fH F — BT 2 [ 51 21 ¥] Coulomb
HeRRAEF B B Sl 7 N 5K RE, 5 SP-LDA /7% R4t
Hh Al A SR BEHIAT A ARARL, B DA 38 1 Sl SR )
T3

SP-LDA+U M1 SP-GGA+U 75 vE 1 5L 3515 1 51
M B SR e S Ak S HC R R OC R a1 2 B
7. MBI FR AT BUE H: T SP-LDA+U 5%, 5/°\5f'+
5175 F 57 BT R B N JR RE R AR EI I, 577,517
ST AL N R RE AR R 4T SP-GGA+U 7
15, SOSFN S SNSRI 57 BT R IR N SR B A AR
[F) [, 5P A SFC L A BL I N SR e 1) T E A
GGA-PBE.GGA-PW91.GGA-WC.GGA-RPBE.
LDA.GGA-PBESOL.SP-LDA i1 SP-GGA J7 %3545
K 510 51 52 S 51 510 570 5T FEL TR TR Py 38
BE A 20 B AH S5 (AR ST o), R BIX B T V5% 5f
FEL R 2R (1 P SR 1 B A R

Johansson Al Rosengren"” fff 57 & ¥il Pu [l {4 $ i/t

T 5 R, Savrasov &5 "R H R4 % B I+ 8 AP
Y3 B 1 A R AR T X A4 8. SEBR b,
Moore 55 "~ 3@ Ik FE T~ i 2 15 AR 15 AR XS 28 IR A i
AT 1 aFNSHH Pu 1 5d-57 I 52 -Fe AN 5 A8 5L 0 A
FLEERIE T Pulf) 5F° T H9 8L, 1E Savrasov 55 3k
3 1 B AR AR 1 9% 2 il 48 v A7 AE R A /IMEL, AR
MBI AL B TELF 5353055 BT a il AT SAH Pu [ SE 56 ~F
T AARAR, PSR /AME 2 5906 BT 515 2 1 5 380RT 58
HORAS, Bl tho— 6AH28 42 BT Pu 5/HLF ] Mott &
AR XTS5 AL, Pu 75 6p. 6d Bl SFHE RS
% JZ(PDOS) N &l 3(a— D) Frs. M AT AR i, 5/
TR A R E TR 7 B eS0T,
Fermi BB 4% b 5FHL TR D, 1X %R B H e i A6 2%
I B S P A A B AT D, INTTAEAS 5 45 S
ARAS I Fermi REZR F 11 2%, 1K ) SR A Xk 5
B T R I TR, AT IS0 TSP AR AR, FRATT AT DA
W BRI e A A A58 5 B3 SR T 1“0 40 3
.

M SP-LDA+U it 53k 15 () DOS(I& 3¢) Al LA &
H, SAREA TS Fermi B ZE. 55 LDA J7i: 3145
HIK2)9.0 electrons - eV #LL, K SP-LDA J7 743k
F31¥) Fermi A8 2 Ab 577 % B B4 &2 5.25 electrons eV
SEbR b, 5 Pu )@ BUEAT J9AE G 1) S LT IR A
IR B AT 93 DI 5%, B0 AR AR 45, 84 5f
L B0 B 3, a0 AR RUR AR IR, IS4 ST
I 3. X AR T a8 g oA I AR R )05 2k

R1 BEMEBEZRIERFETEIRGEPu S/ (n=0-7)E FHEMNRULRERER(EAL: nm)

Table 1 Optimized lattice constants (in nm) of 5" (n=0—7) electronic configurations in 0 phase Pu obtained by various

density functional theory methods

Lattice constant/nm

Method 3
5 5f° 57 5° 5 5 5 5

GGA-PBE 0.4161 0.4162 0.4162 0.4162 0.4162 0.4162 0.4161 0.4161
GGA-PBESOL 0.4090 0.4089 0.4089 0.4089 0.4089 0.4089 0.4086 0.4090
GGA-PWI1 0.4176 0.4176 0.4176 0.4176 0.4176 0.4176 0.4170 0.4173
GGA-RPBE 0.4193 0.4193 0.4193 0.4193 0.4193 0.4193 0.4193 0.4191
GGA-WC 0.4109 0.4109 0.4109 0.4109 0.4109 0.4109 0.4106 0.4110
LDA 0.4046 0.4046 0.4046 0.4046 0.4046 0.4046 0.4048 0.4263
SP-GGA+U 0.5302 0.5316 0.5311 0.5316 0.5460 0.5338 0.5536 0.5316
SP-LDA+U 0.5183 0.5183 0.5067 0.5183 0.5139 0.5064 0.5195 0.5067
SP-LDA 0.4736 0.4736 0.4496 0.4736 0.4782 0.4496 0.4755 0.4496
SP-GGA 0.4945 0.4945 0.4496 0.4945 0.5124 0.4946 0.5091 0.4891
LDA+U (3.0 eV)’ 0.4580

LDA+U (4.0 V)’ 0.4780

experiment value ° 0.4636

“lattice constants of 5f° electronic configuration calculated by LDA+U method (U=3.0, 4.0 €V, respectively) in reference;”

*experiment value in reference™
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