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Atomic Structure Calculations. II

—Rare Earth Atoms—

Akira NARITA and Hiroshi OIsHI*

(1996411 H29 H 2-7§)

The self-consistent atomic structure calculations are carried out for all rare earth atoms
assuming the ground electronic configurations determined from the experiments. For La, Ce
and Gd, the calculations using another type of configurations 4f"6s? are also performed.
Furthermore, the effects of four kinds of the exchange (-correlation) energies due to Slater,
Kohn-Sham, Barth-Hedin and Gunnarsson-Lundqvist on the energy levels are compared, and
the spin polarization effects are also examined. The detailed considerations are given for the
energy levels, some representative radial wave functions and the central field potentials, and
these are figured. For La, Ce and Gd, the present calculations give the discrepant ground
configurations given by 4f"6s? compared with the experimental results. This discrepancy could
be improved by taking into account the relativistic effects.
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Table I The energy levels of rare earth atoms without the spin polarization are compared for various exchange (-correlation) energies. (a)

is the results obtained assuming the electronic configuration cited from ref.[16], and (b) is those for La, Ce and Gd with the configuration
of 4f"6s* type. The unit of energy is Rydberg.

(a)
‘£|. 'Ea ‘E& ‘E! “E& -E,‘ _Eh 'gs ‘E_u “E." ‘Es “E! ‘E! ‘Ez _Etﬂl'l
La K-5 | 27110  419.50 396.49 89.577 79.655 61.115 17.886 14.222 7.8045 0.492664 2.5606 1.5628 0. 20887 0.206977 16424.151
54'6s® | B-m | 27102 419.65 396.64 BO.707 79.786 61247 18001 14335 7.9162 0.506739 2.6542 1.6538 0.28823 0.271041 16434.698
57 G-L | 27113 419.69 39668 89.739 79.818 61280 18.025 14.359 7.93%4 0.616428 26630 1.6673 0.29706 0.274499 16437.532
b 2728.5 4 3. 2.040 82 198  63. 709 B. 93 .235 & . 11126 .8964  0.41902 0.314919 16610.3
Ce TS | 28121 437.21 413.69 93.938 B83.743 64.690 18753 14.952 8.2751 0.57310 2.6500 1.6138 0.20745 0.210126 17115520
Af'sd'ss® | B0 | 28123 437.36 41384 94.066 B3.871 64819 18865 15.064 8.3855 O0.67694 2.7438 1.7050 0.28717 0.274546 17126.252
58 G-L | 28123 437.40 413.88 94.09 83.903 64.851 18.889 15.088 8.4082 0.69649 27586 1.7I87 0.29610 0.278084 17129.153
$ 2830.8 20.90  96.3%2 8628 . 28 3 55 ¢ (19462 3.0252 1.94B8 0.41879 307. 168
Pr -5 | 29145
atgst | B | 20147 1 ; 2 : ; ;
59 G-L | 20147 454.88 430.86 97.875 87.410 67.853 19178 15.249 8.3309 0.33141 zsna lsm tmls 0.258588 17837.819
5 933 fi. 79 . 30 . 08 89. 700 70. 208 6. 05 9. 0363 ). 76 i 0. 237082 §021. 528
Nd 5 [ 30152 41308 44855 10220 91458 71382 I9.894 15.828 86481 0.25981 25788 15090 uzm 0195032  18548. 805
af'es’ | BB | 30194 473.22  448.69 10232 91.579 71505 20.003 15937 8.7554 0.36180 2.6743 1.6018 0.19901 0.258067 18560.117
60 G-L | 3019.4 473.25 44873 102,35 91607 71.534 20.025 15.958 6.7765 0.38033 2.6897 1.6160 0.20722 uslm lm 165
S J038. 479. 2 5. 2 i 93, 509 3. 50 5. 762 9, 4856 0. §24 2. 94 . B3R 0. 31389 )
P K-S | 31258 491.79 466,76 106,74 95.718 75.124 20.738 16.534 9.0875 0.30048 2.6527 1.5467 0. 11584 u. 197234 lmi 003
At 6s’ | BN | 3125.9 491.93  466.90 106.86 95.839 75.247 20.847 16.642 9.1951 0.40304 2.7489  1.6402 0.19312 0.260594 19302446
61 G-L | 3126.0 491.97 466.94 106.88 95.B67 75.276 20.868 16.664 9.2162 0.42180 2.7645 1.6546 0.20141 0.263959 19305 564
S G 13. 58 9. 10 98. 18 6 21. 698 472 9. 9308 ). 87486 3. 0262 . BRO3 0. J0895 0.303632 0200
Su K5 | 3234.2 510.85 48531 111.3¢ 100.05 7B.931 21.581 17.238 9.5236 0.33499 2.7246 1.5825 0.10921 0.199352 zm.m
af6s' | B-m | 3234.3  510.99 485.45 11046 100.17 79.054 20690 17.347 9.6314 0.43818 28214 1.6767 0.18660 0.263018 20061.978
62 6L .4
s .1
Eu [ -4
4t s’ B-Rt 3
63 6L .7
s .6 16. 69 L 8. 6. 94  85. 395 23. 400 B. 89 ; RS . 296 . J09708 J48. 22
Gd X5 | 3457.1 550.58 524.01 12141 109.55 87.382 23.864 19.231 10.956 0.87556 3.1257 1.8691 O0.17994 0.227873 21620.618
Af'sd'ss' | B-m | M57.2 550.72 52415 121,53 109.67 87.505 23.973 19.340 11.065 0.98000 3.2212  1.9621 0.26050 0.293954 21632737
6 G-L | 3457.3 550.75 524.19 120.55 108.70 87.534 23.996 19.363 11.086 0.99975 3.2366 1.9765 0.26972 0.297881 21636.058
S 331, 2 al. 03¢ £4. 310 20, 256 . 4 . 24 3. & G i . JR6L 0. 3 |3 B 1. 0.
b XS 3 X
A 6s | B0 | 3570.6  570.23 543,17 12570  113.57 90.884 24.242 19.472 10.937 0.51511 3.0315 17790 0. 16457 0.269887 22445.289
5 G-L | 3570.7 570.27 543.21 12573 113.59 90.912 24264 19.494 10.958 0.53468 30480 1.7943 0.17203 0.273539 22448.694
s 3591.3  576.71 26. 00 99 93 40 25120 20.33 .10 N 3270 2. 03 28220 0. 3154 12666. 629
Dy K-S | 3686.3 580.54 56296 130.48 118.06 94.849 24.994 20.080 11.265 0.42774 3.0009 1.7151 0.07968 0.20731 23262507
4f"6s' | B-H | 3686.4 590.68 56311 130.60 118.18 54570 25.104 20.189 11.374 0.53304 3.1001 1.8115 0.15670 0.27208 23275.126
66 G-L | 3686.5 590.71 563.14 130.62 11821 94.998 25126 20.211 1139 0.55279 3.1168 1.8270 0.16503 0.275798 23278.603
s s ai. &4 ' & 3 &Y. b, - . I3 2 900 : c - 0 Uy Ir L1881 8. 31820, £als. HU4
flo 15 | 3803.9 611.33 583.25 135.45 12275 99.008 25862 20.802 11.705 0.44200 3.0685 1.7465 0.07193 0.209217 24110.051
4" 6s' | B-M | 3804.1 61047 583.39 135.57 122.87 99.120 25972 20.012 11.B14 0.54774 31682 1.B434 0.14868 0.27424 24122.908
67 G-L | 3804.1 61151 58343 13559 12290 99.156 25.994 20.934 11.835 0.56765 3.1852 1.8591 0. 15695 umzz 24126. 460
3 .4 618 0. B 1. N £J- Jn ul. il £0. 80/ 18 ¢ bl a' 8 e 1015 £630 J: 320 Bl
Er K-S | 39234 63247 603.88 140.50 127.52 10324 26.738 21.530 12147 0.45334 3.1360 L. 7774 0.06414 unm 24975. 686
4 gs' | B-m | 3923.6 63261 604.03 140.62 127.63 103.36 26.848 21.640 12.256 0.55950 3.2362 18748 0.14054 0.276371 24988.784
68 G-L | 3523.6 632.65 604.06 140.64 127.66 103.39 26.870 21.662 12278 0.57956 3.2533 1.8907 0.14874 0.280215 zlmua
5 045. 2 Gll. 2. 3 0. 5. 36 el 198 Gz o J. U J. M g 1441 ). 2ardd 0. J2J 704
T K5 | 4047 653.97 62487 145.63 13236 107.55 27,622 22,265 12.502 0.46200 3.2033 1.8080 0.05637 0.21236 25859, saz
A7 gs' | B | 4044.9  B54.11 62500 14575 13248  107.67 27.732 22.975 12.702 0.56854 3.3030 1.9050 0.13234 0.278475 25872900
69 G-L | 4045.0 654.14 625.05 145,77 132.50 107.70 27.755 22.398 12.724 0.58874 3.3212  1.9219 0. 14045 umas: 25876. 601
5 4066. .93 632 B, 12 34. 98 . 29 28. 64 23. 27 3. 508 . 11202 3.6 2. 1778 0. 248 A 26119.
Yb K-5 | 4167.9 675.81 G46.20 150.83 137.28 111.93 28.515 23.007 13.041 0.46818 3.2706 1.8383 0.04866 uzmm 26761. 823
A 6s" | BN | 4188.1 67595 646,35 150.95 13740 11205 28.625 23.118 13.151 0.57507 3.3717 1.9366 0, 12411 0.280557 26775.404
70 G-L | 4168.2 675.98 646.38 150.98 137.42 11208 28.647 23140 13.173 0.58541 3-38!! 1.9528 0. um 0. msa zum 180
Lu [
if'sd'ss’| B-m
7 6L
H
(b)
By  -Ey Exp -Eg By Ew  ba Ey By Ey -Egy Ey By -Eg -E soral
la K-S | 2710.5 418.84 395.84 88.937 79.019 60.488 17.317 13.662 7.2705 0.08325 23311 1.3750 0.13352 0.18729 16424.299
ar'6s' | B-m | 2710.7 419.09 39609 89.062 79.144 60.615 17.427 13.772 7.3789 0.18305 2.4247 1.4657 0.20931 0.24909 16434830
57 G-L | 2710.8 419.13 396.13 89.092 79.175 60.646 17.450 13.795 7.4009 0.20108 2.4396 1.4793 0.21712 0.25209 16437615
5 . B8 2.38 91.302 81.463  62. 983 8. 29 .6 ; 3 6254 2. 6925 954 . 32126 0. 28968 5610. 80
Ce K-S | 2811.6 436.66 413.15 03.309 83. 117 64.072 18191 14.400 7.7462 0.15441 2.4204  1.4250 0.13138 0.19020 17115.707
476" | B-n | 28108  436.80 413.29 03.431  83.240 64197 18.300 14.509 7.8536 0.25485 2.5145 1.5164 0.20774 0.25248 17126463
58 G-L | 2811.8 436.84 413.23 93.460 83.269 64.227 18.323 14.531 7.8750 0.27294 25295  1.5301 uzmz 0.25556  17129.374
2830.2 44267  419.67  95. 66 B5. 553 66. 568 9. 336 8. 58 . 7015 2. 7820 . 74865 , 2935 _
Gd K-S | 3456.5 550.00 523.44 120.76 108.91 86.743 23.277 18.651 10.333 0.38930 2.8643 1. 6505 nmu 0.20342 21621, 108
A" 6s | B0 | 3456.7 550.14 52358 120.88 109.03 B6.871 23.387 18.760 10.501 0.49362 &m{ 1.7459  0.17222 u.mss 21633. 251
8 G-L | 3456.7 550.17 523.62 120.91 109.05 B6.899 23.409 1B.782 10.522 0.51300 1.7610  0.18060 0.27124 21636583
s M77.1  556.53 530.57 12317 110.43 89.365 24.257 19.811 11.261 0.98352 ;_m 1.9983  0.28972 0.31262 21848 557
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IR TE 5, PENWZ EE2FHAT IRV THSHH, BTEREN
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Fig. 1 The energy levels of 4f, 5d and 6s states without the spin
polarization are plotted as a function of rare earth atom series,
and compared for the various exchange (-correlation) energies.
Data in Table I(a) are used.
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Fig. 2 The energy levels of 4f, 5d and 6s states with the spin
polarization are plotted as a function of rare earth atom series,
and compared with the case not including the spin polarization.

The energy level data for the B-H exchange-correlation energy in
Table I(a) and II(a) are used.
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Table II The energy levels of rare earth atoms with the spin polarization are compared for various exchange (-correlation) energies, The
meanings of (a) and (b) are the same as in Table I. The unit of energy is Rydberg.

(a)
-Epe -Eyy -E. -B -E -E Eg -E, -Eyu -Ey -Es, -E, -E, “Eg B ol
S|t [ 2000 —::m—m ! S 117 17586 u.ﬁ"‘!‘.‘ﬁ! —0.4913 L5140 -rsv’&—ruﬁ'r—nm ; ; g
La 4 ] 27110 419.50 39648 B9.575 79.653 61.112 17.883 14.218 7.8010  0.4850 2.5439 1.5423 0.18291 0.19074 16424, 202
B-N| ¢t ¥ 5.6 396. 64 89, T06 9. T8 51. 246 5. 00 4. 33 . 9166 . G0 bb5(0 . bb 0. 30456 0. 28115 B434. 706
57 i .
sdy' 5d)* [G-L] ¢t .69  396.068  BO. 198 5,818 Bl 28 B 07 394 . B35k . b . g
6sy' 6s)' ] 2711.3  419.69  396.68 R9.737  79.816  61.278 18.022 14.356 7.9360 0.6099  2.6552  1.6511 ﬂ 21'8]4 tl 25325 1543? 540
St 2205 45553 400.01 920 BE 158 63,709 B3 R EE Bk g 3 -
4| 27129.5 425 52 403.01  92.037 82195 63.706 18.926 15.231 B.7062 1.1009 2.9062 1.8619 0 37663 tl 2!!35 uamm
St ; r T4.981 B 3042 0.60296 2 6191 1.64d1
Ce j | 28121 13? !I 413.68  93.920 B3.726 G4.675 18715 14.915 B 2372 0.5M458 2. 6127 l-STH D l?'ll'a‘ D 1!20! 17115. 552
B-H] 1 | 2812.3 ; M W0 B3.819 6482 080 ¢ 0. 70286 26. 218
58 } ] 2123 m 35 413.83  94.048 B3.855 64.806 18.831 15.030 83512 0.64296 2.7127 l 5145 I !Glﬂl lﬂill! 17126. 278
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Fig. 3 The radial wave functions of all rare earth atoms obtained assuming the configurations in Tables I(a) and II(a) are shown as a function
of » for 4d, 4f, 5p, 5d and 6s states, in which B-H is used for the exchange-correlation energy. The vertical dashed lines denote the half

position of the nearest neighbour distance in the crystal of each atom.
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Table III The lowerings of the total energies due to the spin
polarization, given by Ei(ferro)-Eiai(para), are shown for all
rare earth atoms, where data in Tables I{a) and Il(a) are used.
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Fig. 4 The potentials obtained from the self-consistent calculations are compared for three cases. (a) exchange (-correlation) dependences
of Ce potentials without the spin polarization, (b) comparison of potentials of La, Gd and Lu without the spin polarization, (c) spin
dependences of potentials of Gd. “H-like” means the hydrogen-like potential given by -2Z/r.
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