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Atomic Structure Calculations. V

—Relativistic effect on rare earth atoms—
Akira NARITA, Hiroshi O1sHI* and Mahmudul Kabir**

(19974711 H28 H 52 #E)

The self-consistent relativistic atomic structure calculations are performed for first eight
atoms of the lanthanum series based on the local density approximation, in which the
exchange-correlation energy due to Gunnarsson and Lundqvist is assumed, the Latter approxi-
mation is adopted and also the balanced spin configurations are assumed. The calculated
results are compared with the experimental ones. For the orbital energy levels, relatively good
fits with experiment are obtained. The discrepancies found in our previous work for the
orbital and total energies are partly removed in quality and are also considerably improved in
quantity. However, the discrepancies are still remained while reduced.
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Fig. 1 The lowest energy levels of each electronic configuration in all neutral rare earth atoms are shown. These data are cited from
Brewer's paper [5], and those without and with parentheses are, respectively, the spectroscopically determined experimental levels and the
estimated ones by him. (a) La~Gd, (b) Th~Lu.
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Table I The calculated total energies of selected excited
configurations due to three kinds of calculations are compared with

" the experimental ones for the rare earth atoms, in which the total

energies are measured from those of the ground configuration. Unit
is 10°cm™",

. Total Energies [10°cm™'] 3
Atoms | Configurations [— o —T— - r T — Exp.[10%cm™)
5d'6s* 0 0 0 0
La 5d°6s’ 088 | 558 | 486 2.668
57 sd* 316 | 1443 | 1320 1243
4f'6s” 1573 | 433 | 454 (£15.1)
4f'5d'6s” 0 0 0 0
C; 4f'5d%6s’' 030 | 636 | 560 2369
A 4f%6s’ 2427 | -394 | ass 4.762
Pr 465" 0 0 0 0
59 4f%5d'6s” 3163 | 1055 | 1022 (4.0)% 1
Nd 4f'6s’ 0 [ 0 0
60 4f75d'6s’ 38.1 162 | 158 6.764
Pm 4176 0 0 0 0
61 41'sd'6s’ 4382 | 2008 | 2054 B£1
Sm 4f%s* 0 0 0 0
62 4f*5d'6s” 4896 | 2512 | 24.69 15.5
Eu 4176s* 0 0 0 0
63 4f"5d'6s” 536 | 287 | 232 25.1
4f75d'6s’ 0 0 0 0
Gd = -
o4 4f '5d%6s 494 | 1353 | 1256 6.378
4f"6s? -57.73 | 3182 | -26.12 10.947
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Fig. 2 The total energies calculated for the intermediate configurations between two selected ones are plotted for first eight atoms in the
lanthanum series as a function of x indicating the intermediate degree. The total energies calculated for the experimental ground configuration
are chosen as origin for each calculation in NR, K-H and Dirac. (a) La, (b) Ce, (c) Pr, (d) Nd, (e) Pm, () Sm, (g) Eu, (h) Gd.
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Table II The calculated orbital and total energies of neutral rare earth atoms due to three kinds of calculations are shown for selected and
LDA ground configurations, and they are compared with the experimental orbital energies for the ground configuration except for Pm. Unit

is Ryd.
(a)La
5d'6s* LDA ground con.: 4f* 5d ' 6s* 4f '6s?
-En(Ryd) . NR K-H Dirac .
NR K-H Dirac Exp. (x=0.95) (c = 0.35) (x=034) NR K-H Dirac
18,2 2113 2843.5 28430 28675 2710.8 2843.4 28428 2710.8 28431 28425
2510 419.75 452.69 452.54 462.0 419.21 452.50 452.36 419.18 452.22 452,01
2pia 426.98 434.3 426.80 426.53
96.74 J . . .18 405.36
2pin i ofaz 396.66 404.3 v e 39648 . - 396.20
38y 89.794 96.869 96.823 100.8 89,173 96.649 96.609 89.145 86.331 96.282
3pin 86.029 89.2 85.818 B5.491
T 79.873 81919 20,121 832 79.256 81.700 70.007 79.227 81.383 39581
3dy, 61.144 63.1 60.934 60.613
34, 61.335 60417 50879 817 60.727 60.200 59,668 60.699 59.888 50347
45,0 18.079 19.605 19.588 20.3 17.529 19.403 19.392 17.503 19.108 19.089
4Pia 15.616 15.8 15.424 15.125
o 14414 14741 14.350 145 13.873 14545 14161 13.847 14257 13867
4d,, 7.8283 1.1 7.6480 7.3679
T 7.9937 7.7082 76086 77 74778 15230 74296 7.4532 7.2511 71518
s, 042107 0.28674 0.08868
0.6696 oM TN 0.27057 0.27936 . 0.08699
af;, * 0.40054 2109 4 0.26752 BISEIE 007338
588 2.7205 2.9448 2.9380 29 25014 2.8592 2.8557 2.4901 27297 27238
Spia 1.8505 1.7825 1.6734
T 1177 1.7226 16514 15 1.5380 1.6556 15087 1.5286 1.5544 14983
Sdyn 0.30371 0.27842 0.240M1
50, 0.34231 0.29782 028084 0.26646 027199 026589 0.26253 0.23607 059057
6812 0.32758 0.34470 0.34375 0.30715 0.33651 0.33602 0.30594 0.32460 0.32387
-E uf{Ryd) 164375923 | 16976.2123 | 16984.6815 16437.7361 | 16976.2314 | 16984.6998 | 16437.7357 | 16976.1728 | 16984.6401
(b) Ce
4f '5d'6s” LDA ground con.: 4f'**5d 65’ 4f 65’
-E(Ryd) s NR K-H Dirac : :
NR K-H Dirac Exp. (= L.0) (x=0.61) (x = 0.60) K-H Dirac
15, 2812.4 2955.0 2954.3 2979.1 2811.9 2954.7 2954.1 2954.5 2953.9
255 437.45 473.14 472.98 482.7 436.89 472.83 472.67 472.67 472.50
2py, 446.75 454.4 446.45 446.29
2 413,93 423.84 41307 321.94 413.39 423.53 3367 423.37 31350
Isin 94.15 101.93 101.87 106.0 93.512 101.57 101.52 101.38 101.32
Ipia 90.745 94.1 90.392 90.198
T 83.958 86.263 84.306 876 83.322 B5.903 23,051 85.715 83757
id 64,782 66.8 64.433 64.242
P LA W
34 64.907 63.991 63.398 65.4 64,280 63.636 63.048 63.451 62856
45, 18.944 20.664 20.643 21.7 18.375 20.332 20.316 20.155 20.134
4pin 16.511 16.9 16.189 16.010
o 15.142 15.549 15.118 157 14.583 15.225 14.802 15.053 14625
4d,, 8.3235 8.7 8.0211 7.8516
4dyy 8.4628 8.1924 20796 35 7.9274 7.8855 7703 | 7.7215 el
4f, 0.49670 0.26490 0.13888
— Sy
T 0.75034 0.49364 0.47208 0.50 0.32440 0.25775 0.24255 0.13541 0.11825
5812 2.8110 3.0672 3.0591 33 2.5805 2.9212 2.9172 2.8382 2.8327
Spg | 1.9235 1.8053 1.7344
oo 1.7698 1.7840 17170 2.0 1.5800 1.6689 16083 1.6028 1548
5d. 0.30335 0.25958 0.23402
PRS-, -] I [
Sdeg 0.34220 0.29719 0.28851 0.26197 0.25303 0.24723 0.22842 0.22320
bs;p 0.33210 0,35084 0.34979 0.31045 0.33636 0.33598 0.32729 0.32692
-E o Ryd) 17129.2154 | 17710.2918 | 17719.7875 17129.4367 | 17710.3473 | 17719.8412 | 17710.3277 | 17719.8208
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(continued)
(c) Pr
| 4f 65 LDA ground con.: 4f**5d*6s’ 4f *5d '6s°
Ea(Ryd) : NR K-H Dirac » .
K-H Dirac Exp. (= 0) (x = 0.18) (x = 0.18) NR K-H Dirac
18, 3068.4 3067.7 3083.1 29148 3068.5 3067.8 2915.3 3068.9 3068.2
| 28 493 .62 493.44 504.7 45493 493.70 49351 455.49 494.10 49392
2p1a 466.55 474,68 466.62 St - 467.02
| 2Psn b 431.15 439.63 g2 Lo 431.22 B ’ 431.62
i 35,0 106.53 106.46 1114 97.927 106.61 106.55 98.563 107.08 107.01
| 3pia 95.003 98.7 F 95088 5 95552
. _P_spm 90.120 87593 15 463 90,205 N 88.095 067 o
|
| 3dy, 67.928 70.3 68.012 88.471
| —_r ; 7. ; : | —_
: Ty, 67.068 O ~¥ 67.906 67.152 6500 68.530 67.612 ST
: ds,, 21.205 21,180 227 19.230 21.286 21.261 19.798 21.718 21.692
i 4p,, 16.894 17.8 16,973 Eith 17.399
| ——-—E-—4pm 15.843 rETT T 15.302 15.922 YT 58 0 —e—
4d. 8.3259 9 - 8.4013 8.8029
" 8.1831 VT = 83837 8.2584 Y 89200 8.6599 T
I 4f 0.185186 0.24319 0.55818
R, S ; 0819 i St
| i 0.18121 B0 0.38349 0.23937 T 50 0.55539 T
:fl 58,0 29476 29414 - 31 2.6635 29873 2.9806 2.8968 3.1838 31744
_ 5pia 1.7959 i1 . 1.8292 4 s 19917
—Lspm 1.6522 Ty ; 6255 1.6843 T 1.8182 M o
5dyq 0.22929 0.24131 030112
—2 1 0 ; 94 .
S 0.22328 ETET 25929 0.23526 23001 0.34060 0.29466 = Sasts
[T 0.33181 033148 0.31442 0.33649 0.33599 0.33839 0.35676 0.35561
-E.«fRyd) | 18463.7862 | 18474.4115 17837.8831 | 18463.7899 | 18474.4156 | 178375947 | 18463.6900 | 18474.3183
i
(d) Nd
LDA ground con.: 4f **5d*6s* 4f°5d'6s*
-E.(Ryd) NR K-H Dirac .
(x=0) x=0) x=0) Exp. NR K-H Dirac
18,2 3019.5 31848 3184.0 3209.6 30200 3185.2 31845
| 2510 473.31 515.10 514,89 525.5 473.87 515.59 515.38
| 2pin e 487,32 495.56 b P 487.79
l 2Py s ae 449.14 457.76 B e 449.62
i 38, 102.40 111.78 11.71 116.5 103.04 112.34 112,28
F_ig 3pia 9 99911 103.9 92 10046
j iz 1.660 94.600 S0 e 293 95.153 T
il ad, o _— 71676 74.2 72.221
| ——’5—3dm 5 1742 i o 72211 71,289 e
i ds,, 20.078 22259 22230 23.8 20.647 22771 22,746
4pia : 17.779 18.5 e g 18.288
| = 6012 16.629 Ty = 185 7.134 e
T 4d, 8.7908 9.3 92735
—22 1 pga298 ; ! ; TR
2 2 86350 ST 55 9.3700 9.1179 e
4f, 0.22306 0.60919
—— 2 1 043306 21890 ; | —
Af,, 0! 0.19341 9.5 QATRES 9.00068 0.57566
5810 2.7421 3.0539 3.0469 3.3 29795 32973 32867
— ke | g3 16987 J8be1 2 1.8641 18930 |—2957
5pan ) : 1.6286 i i ) 1.8144
5dyz 0.22380 0.20754
—% 1 025532 0217 0.33794 029087 f——078H0-+——
Sdsp ¥ 021217 0.28097
651 0.31810 0.33635 0.33602 0.34052 0.36248 0.36121
-E..{Ryd) | 18563.2301 | 19236.8235 | 19248.6959 18562.8829 | 19236.6761 | 192485519
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EFRER IV
(continued)
(e) Pm
LDA ground con.: 4f **5d"6s’ 4f *5d'6s’
-E(Ryd) NR K-H Dirac ,

=0 | =0 | =0 o i N

1515 3126.0 33037 33029 31266 33042 33033

25, 492,02 53711 536.88 49250 537.60 537.37

2pin 508.61 509.09

= 466.99 479.73 - 46755 480.21 s

38, 106.94 117.16 11707 107.57 117.72 117.63

3pua 104929 105483

T 9592 99.160 S 96,555 99.717 e

3dy, 75.489 76.038
—22 | 983 74478 i 75.0 "

3ds . 73.696 i H 74.246

48, 20922 23322 23.288 21.495 23.845 23.800

dpia 18.671 19.186

iy 16717 17415 TR 17.283 17.926 e

4d,y 9.2507 9.7398
— 9.0810 ’ 957 —————

o 9.2700 08 e 9.8157 5708 e

[Ton 0.25378 0.65205
—_ 047 0.24948 2 17 649 e —

[ o & 021926 i i 0.61359

58, 28176 3.1584 3.1508 30601 3.4095 3.3976

Spua 19116 21210

T 1.7066 1.7429 —— 19081 1.9439 s

50,z 021773 0.29313

o 0.25046 021132 TR 0.33449 0.28625 T

652 0.32157 0.34081 0.34046 0.34457 0.36819 0.36679

-Enu{Ryd) | 193056304 | 200207121 | 200429560 | 19305.2309 | 200295208 | 20042.7687

(f) Sm
LDA ground con.: 4f *5d“6s” 4f *5d'6s”
-Eq(Ryd) NR K-H Dirac .
(x=0) (x=0) (x=0) Exp. NR K-H Dirac
181 32345 34252 34243 3449.6 32350 3425.6 3424.7
2510 511,08 559.66 559.41 570.3 511,65 560.16 559.90
2pin 530.44 540.6 53092
485.54 499.31 e T 486.10 49080 [— e —
351, 111.54 122.65 12255 127.6 11218 123.21 123.11
Ipia 110.06 1138 110.62
_Lhaa 100.25 103.81 T e 100.89 10487 e
3dsy 79373 82.1 79.926
—nﬂ 79.136 78279 e o 79.766 78835 —o
4510 21766 24,399 24,380 26.0 22345 24927 24886
4pin 19573 20.0 20.094
i 17422 18.204 T v 17.993 18722 —re—
4dy, 9.7085 10.7 10.2044
—“ze 9.7069 95241 S e 10.2593 100211 —e—
4fs, 0.27836 1.1 0.68808
—-TI 051121 0.27397 s 097973 068624 [— o —
5812 2.8910 32622 3.2535 2.9 3.1391 35212 3.5080
5p1n 19675 2.1841
_P—Sm 1.7440 1.7855 g 1.9 19507 19034 —o—
5dvy 021117 0.28802
Sdsg 0.24498 0.20487 S 0.33041 028096 |— o —
6812 0.32490 0.34517 0.34482 0.34851 0.37381 037229
-EuufRyd) | 20065.2346 | 20842.7265 | 20857.4769 20064.7882 | 208424974 | 20857.2522
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BH - KRGS - AE— LA FT7L
(continued)
(g) Eu
LDA ground con.: 4f' *5d“6s* 4£°5d '6s*
-En(Ryd) NR K-H Dirac ;
Exp. R K-H D
(x=0) (=0) (z=0) P ¥ i
ls!& 3344.7 3549.3 3548.3 3572.1 3345.2 3549.7 3548.7
2500 530.48 582.78 582.50 5933 531.06 58328 582.99
2 552.82 562.2 553.30
—21&—-2% 504.44 519.30 e e 505.00 e
35, 116.22 12827 128.17 132.8 116.86 128.84 128.73
3 115.33 119.0 115.88
—a—m-—% 104.6 108.54 ey 1093 105.29 L
3d 83.343 85.7 83.888
—c . S
3 83.010 82.150 T o 83.645 82.710 T
481 22.613 25.492 25.454 26.7 23.198 26.027 25.979
4 20.497 212 4 21.016
—Eﬂ—qpm 18.12 19.000 TS v 18.706 W5 e
4d 10.173 10.3 10.669
S .. S— [ S
T 10.142 9.9663 S5 b= 10.702 10.471 058
4f. 0.30238 0.71842
~—-—3—4£7£ 0.54202 029324 = 1.7 1.02147 0.71698 |—ot e —
S5 2.9629 3.3659 3.3581 2.6 32171 3.6334 3.6186
, 5 2.0242 2.2470
—EW—SM 1.7801 L8268 [—roes— 18 1.9923 2.0420 T
5d. 0.20463 0.28246
—’3—5 . 0.23904 09 oo 0.32585 027528 oo
6s;; | 032814 034948 | 0.34922 0.35246 0.37962 0.37794
Eruar(Ryd) | 20842.1926 | 21676.1440 | 21692.5015 20841.7042 | 21675.8824 | 21692.2898
(h) Gd
4£75d'65° LDA ground con.: 4f7" 5d ' 65
-E(Ryd) ~ NR K-H Dirac
NR KH Dirac Exp. ®=10) | @=10) | &=10
15 3457.3 3676.4 3675.3 3699.5 3456.8 3676.0 3674.9
| T 550.81 606.97 606.66 617.0 550.23 606.46 606.17
, 2oz 576.25 584,09 575.77
| 20 HAE A0 525.17 533.47 &8 SaxAd 524.68
Ag 121.61 134.60 134.49 138.6 120.96 134.03 133.93
g 3 121.28 1245 120.73
—LM 109.76 113.94 T EY 109.11 1Y | —me—
L 3d 87.939 89.6 87.391
i — ] | O/.J71
ﬂ 3 87.593 86.657 o o s 86.954 £86.092 105
| 4s,, 24.055 27.146 27.099 27.5 23.464 26.604 26.568
4 21.962 21.4 18.838 21,436
| —L4 19.422 20.334 i 550 19.803 S0
il ad 11.142 10.6 10,639
| —
| 3 11.146 10.922 A Tie 10.578 10.409 T
i 4f. 0.74819 0.32202
| a-
5’ —ﬂ—4£m 1.0586 0.74272 S 0.6 0.56831 0.30793 T
S8, 32943 3.7463 3.7313 2.7 3.0337 3.4702 3.4631
5 2.3109 2.0808
_Lsﬂm 2.0330 2.0900 TSR 1.6 1.8150 1881 e
i 5d 0.27668 0.19789
FEEt .. ' SR o v e
. i 0.32090 0.26923 T 0.23275 0.19082 T
H 65, 0.35637 0.38540 0.38360 0.33126 0.35383 0.35366
i -EoufRyd) | 21636.1269 | 22529.9558 | 22548.1179 21636.6532 | 22530.2459 | 22548.3560
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JEFHEE T3V

L, Nd Ti34f (35d DIZA DM 22 Ficfr@ L T
WTINLDMEIC BT 2RI hz-oTwb LS
icBbhz, Gd TRENBHFRICLIY LD
HALORMICHEEIZE L Twudev, 2k 5 icaEic
Wa &, FXERERY S AR D4 8 BRI D nw T
bEFICL > TRL2ENEEL 2L L TWE S
EDbir s,

F7z, Tablell 4%, La, Ce, PriciL Ttk
IC0<x<1%Zid x TLDA XEREI £
& E|34f L5d MALIZFEF ICHORE L 24BIcH B
Z &, F724f, 5d, 6s WLEMEMOAIEBRIZ x I &
NELT 2 Ehbh b,

5. FLHLSHRORE

AiaR S 1 1o 5] & #k 2 AR F 122 v THEN R
R FREE RT3 24TV, BRSNS Sic % H
Lah's, Bz A LX—¥r, REREBENORE L
UIEREE D T A NX—RAL 7 X Io i3 2 0580
MRICOWTHRL, Z0OHE, HZ2n-rE
SHEDRERTNET 5,

1) 77F=FEFicoWwT LR BFE7—n
YHEEHLOBEHMBLELT, s A X
—¥DRET, BLUFNC L B2NBBNSE, 6d i
WD X ANX—HGL) LR FERENT:,

2)  FEAENTERIC N TERICIT WG = R L X — ik
(R E TP (I

FrE104 2 A

3) BHETHRNLMES, 1), 222w, B
ICWEINLY, —BEBREEICADLLVL DR
> TBNEmMICHEREINLRTIIL W, LL,
F—HEDFZFR-2LDITO2WT Y, BHICIIER
I28) Al D icsEZEE s,

4) SHOBEIE, HANBRMRICmZ T2 4
B7]16 Lo E 8 IR LT~ BEn
MESORE*EH B L Th B,
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