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The self-consistent relativistic and semi-relativistic atomic structure calculations based on
the density functional theory are numerically carried out for from Tb to Lu atoms in the rare
earth series. In both calculations, the orbital and total energies are investigated by assuming
the electronic configurations without the spin polarization. Particularly, in the relativistic
calculations, the results obtained using the various exchange-correlation energies in LDA and
GGA are compared, in which the effect of the exchange-correlation energy due to PBE is noted.
As a consequence, it is found that the calculated orbital energies are in sufficiently good
agreement with the experimental results and the contradictions presented in La, Ce, Pr and Nd
atoms in the previous computations are not observed. For the total energies, the large
discrepancies in comparison with the experiments are found for atoms locating at the central
positions in the rare earth series such as Tb and Dy. In order to check these discrepancies, the
semi-relativistic calculations are performed assuming the electronic configurations having the
spin polarization obeying the Hund rule and using the exchange-correlation energy due to GL
in LSDA. It is confirmed that the discrepancies are considerably improved by the spin
polarization effect. On the other hand, it is also observed that the results due to PBE almost

agree with those by PW91.
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Fig. 1. The 4f, 5d and 6s orbital energies obtained by the semi-relativistic atomic structure calculations (KH)'% are compared for latter seven

atoms in rare earth series. These calculations were carried out on a basis of LDA in the density functional theory with the exchange-correlation
energy due to Gunnarsson-Lundgqvist (GL)'”. The symbols of * and t indicate the results obtained using the electronic configurations of 4f"5d!
6s? and 4f"*'6s?, respectively, and the symbol attached to atom name specifies the experimentally determined ground electronic configuration.
The balanced spin configuration without the spin polarization is used for each electronic configuration.
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Table I. The total energies for various electronic configurations
of each atom obtained by the relativistic calculations (Dirac) and the
semi-relativistic calculations (KH) are compared with the experi-
mental ones”. For Dirac, the spin polarization effect is not taken
into account, and for KH the effect is included. The energies are
measured from the value of the experimental ground electronic
configuration for each atom. Unit of energy is 10° cm™'.

Total Energies [10°cm™]
KH Dirac
Atom | Configurations
ferro para Exp.
GL PW PW9I1 PBE
4£%6s* 0 0 0 0 0
Tb 4£%5d'657 12.134 | 27946 | 27446 | 27364 | 0286
65 4£8542%65! 19.403 | 42310 | 41642 | 41586 | s.191
4£%s%6p’ 30.987 | 43.168 | 41.728 | 41482 | 13.616
4£%s'6p! 19.699 | 21702 | 21.134 [ 21.050 14.6
~4f%s* 0 0 0 0- 0
Dy 4£%54'65% 18.775 | 29.925 | 29.460 | 29398 | 7.565
66 4£"%s'6p' 20.548 | 22.152 | 21.596 | 21.515 14.512
4f%5d%6s" 27.794 | 45690 | 45079 | 45.049 17.1
4f"%d'ss' | 17314 | 20818 | 20412 | 20487 | 172
4f''65° 0 0 0 0 0
Ho | 4f"d'es® | 24.754 | 31590 | 31.169 | 31.104 7.7
67 | af'es'sp' | 21327 | 22655 | 22065 | 21.977 | 154
4£"'54%s' 19.215 | 22257 | 21.884 | 21943 17.6
af%s%6p! | 41.142 | 44.861 | 43428 | 43.191 18
4f %6g? 0 0 0 0 0
Er 4f'154'65? 30.165 | 32937 | 32462 | 32407 7.177
68 4f %65'6p! 22.060 | 23.134 | 22543 | 22455 | 16321
afes%6p' | 45261 | 45153 | 43.660 | 43.416 | 16.465
4£%54'6s" 21.001 | 23681 | 23330 | 23387 19.0
4f Bgs? 0 0 0 0 0
Tm | 425462 35072 | 33.885 | 33435 | 33388 | 13.119
69 4fB6s'6p' 22.800 | 23.612 | 23.040 | 22.946 | 16.742
4fsd'es' | 22.602 | 25177 | 24767 | 24.8a9 | 20406
af6s’6p' | 48.858 | 45.023 | 43535 | 43297 | 22.468
4f M5’ 0 0 0 0 0
Yb 4f 65'6p' 23.554 | 24.106 | 23.513 | 23428 17.288
70 4f3s5d'6s® | 39.563 | 34535 | 34130 | 34.083 | 23.188
4f¥sd'es' | 24449 | 26482 | 26165 | 26255 | 24.480
4f B6s’6p! 52.052 | 44547 | 43.099 | 42.840 | 32.065
4f"sd'es’ 0 0 [} 0 0
Lu 4f"6s’6p’ 11.147 8.862 7.828 7.625 4.136
71 | af™sd'ss’ep' | 23.706 | 26795 | 26374 | 26.245 17.427
4f¥sd%6s! 17.844 | 23.142 | 23.132 | 23.199 | 18.851
afM6s'6p? 37.272 | 39.075 | 37.599 | 37.224 | 32.986
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Table II. The orbital energies obtained by the relativistic calculations (Dirac) using the various exchange-correlation energies are compared
with the experimental values'. The calculated total energies are also shown. Here, the balanced spin electronic configurations are used for
all atoms. See references 16, 17, 18, 19, 12 and 13 for the exchange-correlation energies denoted by HL, GL, VWN, PW, PW91 and PBE,

respectively. Unit of energy is Rydberg.

(a) Tb : 4£%6s”

(b) Dy : 4 '%s”

Dirac Dirac
-E.y Exp. “Ey Exp.
HL GL VWN PW PW91 PBE HL GL VWN PW PW91 PBE

1y, 3804.12 | 3804.17 | 3804.17 | 3804.15 | 3808.06 | 3807.70 | 3821.61 1812 3936.1 39362 | 39362 | 3936.1 3940.1 3939.8 | 3953.38
25112 630.38 630.41 630.41 630.39 630.96 630.89 | 640.03 251 655.21 655.25 655.24 | 65522 | 655.81 655.74 | 664.85
2pin 599.25 599.28 599.28 599.26 599.59 599.48 | 606.48 2pir2 623.34 623.38 623.38 62336 | 623.70 | 623.59 | 630.66
2psn 544.44 544.47 544.47 544.45 544.69 544.61 | 552.27 2psn 564.59 564.63 564.63 564.61 564.86 564.77 | 572.56
3512 139.80 139.82 139.82 139.80 139.96 139.95 | 144.61 3sy, 145.83 145.85 145.85 145.83 146.00 145.99 | 150.44
3piz 126.24 126.26 126.26 126.24 12633 126.31 | 129.92 3pin 131.90 131.93 131.93 131.91 132.00 131.98 | 135.37
3psn 114.93 114.95 114.95 114.93 115.00 114.98 | 118.43 3pan 119.71 119.73 119.73. | 119.71 119.78 119.76 | 123.15
3d3p 91.492 91.517 91.518 91.498 91.518 91.500 | 93.711 3d;, 95.701 95.725 95.726 | 95.706 95.727 | 95.709 | 97.937
3ds, 89.023 89.047 89.048 89.028 89.046 89.029 | 91.227 3dsp 93.035 93.060 93.061 93.040 | 93.059 | 93.042 | 95.173
4512 27.684 27.703 27.705 27.685 27.757 27.759 29.25 4s,n 28.843 28.861 28.864 | 28.843 28917 | 28919 30.60
4P 22375 22.394 2239 | 22376 22417 | 22415 22.80 4pin 23.353 23.372 23.374 | 23.353 23.396 | 23.394 24.39
4ps 19.844 19.863 19.865 19.845 19.894 19.894 20.95 4psn 20.614 20.633 20.635 20.615 20.665 20.665 21.53
4d,, 11.089 11.108 11.110 11.089 11.105 11.102 10.80 4d;, 11.562 11.581 11.583 11.562 11.578 11.576 11.33
4dsp 10.632 10.651 10.653 10.632 10.649 10.647 10.80 4dsp 11.066 11.085 11.087 11.066 11.084 11.082 11.33
afsp 0.32102 | 0.33782 | 0.34071 | 0.32010 | 0.31201 | 0.30855 0.19 4fsn 0.33353 | 0.35041 | 0.35326 | 0.33259 | 0.32431 | 0.32077 031
4f:n 0.26344 | 0.28013 | 0.28309 | 0.26250 | 0.25454 | 0.25115 0.19 4n 0.26906 | 0.28585 | 0.28873 | 0.26807 | 0.25995 | 0.25647 031
551 3.55351 | 3.56893 | 3.57221 | 3.55145 | 3.54857 | 3.54523 2.87 5812 3.6606 3.6762 3.6794 | 3.6585 3.6553 3.6519 4.62
5pin 212292 | 2.13748 | 2.14136 | 2.12050 | 2.11619 | 2.11298 1.87 5Pz 2.1800 | 2.1947 | 2.1985 2.1776 2.1727 | 2.1693 |  1.93
S5pan 1.79774 | 1.81176 | 1.81605 | 1.79513 | 1.79421 | 1.79170 1.87 S5psn 1.8319 1.8460 1.8502 1.8292 1.8279 1.8252 1.93
5d3 0.18515 | 0.19101 | 0.19687 | 0.18253 | 0.17564 | 0.17385 5d3, 0.17862 | 0.18423 | 0.18984 | 0.17613 | 0.16935 | 0.16761

5dsp 0.17384 | 0.17903 | 0.18459 | 0.17144 | 0.16514 | 0.16356 5dsp 0.16763 | 0.17253 | 0.17777 | 0.16539 | 0.15932 | 0.15781

6512 0.35498 | 0.35798 | 0.36403 | 0.35265 | 0.34470 | 0.34325 6512 0.35934 | 0.36241 | 0.36839 | 0.35702 | 0.34899 | 0.34752

~E s |23421.90423425,331|23425.277 | 23422.466 | 23440.632 | 23437.945 ~F o |24320.23724323.737| 24323.675 | 24320.817 | 24339.401 | 24336.650
(c) Ho : 4f"'6s” (d) Er : 4£'%6s”
Dirac Dirac
-Ey Exp. -E,y Exp.
HL GL VWN PW PW91 PBE HL GL VWN PW PWI1 PBE )

1512 4070.9 4070.9 40709 | 40709 | 40750 | 4074.6 | 4087.83 1812 42084 | 42084 | 42084 | 42084 | 4212.6 | 42122 | 4225.11
2512 680.65 680.68 680.68 680.66 681.26 681.19 | 690.46 2512 706.71 706.74 706.74 | 706.72 707.33 707.26 | 716.71
2pin 648.03 648.07 648.07 | 648.05 648.40 648.28 | 655.45 2p1n 673.33 673.36 67336 | 67334 | 673.70 | 673.59 | 680.91
2psn 585.12 585.15 585.15 585.13 585.39 58530 | 593.21 2psn 606.01 606.05 606.05 606.03 606.29 | 606.19 | 614.29
3s12 152.01 152.03 152.03 152.01 152.18 152.17 | 156.43 351 158.34 158.36 158.36 158.34 158.52 158.51 | 162.17
3P 137.71 137.74 137.74 137.72 137.81 137.79 | 141.32 3pia 143.67 143.69 143.69 143.67 143.77 143.75 | 147.42
3psn 124.58 124.60 124.60 124.58 124.65 124.63 | 127.98 3psn 129.53 129.56 129.56 129.54 129.61 129.59 | 133.16
3din 99.992 | 100.016 | 100.017 | 99.997 | 100.018 | 100.000 | 102.27 3dsn 104.37 104.39 104.39 104.37 104.39 104.37 | 106.82
3dsp, 97.119 97.143 97.145 97.124 97.143 97.125 | 99.326 3ds, 101.28 101.30 101.30 101.28 101.30 101.28 | 103.58
45, 30.026 30.044 30.047 | 30026 | 30.102 | 30.103 32.02 4s1n 31.235 31.254 31.256 | 31.236 | 31313 31.315 33.01
4pin 24.353 24372 24.374 24.353 24397 | 24394 25.25 4Pz 25376 | 25.395 25397 | 25377 25.421 25.418 26.92
4psn 21.393 21.412 21.414 21.393 21.445 21.445 22.53 4psn 22.181 22.200 22202 | 22.182 | 22234 | 22.234 23.52
4d;, 12.040 12.058 12.061 12.040 12.056 12.054 11.83 4dip 12.524 12.542 12.544 12.524 12.540 12.537 12.99
4ds, 11.503 11.522 11.524 11.503 11.521 11.519 11.83 4dsn 11.943 11.962 11.964 11.943 11.961 11.959 12.32
4fsn 0.34309 | 0.36006 | 0.36293 | 0.34220 | 0.33367 | 0.33012 0.27 4 0.35024 | 0.36720 | 0.37003 | 0.34934 | 0.34050 | 0.33694 0.32
Afsn 0.27132 | 0.28819 | 0.29107 | 0.27035 | 0.26198 | 0.25849 0.27 4fn 0.27062 | 0.28746 | 0.29033 | 0.26965 | 0.26099 | 0.25748 0.32
5812 3.7693 3.7850 3.7882 3.7673 3.7637 | 3.7602 3.76 581 3.8801 3.8959 | 3.8990 | 3.8781 3.8741 3.8704 4.40
S5pin 22377 22526 | 2.2564 | 2.2354 2.2300 2.2265 1.49 5pin 2.2965 2.3115 23152 | 22942 | 2.2882 | 2.2846 2.16
5pan 1.8655 1.8798 1.8840 1.8630 1.8611 1.8583 1.49 5pan 1.8990 1.9134 1.9175 1.8965 1.8941 1.8912 2.16
5dan 0.17223 | 0.17755 | 0.18292 | 0.16991 | 0.16333 | 0.16167 5d3, 0.16616 | 0.17114 | 0.17619 | 0.16398 | 0.15765 | 0.15609

5ds 0.16168 | 0.16625 | 0.17118 | 0.15963 | 0.15385 | 0.15245 5dsp 0.15618 | 0.16034 | 0.16490 | 0.15427 | 0.14885 | 0.14755

6512 0.36368 | 0.36679 | 0.37280 | 0.36140 | 035330 | 0.35182 651 0.36814 | 0.37130 | 0.37720 | 0.36583 | 0.35763 | 0.35614
-E o |25240.30125243.876 | 25243.806 | 25240.901 | 25259.908 | 25257.094 ~E a1 |26182.410(26186.060 | 26185.981 | 26183.029 | 26202.467 | 26199.588
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(e) Tm : 4f 65* () Yb: 4F"%6s?
Dirac Dirac

Ew HL GL VWN PW PWI1 PBE Exp. Ew HL GL VWN PW PWI1 PBE B
1sy2 4348.7 4348.8 4348.8 4348.7 4353.0 4352.6 | 4365.06 1s1n 4491.9 44920 4492.0 4491.9 4496.3 4495.9 | 4507.84
251 733.39 733.42 733.42 733.40 734.03 733.96 | 743.490 2si 760.71 760.75 760.75 760.73 761.38 761.30 | 770.736
2pin 699.24 699.28 699.28 699.25 699.63 699.51 706.83 2pin 725.78 725.82 725.82 725.80 726.18 726.06 733.38
2psn 627.28 627.31 6217.31 627.29 627.56 627.46 635.62 2pan 648.91 648.94 648.94 648.92 649.19 649.10 657.34
3812 164.82 164.85 164.85 164.83 165.01 164.99 169.55 3812 171.47 171.49 171.49 171.47 171.66 171.64 176.26
3pin 149.77 149.80 149.80 149.78 149.88 149.85 153.60 3pin 156.03 156.05 156.05 156.03 156.14 156.11 159.71
3pan 134.58 134.60 134.61 134.59 134.66 134.64 138.51 3psn 139.72 139.74 139.74 139.72 139.80 139.77 143.31
3d;, 108.83 108.85 108.85 108.83 108.85 108.83 111.32 3dsp 11337 113.40 113.40 11338 113.40 113.38 115.86
3dsp, 105.50 105.53 105.53 105.51 105.53 105.51 107.87 3ds, 109.81 109.83 109.83 109.81 109.83 109.81 112.29
43, 32473 32.492 32.494 32474 32.553 32.554 34.67 4s), 33.741 33.759 33.762 33.741 33.822 33.823 35.81
4pin 26.424 26.443 26.445 26.425 26.470 26.467 28.36 4pin 27.498 217.517 27.519 27.499 27.545 27.541 29.16
4psn 22.980 22,999 23.001 22.980 23.034 23.033 24,74 4pa, 23.790 23.808 23.811 23.790 23.844 23.844 25.25
4d;, 13.014 13.032 13.034 13.014 13.030 13.027 13.20 4d,, 13.510 13.529 13.531 13.511 13.527 13.524 14.56
4d;, 12.387 12.405 12.408 12.387 12.405 12.403 13.20 4d;, 12.835 12.854 12.856 12.836 12.854 12.851 13.59
A5, 0.35511 | 0.37208 | 0.37494 | 0.35425 | 0.34518 | 0.34156 0.39 afs, 0.35811 | 0.37501 | 0.37785 | 0.35732 | 0.34792 | 0.34428 0.46
4y, 0.26706 | 0.28392 | 0.28687 | 0.26617 | 0.25728 | 0.25374 0.39 af;n 0.26115 | 0.27797 | 0.28080 | 0.26026 | 0.25105 | 0.24747 0.46
581 3.9931 4.0090 4.0121 3.9912 3.9868 3.9830 3.91 581 4.1087 4.1247 4.1277 4.1069 4.1020 4.0982 3.98
5pin 2.3565 23716 2.3752 23542 23476 2.3439 237 Spin 24178 2.4330 2.4365 24157 2.4085 2.4046 1.72
5pan 1.9323 1.9468 1.9509 1.9298 1.9270 1.9239 237 5pin 1.9657 1.9802 1.9842 1.9632 1.9598 1.9567 1.72
5dy 0.16038 | 0.16500 | 0.16974 | 0.15837 | 0.15242 | 0.15095 5d;, 0.15504 | 0.15926 | 0.16361 | 0.15319 | 0.14763 | 0.14628

5dsp 0.15105 | 0.15483 | 0.15503 | 0.14932 | 0.14433 | 0.14315 5dsp 0.14641 | 0.14980 | 0.15357 | 0.14485 | 0.14032 | 0.13926

6512 0.37259 | 0.37577 | 038169 | 0.37029 | 0.36206 | 0.36052 651 0.37716 | 0.38038 | 0.38616 | 0.37482 | 0.36649 | 0.36493

=E i |27146.882]27150.607 | 27150.519| 27147.520| 27167.395 | 27164.451 ~E 0 ]28134.040(28137.842| 28137.744 | 28134.697 | 28155.018 | 28152.008

() Lu: 4f"sd'ss®

Dirac
-E njf Exp.
HL GL VWN PW PW91 PBE
181 4638.5 4638.6 4638.6 4638.5 4643.0 4642.6 | 4653.48
251 789.23 789.26 789.26 789.24 789.91 789.83 | 798.960
2p1n 753.50 753.53 753.53 753.51 753.91 753.79 | 760.608
2psn 671.45 671.48 671.48 671.46 671.74 671.64 | 679.43
3512 178.86 178.88 178.88 178.86 179.06 179.04 183.10
3pin 163.03 163.05 163.05 163.03 163.14 163.12 166.36
3psn 145.53 145.55 145.55 145.54 145.62 145.60 148.73
3dsp 118.59 118.61 118.61 118.59 118.62 118.60 120.49
3dsp, 114.76 114.79 114.79 114.77 114.79 '114.78 116.75
451 35.611 35.629 35.629 35.614 35.701 35.703 37.21
4pin 29.169 29.187 29.187 29.172 29.223 29.221 30.14
4psn 25.172 25.190 25.189 25.175 25.234 25.235 26.41
4d;, 14.566 14.584 14.583 14.568 14.589 14.588 15.05
4ds 13.836 13.854 13.853 13.838 13.861 13.860 14.33
45, 0.85004 | 0.86633 | 0.86619 | 0.85148 | 0.84580 | 0.84360 0.51
afn 0.73793 | 0.75414 | 0.75400 | 0.73930 | 0.73383 | 0.73170 0.51
5812 4.5584 4.5721 4.5727 4.5583 4.5566 4.5544 4.17
Spin 2.7722 2.7851 2.7864 2.7717 2.7672 2.7649 2.06
Span 22615 2.2737 2.2755 2.2606 2.2602 2.2586 2.06
5dyn 0.22656 | 0.23261 | 0.23790 | 0.22429 | 0.21808 | 0.21604
5ds 0.20512 | 0.21054 | 0.21571 | 0.20291 | 0.19727 | 0.19544
6512 0.42435 | 042761 | 0.43410 | 042184 | 0.41601 | 0.41425
-E o |29143.90129147.769| 29147.668 | 29144.575 | 29165.352 | 29162.276
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RFRER VI

HE L TwaY, 2721, £ A NX— 3 EEREIC
MNTBLDEHEELLT, TNLLDEERLTW
5,

AN AN EREETEAR R (Dirac) iI2DWTHZ
B, &RELT, EBREEN—HKIEIHFVRWEIR
W2 %W, FRZ, Tb R Dy % ERFHEFTNE LD
IZDOWTREL v, 2, BiERICB W T Th ¢
GdBicEEBEL TWaZ & &, RIENFEICEW
Thr-o7259i1I2 Gdicx L THHEDEVIE VIR
YREDP 2 ELLY, GAIzHTEINLEEL L
ZEERTELTWE EEZ NS, YD Lun k)
WA FLBIC 1B A > TEARIZ T > TWBRFICZD
Wi, BVEWIZHEINE W, 8- T, Tb % Dy
BT AKRELAEVEVWODRERND—IE, Gdico
WTHZE)THoREIICAEC B KRENT &
EdeEZLND,

Z Z TAE U GBORR & AN W2 E
& (KH) # 7 = v BEBICOWTTWE DR E* T
Nz, FOFER, Tablel bbb b k9 ic, Erl
Thb R Dy it L TKRELWEIRLN TV B, N
LT, YR Lu il DWW Tl 2 BB/ »
CEERML T TEENE X L RELEI L NE
8525,

ZITL)—ONTEr LTS L bW &
b, FNUF, M BEFOEEHIEEREN D DIC
HRTRA L T 2 hERERE T3, FEEERED
AVEWRREICIKEL L ->TWBEEN)I I ETH
5, M BFOEEIENT 5 L BFREEDHES T
PEbLL, INLD, WHDOEEICK L TERMFRL
PEMFE) V) ZE—EREREBEANENLD
), EIRANX I L TRELREVENED
S>THENG, Pz &9 T EVEWIZSd BETFEEIC
b B & EICHRI 2% M BEFOEEHEE A
FIEREZITRREVWLDOTRLEWVEVIZELIES
IZbhh b, I BEF DRSO A ERFED
S5dEBEFIIHNTEININKRENLLTHE, 22T
BRI EVEWERBRT 201213, FTEPICH
L DB ETETFHHADOABERGEEZI) AL L
BhH D,

3.3 PBEOHE

TableI £ IIicBWT, 3T#H - fHEZ AL X — &
LTPBE 2HW /LN IERIZI PWIIZ AW
/BoNizdbnLFRE—KL, MENEHICOWTIL
HZzDFh72vwE X 5, PBE DR A BHML
GIETFENFGnwEEZLNE, L2, PBEIX

K A AR 365

PWoliclxTE N Z s —) > JRIZHREL
TWB EW)EE L > T3,

4, FLHESHRDRE

Tb & Lu F T 7 EOFHLFR Fizxd L THEx
W R EZER L R FREESE Y, BENBEE:
I28iF 5 LDA, LSDA, GGA I2E DWW TfT- 72, #
DFER, RDEH) Bz ehbhr oz,

1) BB A NLX—|2 DWW TIIRi ) MEMNBEIR
HPEETH N, 1JUTERICE I BRI/ LN, La,
Ce, Pr, Nd % &) — XBPEDEFIZH L THF
FELTwiL )%, SEHEND T RNLX AL
HENENDLICAHETZ ) &) BELENH
EFEBIRRWIZENkh -7z,

2) EIANLF—IZDOVTIE, BRTFHEINL LS
12, HEFRIIOFRAMFITICAIET 5 Th = Dy I
DNTRAEL Y GBOMRIKRECINEZEAL L
WEEBRERELAEVEWIET S, 72, BIEE
FEREICBT 24 EFDOEEI;EEREICHNT
RU->TWHEEER, 2EIANX—ZOWTHEH
DEFPEBHKRE» LRELTNS, ZNIIHEEIC
BIA2MBTOAESHICKRELEVIDBICY
PrbbT, TOMRIFEINLGDL -2 6TH
b,
3)PWInfEi S & L Ti#RFEI /z PBE i3 PWI1
ERRERLERE 5252 LT - 72,
4) BFEEICHT 2ERFHELUEZ REL T, 20
HEREEZ BOEESECHEICR) AN Z &
SBOFETH 5,
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