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The Sternheimer shielding-antishielding functions f#(r) and y(r) are reported for all the four-
teen lanthanide atoms at the uncoupled Hartree-Fock level of theory. Each atom is considered in
two valence state configurations, 4f”5d° and 4f”~!5d!, and the nonrelativistic HF wave
functions have been used. The 5d' configuration leads to a smaller net antishielding than the
4f" configuration by ~ 6—12% in the series. The electron-electron self consistency effects are
found to be less than 5% in the series. The importance of the calculated antishielding functions
in the antishielding theory of electric field gradients in noncubic metals is discussed.

I. Introduction

The conventional theoretical analysis of the elec-
tric field gradient (EFG) data in noncubic metals as
the sum of two terms, namely the lattice and con-
duction electron contributions, is now known to be
oversimplified [1]. It has been argued [2] that the
quadrupolar polarization of the core electrons rep-
resented in the conventional model by the Stern-
heimer shielding-antishielding factors [3] y,, and R
should be generalised in terms of the Sternheimer
shielding-antishielding functions f(r) and 7y(r),
respectively, so as to appropriately include the
quadrupolar polarization of the conduction electron
density. Lodge [4] has derived an energy-based anti-
shielding theory for noncubic metals correct to first
order which leads to the following expression for
the total EFG at a given quadrupolar nucleus:

In (1) the seven contributions arise respectively
from 1) the usual lattice EFG interacting with the
nuclear electric quadrupole moment, Q, 2) the anti-
shielded lattice EFG interacting with Q, 3) the
usual conduction electron EFG interacting with Q,
4) the antishielded conduction electron EFG inter-
acting with Q, 5) the lattice EFG interacting with
the antishielded induced moment in the conduction
electrons, 6) the induced EFG in the conduction
electrons outside r interacting with the usual con-
duction electron moment inside r, and 7) the usual
conduction electron EFG outside r interacting with
the induced moment in the conduction electrons
inside r. In the contributions 6)—7) the moment is
antishielded by £(r) and the EFG is antishielded by
7(r), and a correction is to be made for counting the
interaction twice on integration over r. In a recent

QV..= QVI = 1, QVEN+ QVEN— 0 [ y(7) VE™ (1) dr— VI [ B(1) Q™ () dr — [ Q™ (r) 13
0 0 0
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calculation [5] such additional EFG arising from the
quadrupolar polarization of the conduction electrons
has been estimated for Be and Mg metals to be of
the order of —1.5% and 12.8%, respectively, relative
to the conventional conduction electron contribu-
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tion. It is therefore necessary to know the f(r) and
7(r) functions particularly for atoms with large core
size in order to interpret the available EFG data
on noncubic metals.

Whereas several previous calculations [6] exist in
the literature for y(r) of atoms, the dual antishield-
ing function f(r) has so far been calculated only in
the cases of Be?*, Mg?*, Zn** and Ga** ions [7].
Such calculations have been performed within the
nonorthogonal Hartree-Fock (HF) perturbation
method [8].

In this paper we report calculations of 4 (r) for the
core electrons corresponding to the fourteen rare
earth atoms Ce-Lu within the uncoupled numerical
HF method due to Sternheimer [3]. In order to
estimate the effect of the changes in the valence
electron configuration we have considered two
different valence orbital occupations 4f"5d™ and
4f"=15d™*! for all atoms except Lu, in which case
only the 4f'5d' configuration has been included.
We also report here the calculations of y(r) in all
these cases. We note here that y(r) for Pr has been
reported earlier [6c¢], and that the calculations of y.,
and R have been carried out by several workers for
the rare earth atoms [3, 11—-12]. We further report
the results of our calculations of the consistency
effects for a few representative elements in the
series in order to obtain a coupled HF estimate of
7+ 1n this region of the periodic table. Such estimates
enable us to provide the error bar over the reported
f(r) and y(r) functions.

In Sect. Il we present a brief outline of the
method of calculation. The results are presented and
discussed in Sect. IIl. Finally, the main conclusions
arrived at in the present work are listed in Sec-
tion IV.

II. Method of Calculation

a) Unperturbed Wave Functions

The core electron configuration of the atoms has
been defined as the one isoelectronic with Xe. The
triple zeta outer shell non-relativistic Roothaan HF
wave functions reported recently for the neutral
atoms in the configurations 4f”5d” and
4f"715d™*" [9] have been used in this work to
describe the unperturbed atoms. The radial wave
functions have been generated over a 441-mesh.

Sternheimer Antishielding Functions for Rare Earth Atoms
b) Calculation of 7 (r)

The nuclear moment perturbed uncoupled differ-
ential equation (DE)
B 2 rar+1
d,,Z ’.2

+ VI )y — ' uy(nl = 1"

=ug(nl)(r> =) (2)

has been solved numerically for all the quadrupolar
perturbations of the core electrons u,(n/ — /') using
an iterative computer code described earlier [6b].
The Sternheimer antishielding function y(r) is
calculated according to

2 =2 Z%([ uo(nl) wy(nl = 'y > dr’
0

n Al

4,8 }C/"_3u0(n/) w(nl = 0dr). (3)

»(r) as defined in (3) measures the total radial
quadrupole moment density at » induced in the core
by the nuclear quadrupole moment Q. At r= o0,
7(oc) equals the Sternheimer ionic antishielding
factor 7., .

¢) Calculation of [(r)

An equivalent external charge perturbed DE
approach of calculating y,. can be derived from the
result that the ratio of the total induced EFG to the
external EFG is the same as the ratio of the total
induced quadrupole moment to the nuclear quadru-
pole moment Q. The resulting DE

orar+1
_d_7+(_j___)+ VOHF(HI)—S(')'I ui(n/—r [/)
P
=uo(nl) (r* = {r* )i dir) 4)

has been solved numerically in a manner similar to
that employed for (2) to obtain the charge per-
turbed wave functions uj(n/ — [’) for the various
radial (/=/") and the angular '/—/" =2 polariza-
tions of all the core electrons. The Sternheimer anti-
shielding function £ (r) is calculated according to

B)=3 Tt

latt
roAr ‘/:f'

(1"5 f 2 ug(nl)y uj(nl = I’y dr’
0

+ juo(n Dui(nl— 1"y r3 d/"). (5)

r
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The function £ (r) as defined in (5) measures the
total induced EFG density in the core at r which
originates from the perturbing effect of an external
source charge. At r =0, the function f(r) equals 7.
At other values of r there is no direct relationship
between the two antishielding functions f£(r) and
y(r) except that f(r) approaches zero as r — o0 and
7 (r) approaches zero as r — 0.

The uncoupled DE approaches adopted in this
work and described in subsections b) and c) above
were originally developed and applied by Stern-
heimer [3].

d) Calculation of the Consistency Effect

We have employed the perturbed wave func-
tions u; and u{ to calculate the electron consistency
effects using a theoretical model [10] which uses the
essence of the many body perturbation theory. Such
calculations reported here for Ce, Pr, Eu and Tm in
the two valency configurations provide values of y.,
for rare earth atoms at the coupled HF level of
accuracy.

I11. Results and Discussion

The results of our calculations on £(r) for the rare
earth atoms Ce-Lu in 4f”5d™ (denoted as f) and
4f"~! 5d™*! (denoted as d) configurations are given
in Table 1. In f configuration »n varies from 1—14 for
Ce-Lu and m=0. In d configuration one of the
electrons from the 4f orbital is placed in 5d. In the
representative case of Eu we have plotted the
function f(r) corresponding to the two configura-
tions in Figure 1. As noted in Sect. II, the value of
p(r) at r=0 gives the charge perturbed ionic anti-
shielding factor y, . Calculations of y,, for the Xe-
like core in the rare earth atoms Pr and Tm have
been reported earlier by several workers [3, 11, 6c¢].
Gupta and Sen [12] have also carried out such
calculations of y, for all the rare earth tripositive
ions using Hartree-Fock-Slater wave functions.
The present calculations of £(0) are in excellent
agreement with the earlier calculations of Gupta et
al. [11], who also employed HF wave functions.

We shall first discuss the general trends observed
in Table 1. For the d configuration, f(r) at r=0
decreases in the series from —76 to —67. An
extremely rapid decrease to almost 1% of the maxi-
mum value of f(r) is attained at ~ 0.2 ay. This is

Table 1. Sternheimer 3 (r) function for the core electrons in
the rare earth atoms (La-Lu). The core configuration is de-
fined as (4d'® 5s 5p®). The term d rerpresents the valence
configuration (5d* 4f"~") and the term f denotes the valence
electron configuration (5d° 4f"). All r values are given in
multiples of a,=0.5292 A. At r=0, B (0) =y, as derived us-
ing the uncoupled numerical charge perturbed Hartree-
Fock method.

r Ce Pr
d f d f

0.0 -7571 -79.59 -73.70 -78.43
0.01 -69.51 -7294 -67.58 -72.04
0.02 -58.28 -60.75 -56.59 -6041
0.03 —-4551 -46.82 -4408 -47.13
0.04 -35.38 -3561 -34.11 -36.52
0.05 -26.08 -25.11 -24.89 -26.68
0.06 -19.69 -17.68 —1847 -19.82
0.07 -1432 -11.21 -1297 -13.96
0.08 -10.86 - 6.85 - 9.34 -10.10
0.09 - 781 - 284 - 6.08 - 6.63
0.10 - 612 - 053 - 422 - 467
0.11 - 490 1.17 - 287 - 324
0.12 - 4.00 238 - 1.89 - 220
0.13 - 333 320 - 1.06 - 1.30
0.14 - 271 380 - 062 - 0.81
0.14 - 232 402 - 032 - 046
0.16 - 1.98 405 - 0.12 - 0.21
0.17 - 1.69 3.94 0.04 0.04
0.17 - 1.29 3.54 0.09 0.14
0.18 - 1.04 3.17 0.10 0.21
0.19 - 0.81 2.74 0.09 0.25
0.21 - 0.59 2.26 0.06 0.27
0.22 - 0.38 1.75 0.02 0.28
0.23 - 0.18 123 - 0.03 2.27
0.23 0.00 0.69 - 0.09 0.26
0.24 0.17 0.16 - 0.19 0.22
0.25 033 - 036 - 0.26 0.19
0.26 0.54 - 109 - 033 0.16
0.27 0.66 — 1.55 - 040 0.13
0.28 0.77 - 198 - 047 0.09
0.29 0.87 - 237 - 053 0.06
0.39 1.30 — 424 - 079 - 0.09
048 125 - 315 - 035 - 0.16
0.58 1.16 — 149 0.33 0.54
0.68 1.08 0.01 0.84 0.82
0.79 1.01 0.95 1.18 0.99
0.88 0.97 1.40 1.33 1.06
0.97 0.92 1.61 1.35 1.06
1.06 0.84 1.56 1.24 0.99
1.17 0.84 1.56 1.24 0.99
1.27 0.80 1.46 1.13 0.92
1.36 0.75 132 1.04 0.86
145 0.69 1.18 0.92 0.79
1.56 0.65 1.09 0.82 0.72
1.67 0.59 0.96 0.75 0.67
1.74 0.54 0.84 0.66 0.61
1.85 0.50 0.77 0.57 0.54
1.96 0.44 0.67 0.52 0.50
2.04 0.39 0.58 0.45 0.44
2.15 0.36 0.53 0.39 0.39




40 K.D.Seneral. -

Table 1. Continued
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Table 1. Continued

r Nd Pm Sm r Eu Gd Tb
d f d f d f d f d f d f

00 -70.57 -7347 -66.72 -7698 -7340 -7996 00 -70.09 -76.09 -7638 -76.75 -69.68 -75.44
001 -6446 -6628 -60.43 -69.66 -66.30 -7232 0.0l -63.00 -6844 —68.56 —69.03 -62.06 —67.60
002 -54.19 -5434 -50.08 -57.51 —-5468 -59.68 0.02 -51.52 -5598 -56.00 -5648 -49.29 -54.22
003 -43.07 -41.98 -39.20 -4479 -4250 -4647 003 -3836 -41.72 -41.70 -42.09 -36.57 -40.71
004 -3240 -3069 -29.06 -33.01 -31.20 -3422 004 -2884 -3143 -3146 -3168 -26.03 -29.36
005 -2446 -2271 -21.75 -2456 -22.18 -2447 (005 -2035 -2229 -2244 -2240 -18.81 -21.50
006 -17.34 -1596 -1541 -1727 -16.02 -17.84 006 -1405 -1554 -1586 —1551 —-12.83 —14.93
007 -1247 -1161 -1034 -1145 -1038 -11.80 0.07 - 954 -1074 -1124 -1057 - 866 —10.31
008 - 795 - 783 -745 -815 - 716 - 837 008 - 668 — 771 - 837 — 744 - 555 - 6.84
009 - 533 -577 -533 -575 -480 - 58 009 -420 - 510 - 593 - 473 - 387 - 495
010 - 339 —-431 -379 -401 -274 - 371 010 - 284 - 368 - 461 - 325 - 269 - 3.62
011 — 19 - 328 - 245 - 251 - 162 - 252 0.1 - 188 — 266 - 346 — 198 - 1.70 - 248
012 -072 -239 -170 - 169 - 08 -167 012 - 106 - 179 -281 - 130 - 116 - 1.86
013 -005 -19 - 116 - 110 - 016 - 095 013 - 062 - 131 - 231 - 08 - 071 - 131
0.14 041 - 152 - 069 - 06l 0.17 - 056 0.14 - 032 - 09 - 181 - 042 - 048 - 1.00
0.14 078 - 1.17 - 043 - 035 037 - 029 0.14 - 007 - 064 - 147 - 021 - 032 - 0.77
0.16 095 - 094 - 023 - 0.17 0.51 - 0.07 0.16 005 - 045 - 116 - 007 - 0.17 - 051
0.17 105 - 071 - 005 - 0.03 0.54 0.05 0.17 012 - 031 - 0.74 0.06 - 0.13 - 0.38
0.17 1.07 - 0.55 0.06 0.04 0.53 0.12  0.17 017 - 0.15 - 048 0.10 - 0.11 - 0.27
0.18 1-05 — 041 0.14 0.07 0.45 0.18 0.18 0.17 - 007 - 0.23 011 - 0.11 - 0.19
0.19 1.01 - 0.29 0.20 0.08 0.36 0.19 0.19 0.15 - 0.02 0.00 011 - 0.14 - 0.12
0.21 094 - 0.19 0.26 0.06 0.27 0.19 0.1 0.11 0.03 0.22 009 - 020 - 0.05
0.22 0.86 — 0.10 0.29 0.03 0.16 0.17 0.22 0.06 0.06 0.51 004 - 026 - 0.02
0.23 0.72 0.00 031 - 0.01 0.04 0.15 023 0.01 0.07 069 - 000 - 032 0.01
0.23 0.63 0.06 032 - 005 - 0.07 0.12 023 - 008 0.08 0.84 - 005 - 0.38 0.02
0.24 0.53 0.10 032 - 011 - 0.19 0.09 024 - 0.15 0.08 098 - 0.10 - 045 0.03
0.25 0.44 0.14 031 - 0.16 - 0.36 0.03 025 - 021 0.08 1.11 - 0.14 - 0.55 0.03
0.26 0.35 0.16 031 - 022 -046 - 000 026 - 027 0.07 122 - 019 - 061 0.03
0.27 0.27 0.18 029 - 030 - 056 - 0.04 027 - 033 0.05 135 - 025 - 0.66 0.02
0.28 0.19 0.19 028 - 035 - 065 - 007 0.28 - 0.38 0.04 142 - 029 - 071 0.02
0.29 0.08 0.20 027 - 040 - 073 - 0.10 029 - 045 0.02 148 - 032 - 075 0.01
039 - 0.19 0.23 024 - 052 -09 - 016 039 - 049 0.04 058 — 029 - 0.64 0.10
0.48 0.07 0.41 046 - 006 - 0.28 020 048 0.02 0.35 1.29 0.18 0.02 0.43
0.58 0.48 0.65 0.70 0.43 0.43 0.61 0.58 0.55 0.66 1.01 0.59 0.61 0.72
0.68 0.78 0.83 0.87 0.83 0.90 0.87  0.68 0.88 0.85 0.76 0.86 0.95 0.88
0.79 0.93 0.91 0.94 1.04 1.14 0.99 0.79 1.04 0.93 0.61 0.99 1.09 0.93
0.88 1.01 0.93 0.95 1.11 1.21 1.03  0.88 1.08 0.93 0.53 1.01 1.11 0.92
0.97 1.01 0.92 0.93 1.10 1.19 1.00 097 1.05 091 0.51 0.98 1.06 0.88
1.06 0.98 0.89 0.89 1.06 1.14 096 1.06 1.00 0.87 0.49 0.92 0.99 0.84
1.17 0.92 0.85 0.84 1.00 1.04 090 1.17 0.92 0.82 0.49 0.86 0.90 0.78
1.27 0.87 0.81 0.78 0.92 0.96 0.84 1.27 0.85 0.77 0.48 0.79 0.82 0.72
1.36 0.79 0.75 0.73 0.85 0.87 0.78  1.36 0.76 0.71 0.46 0.73 0.73 0.66
1.45 0.73 0.71 0.67 0.78 0.76 0.70 145 0.68 0.64 0.44 0.66 0.66 0.61
1.56 0.66 0.65 0.61 0.71 0.70 0.65 1.56 0.60 0.58 0.41 0.59 0.58 0.54
1.67 0.59 0.59 0.54 0.63 0.61 0.58  1.67 0.55 0.54 0.37 0.52 0.50 0.49
1.74 0.54 0.55 0.50 0.58 0.53 052 1.74 0.48 0.48 0.35 0.48 0.46 0.45
1.85 0.48 0.49 0.44 0.52 0.48 0.48 1.85 0.42 0.43 0.31 0.43 0.40 0.40
1.96 0.42 0.44 0.39 0.45 0.42 042 196 0.38 0.39 0.28 0.37 0.34 0.35
2.04 0.39 0.40 0.34 0.40 0.36 0.37  2.04 0.33 0.35 0.26 0.34 0.29 0.30
2.15 0.34 0.36 0.31 0.36 0.31 032 215 0.29 0.30 0.22 0.30 0.27 0.28

noted throughout the series. In f configuration an
increase in the £(0) value is noted for all the atoms.
The f(0) =1y, values now decrease from — 81 to
— 69 down the rare earth series. We consider this
increase of 6—12% in going from the d to the f
configuration to be significant. As seen from Fig. I,
the entire #(r) function is significantly contracted in

the f configuration. In the rare earths one frequently
encounters changes in the valence states and parallel
changes in the antishielding function £(r), which
should have important consequences via the terms
S)=7)in (1).

In Table2 we have presented the analogous
results for y(r). The shape of this function in the

/
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Table 1. Continued Table 1. Continued

r Dy Ho Er r Tm Yb Lu

d f d f d f d f d f d

00 -69.72 -7836 -6931 -7507 -68.20 -69.79 00 -6898 -7494 —-67.74 -69.30 —67.45
001 -6246 -70.13 -60.81 -66.55 -60.82 -62.30 0.01 -61.01 -6638 -60.16 -61.63 —59.02
0.02 -50.24 -56.22 -4691 -5236 —-4859 -49.78 0.02 -48.00 -5228 —-47.79 -49.00 -46.05
003 -3790 -4234 3351 -3840 -36.30 -37.24 0.03 -3520 -3843 -3548 -36.45 -32.24
0.04 -27.54 -30.89 -22.76 -2690 -2596 -26.76 004 -2467 -27.09 -2523 -26.04 20097
005 -19.60 -2231 -14.86 —-1839 —-1798 -1874 005 -1669 -1853 —1740 -18.14 -11.84
0.06 —-1438 —-16.82 - 933 -1229 -12.12 -1291 006 -1090 -12.37 -11.70 -1244 - 471
007 -10.17 —-1253 - 524 - 771 - 756 - 844 007 - 645 — 768 - 731 - 8.09 0.68
008 — 701 — 944 — 308 — 525 —-502 -597 008 - 400 - 512 - 490 - 571 498
009 - 529 — 781 - 158 - 352 -283 -38 009 — 192 — 295 - 283 - 368 7.32
0.10 — 38 —-643 - 037 -209 -164 -271 010 — 081 - 1.80 - 171 - 258 9.13
0.11 - 300 - 5.63 024 - 133 - 080 - 1.89 0.11 0.10 — 083 - 0.78 - 1.63 9.82
012 — 239 —49 -069 -071 -10.12 - 1.18 0.12 054 - 033 - 030 - I.11 991
0.13 — 1.83 - 4.30 0.86 — 0.39 022 - 078 0.13 0.85 0.06 0.08 — 0.66 9.46
0.14 - 148 - 379 091 - 0.15 046 — 043 0.14 0.94 0.25 026 - 0.40 8.43
0.14 - 1.12 - 3.15 0.84 - 0.04 055 - 023 0.14 0.93 0.36 0.37 - 0.17 7.30
0.16 — 0.82 - 251 0.66 0.02 0.58 - 0.04 0.16 0.84 0.39 0.40 - 0.02 5.30
0.17 - 060 - 1.99 0.46 0.03 0.55 0.07 0.17 0.62 0.35 0.38 0.13 0.84
0.17 — 040 - 1.48 021 - 0.00 0.45 0.19  0.17 0.44 0.29 0.34 0.21 2.33
0.18 - 022 - 097 - 021 - 0.09 0.37 0.25 0.18 0.24 0.21 0.28 0.27 0.84
0.19 003 - 024 - 051 - 0.16 0.26 0.29 0.19 0.03 0.12 0.21 032 - 133
0.21 0.17 022 - 0.81 - 025 0.15 0.33 021 - 0.19 0.01 0.09 036 - 268
0.22 0.30 065 - 1.12 - 0.35 0.04 035 022 - 050 - 0.14 0.02 039 - 393
0.23 0.42 105 - 142 - 045 - 0.12 036 023 - 070 - 025 - 0.06 040 - 5.07
0.23 0.52 141 - 184 - 059 - 022 0.37 023 - 088 - 034 - 0.13 041 - 6.55
0.24 0.64 188 - 2.10 - 0.69 - 0.32 0.37 024 - 105 - 044 - 023 041 - 7.37
0.25 0.71 216 - 233 - 077 - 041 03 025 - 126 - 056 - 0.29 041 - 8.07
0.26 0.77 239 - 253 - 08 - 052 036 026 — 138 — 062 - 034 041 - 8388
0.27 0.82 259 -278 - 095 - 058 035 027 - 148 — 068 - 0.38 041 - 9.27
0.28 0.86 276 - 292 - 100 - 063 034 028 - 155 - 073 - 042 040 - 955
0.29 091 295 - 302 - 1.04 - 0.66 034 029 - 163 - 077 - 044 040 - 9.73
0.39 0.96 292 -259 -082 - 042 043 039 - 1.15 - 047 - 0.16 049 - 7.15
0.48 0.92 200 - 096 - 006 - 022 062 048 - 0.12 0.18 0.36 0.64 — 268
0.58 0.89 1.19 0.37 0.56 0.68 0.74 058 0.63 0.63 0.72 0.73 0.53
0.68 0.86 0.69 1.18 0.92 0.92 0.78 0.68 1.02 0.86 0.89 0.74 1.89
0.79 0.82 041 1.41 1.02 0.98 0.77 0.79 1.12 0.92 091 0.72 2.34
0.88 0.78 0.33 1.44 1.02 0.96 0.74 0.88 1.11 0.90 0.88 0.70 2.28
0.97 0.74 0.31 1.37 0.98 0.91 0.71 097 1.03 0.85 0.82 0.66 2.07
1.06 0.70 0.32 1.23 0.90 0.84 0.67 1.06 0.94 0.79 0.75 0.63 1.78
1.17 0.65 0.34 1.11 0.84 0.76 0.63 1.17 0.84 0.73 0.69 0.59 1.49
1.27 061 0.35 0.96 0.75 0.69 0.59 1.27 0.75 0.67 0.62 0.55 1.28
1.36 0.56 0.36 0.85 0.69 0.61 0.54 1.36 0.66 0.60 0.56 0.51 1.02
1.45 0.51 0.36 0.71 0.60 0.54 049 145 0.57 0.54 0.49 0.46 0.90
1.56 0.46 0.35 0.64 0.55 0.47 0.44 156 0.50 047 0.43 0.41 0.75
1.67 0.41 0.33 0.55 0.49 0.43 041 1.67 0.43 0.42 0.38 0.37 0.62
1.74 0.36 0.30 0.47 0.43 0.37 0.36 1.74 0.39 0.38 0.33 0.33 0.51
1.85 0.33 0.28 0.40 0.37 0.32 0.32 1.85 0.33 0.33 0.28 0.29 043
1.96 0.29 0.26 0.34 0.32 0.28 0.28 1.96 0.28 0.29 0.25 0.26 0.35
2.04 0.25 0.23 0.31 0.29 0.24 0.25 2.04 0.24 0.25 0.22 0.23 0.31
2.15 0.22 0.21 0.26 0.25 0.22 022 2.15 0.21 0.22 0.19 0.20 0.26

representative case of Eu has been plotted in Fig. 2

for the d and f configuration,

respectively.

The

The moment-perturbed 7.

values are always

found to be slightly smaller (~ 1%) than the charge-

general trends observed for f(r) near the nucleus
(r=10) are also valid for y(r) as r approaches oc. At
y(r) corresponds to the moment perturbed
uncoupled HF estimate of 7.

r=00

perturbed analogues, which is a consequence of the
local approximation [3] used in solving the DE in
the two cases. We wish to point out here that in the
molecular orbital calculations [13] of the EFG in the
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Fig. 1. The Sternheimer function f#(r) for Eu in the 4f®5d! and in the 4f7 5d° configurations. The r values are in
multiples of a;, = 0.5292 A.
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Fig. 2. The Sternheimer function y(r) for Eu in the 4f®5d' and in the 4f®5d° configurations. The r values are in
multiples of a, = 0.5292 A.
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Table 2. Sternheimer y (r) function for the rare earth atoms
(La-Lu). The core configuration is defined as (4d*° 5s* 5p°).
The term d denotes the valence electron configuration gd‘
4f""" and the term f denotes the valence electron configu-
ration (5d° 4f"). All r values are given in multiples of
a,=0.5292 A. At r=00, y(00) =y, as calculated using the
uncoupled Hartree-Foek method. Table 2. Continued
r Co Pr r Nd Pm Sm

d f d f d f d f d f
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.05 0.05 0.05 0.05 0.10 0.05 0.05 0.05 0.05 0.05 0.05
0.19 0.22 0.17 0.21 0.21 0.19 0.21 0.20 0.20 0.21 0.21 0.21
0.29 0.13 - 0.02 0.09 0.08 0.29 0.09 0.00 0.04 0.06 0.06 0.06
0.39 0.13 - 0.10 0.12 0.11 0.39 0.24 0.17 0.17 0.24 0.27 0.26
048 0.65 0.38 0.63 0.62 048 0.75 0.62 0.59 0.75 0.73 0.73
0.58 0.81 0.54 0.69 0.69 0.58 0.78 0.62 0.42 0.66 0.47 0.48
0.68 0.15 - 0.10 - 0.01 0.02 068 - 00l -0.17 - 045 - 021 - 0.50 - 0.49
0.79 - 097 - 120 - 111 1.08 079 - 093 - 109 - 147 - 133 - 145 - 148
0.88 - 181 -202 -193 -192 08 -157 - 173 - 18 - 181 - 179 - 187
0.97 - 213 -229 -201 -200 097 - 147 - 160 - 155 - 168 - 144 - 154
1.06 - 18 - 191 -161 - 155 106 - 092 - 094 - 065 - 094 - 077 - 0.8l
1.17 - 131 - 117 - 100 - 080 1.17 - 0.07 0.17 020 - 0.16 - 0.01 0.13
1.27 - 084 - 039 - 044 0.05 127 0.42 0.99 0.85 0.47 0.21 0.59
1.36 - 075 0.19 - 044 0.38 1.36 0.32 1.42 0.78 044 - 0.20 0.49
1.45 - 154 001 - 130 0.01 145 - 0.51 1.09 000 - 027 - 201 - 0.85
1.56 - 263 - 066 -320 - 139 156 - 248 - 026 - 192 - 211 - 371 - 227
1.67 - 515 - 254 - 504 - 291 167 - 547 - 266 - 485 - 500 - 7.06 - 528
1.74 - 862 - 543 - 856 - 600 174 - 796 - 479 - 728 — 744 —1121 - 9.16
1.85 -1138 - 786 —-12.81 - 994 185 -12-25 - 866 —11.48 -11.73 -1429 -12.14
1.96 -16.01 -12.12 -1594 -1294 196 -17.01 -13.15 -16.13 -16.58 -19.22 -17.02
2.04 -21.04 -1692 -2091 -17.83 2.04 -20.34 -1637 -21.00 -21.77 -2432 -2221
2.15 . =2450 -20.32 -26.02 -23.00 2.15 -2540 -2141 -2428 -2531 -29.39 -27.49
222 -29.71 -25.57 -2941 -26.51 222 -30.39 -26.51 -29.12 -3061 -32.68 -30.99
2.33 -33.12 -29.09 -3437 -31.75 233 -33.62 -29.88 -33.75 -3578 -37.38 -36.08
244 -38.07 -3429 -39.07 -36.83 244 -38.22 -3478 -36.67 -39.09 -41.75 -40.90
2,52, —-4271 -3930 -42.03 -40.08 252 -4247 -3941 -40.77 -4379 -4445 -4393
2.63 -4560 -42.49 -46.14 -4469 2.63 -45.10 -4232 -4448 -48.13 -48.16 -48.17
2.74 —49.62 —-46.98 —-48.66 -4757 274 -4870 -46.39 -46.74 -5081 -5145 -52.00
2.81 -5322 -51.11 -52.11 -51.57 2.81 -5209 -50.26 -49.99 -5468 -53.61 -54.53
292 -5540 -5364 -56.09 -56.29 292 -5471 -53.38 -5249 -5776 -56.05 -57.51
3.14 —6241 -62.06 -60.84 —-62.09 3.14 -59.25 -58.88 -56.84 -63.17 -61.37 -64.16
344 —66.13 —-66.72 -6435 —-66.52 344 -6346 -64.19 -60.88 -6835 -64.07 -67.69
3.66 -68.82 -7020 -67.55 -70.69 3.66 —-65.58 -6697 -6293 -71.04 -6594 -70.25
3.88 -7123 -7342 -69.16 -72.82 3.88 -67.05 -6896 -64.77 -7346 -67.54 -72.55
4.17 -7241 -75.05 -70.30 -7434 417 -68.33 -70.74 -6570 -7466 —-6829 -73.69
4.39 -7323 -76.19 -7131 -75.68 439 -68.94 -71.60 -6635 -7550 -6891 -74.67
461 -7393 -77.19 -71.81 -76.33 461 -69.36 -7220 -66.94 -7622 -69.19 -75.14
4.84 -7426 -77.68 -72.17 -76.78 484 -69.71 -7270 -67.24 -76.56 —69.37 -75.46
5.13 -7449 -7800 -7248 -77.16 5.13 -69.87 -7294 -67.44 -76.79 -69.53 -75.73
5.35 -74.64 -7822 -7263 -77.33 535 -6998 -73.09 -67.62 -7698 -69.59 -75.85
5.57 -7476 -7840 -7274 -7744 557 -70.08 -73.22 -67.70 -77.06 -69.64 -75.93
5.87 -7482 -7848 -72.82 -77.52 587 -70.13 -7329 -67.78 -77.13 -69.67 -75.99
6.16 -74.87 -7855 -7288 -77.58 6.16 -70.15 -7331 -67.82 -77.17 -69.69 -76.02
6.31 -7489 -7859 -7292 -77.61 631 -70.17 -73.34 -67.83 -77.18 -69.71 -76.04
6.60 -7490 -7860 -7293 -77.62 6.60 -70.18 -73.35 -67.85 -77.20 -69.71 -76.05
6.90 -7491 -7861 -7295 -77.64 690 -70.18 -73.35 -67.86 -77.21 -69.71 -76.06
7.04 -7491 -78.62 -7296 -77.64 704 -70.19 -73,36 -67.87 -77.21 -69.72 -76.06
7.34 -7492 -7862 -7296 -77.64 7.34 -70.19 -73.36 -67.87 -77.21 -69.72 -76.06
7.64 -7492 -7862 -7296 -77.65 7.63 -70.19 -73.36 -67.87 -7721 -69.72 -76.06
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Table 2. Continued

Table 2. Continued

r Eu Gd. T r Dy Ho Er
d f d f d f d f d i d f

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.05 0.05 0.05 0.05 0.05 0.05 0.10 0.05 0.05 0.05 0.05 0.05 0.05
0.19 0.21 0.21 0.22 0.21 0.21 0.21 0.19 0.20 0.20 0.20 0.20 0.19 0.18
0.29 0.05 0.05 0.09 0.05 0.06 0.06 0.29 0.05 0.07 0.07 0.07 0.05 0.01
0.39 0.29 0.27 0.51 0.37 041 041 0.39 0.40 0.47 0.47 0.48 0.49 0.37
0.48 0.71 0.69 0.99 0.73 0.71 0.73 048 0.62 0.78 0.68 0.70 0.55 0.35
0.58 0.37 0.35 0.63 0.33 0.14 0.18 0.58 - 0.02 0.18 0.01 0.04 - 025 - 045
068 - 061 - 064 - 042 - 070 - 08 - 08 068 - 105 - 08 - 113 - 1.13 - 129 - 146
079 - 149 - 155 - 134 - 157 -161 - 163 079 - 171 - 163 - 153 - 157 - 161 - 173
08 -169 - 179 -161 - 173 - 154 - 158 088 - 158 — 158 - 117 - 124 - 115 - 1.14
097 -123 -132 -131 -123 -08 -08 097 - 081 - 087 —-043 - 045 - 036 - 0.12
106 — 049 - 049 - 071 - 025 - 0.03 0.06 106 - 007 - 0.12 0.46 0.58 0.54 1.18
1.17 0.30 052 - 045 0.47 0.55 087 1.17 041 0.45 0.77 1.11 0.81 2.01
1.27 0.49 098 - 0.84 0.76 041 1.02 127 0.16 0.33 0.28 0.94 0.27 2.02
1.36 — 0.16 076 - 196 028 - 0.67 032 136 - 109 - 073 - 094 003 - 143 1.01
145 - 189 - 053 -434 - 130 -254 - 121 145 - 309 - 258 —408 - 271 -423 - 1.12
156 - 469 - 291 - 778 - 397 - 566 - 398 15 - 637 - 572 - 644 — 489 - 797 - 4.28
1.67 — 708 — 505 -1208 - 761 —-964 - 769 167 -1047 - 978 -1064 — 889 —-10.86 — 6.85
1.74 -11.27 - 897 -1530 -1046 -12.65 -10.58 1.74 -15.14 -1452 -1538 -13.55 -15.60 -11.24
185 —-1599 -13.54 -2049 -1523 -1751 -1538 185 -18.45 -1794 -2040 -18.64 -20.60 -16.05
196 -19.30 -16.83 -25.89 -20.37 -22.58 -20.51 196 -23.54 -2329 -2550 -2392 -25.65 -21.06
204 -2437 -2198 -29.50 -2390 -27.64 -2577 204 -28.59 -2872 2884 -2745 -30.56 -26.07
2.15 -2938 -2721 -3479 -2920 -3094 -29.26 2.15 -3345 -3405 -33.67 -3265 -33.69 -29.34
222 -3420 -3234 -39.82 -3982 -3567 -3436 222 -38.02 -39.15 -38.18 -3761 -38.12 -34.04
233 3725 -3565 -4450 -39.28 —-4005 -39.19 233 -4086 -4237 4231 -4224 -42.15 -38.43
244 -4153 -4038 -4739 -4238 4405 -43.68 244 -4478 -4689 -4484- -45.12 -4577 -4247
252 -4541 —-4476 5137 -46.72 -4648 -4646 252 -4829 -51.00 -4828 -49.10 -4897 -46.11
263 —-4777 -4747 -5490 -50.65 —-49.78 -50.29 263 -5137 -5468 5131 -4267 -50.88 -48.32
274 -5097 -5120 -58.00 -54.17 -52.67 -5371 274 -5320 -5691 -54.12 -56.02 -53.59 -51.50
281 -53.76 -5453 -59.83 -56.29 -5593 -5766 281 -5637 -6081 -5620 -58.60 —-55.59 -53.94
292 -56.92 -58.37 -63.00 -60.01 -5732 -59.38 292 -5772 -6251 -57.53 -6024 -58.00 -5691
3.14 -60.56 —-6295 -66.63 —-6442 -60.68 -63.64 314 -61.84 —-6784 —-6157 -6539 -60.72 -60.35
344 -63.16 -66.34 -6987 -68.50 -63.67 -67.59 344 -63.87 -70.57 -63.57 -68.01 -63.11 -63.47
366 —-6543 -6943 -71.44 -70.55 -65.11 -69.58 3.66 —-6526 -72.51 —-6529 -7033 -6424 -65.00
388 —-66.52 -7098 -72.51 -7198 -6633 -7134 388 -6644 -7421 -66.10 -7143 -65.00 -66.03
417 -67.26 -72.07 -73.41 -7322 -6690 -7220 4.17 -67.00 -7503 -66.77 -7235 -65.62 —66.89
439 -67.88 -73.01 -73.83 -73.80 -67.37 -7293 439 -6745 -7572 —-67.07 -7277 -6590 -67.28
461 -68.16 -7347 -74.17 -7430 -6759 -73.28 461 -67.66 -76.05 —-6732 -73.10 -66.13 -67.58
484 -6840 -7385 7433 -7453° —-67.74 -7351 484 -67.84 -7632 —-6742 -7324 6623 -67.71
5.13 -6851 -7403 -7444 -7468 -67.86 -73.70 5.13 -6791 -76.44 —-67.51 -7335 -66.30 -67.81
535 -68.58 -74.16 -74.53 -7481 -6792 -7379 535 -6798 -76.54 —-67.54 -7339 --6633 -67.85
5.57 -68.65 -7427 -7467 -7488 —-6796 -73.86 557 -68.01 -7658 —-67.56 -7342 —-66.36 -67.88
587 -68.66 -7430 -7460 -7492 -6799 -7390 587 -68.03 -7662 -67.58 -73.44 —-66.37 -67.89
6.16 —-68.68 -7434 -7461 -7493 -6800 -7392 6.16 -68.04 -7664 6759 -7345 -6637 -67.90
6.31 -68.69 -7436 -7462 -7495 -68.00 -7393 631 -68.04 -7664 —-67.59 -7345 -6638 -67.90
6.60 —-68.70 -7436 -7463 -7495 -6801 -7393 660 -68.05 -76.65 —-67.59 -73.45 -6638 -67.90
690 -68.70 -7437 -7463 -7496 -6801 -7394 690 -68.05 -76.65 -67.59 -7345 -6638 -67.90
704 -68.70 -7438 -7463 -7496 -68.02 -7394 704 -68.05 -76.65 -—-67.60 -7345 -6638 -67.90
734 -68.71 -7438 -74.63 -7496 —-68.02 -7394 734 -68.05 -76.65 -67.60 -7345 -6638 -67.90
763 —68.71 -7438 -74.63 -7496 —-68.02 -7394 763 -66.05 -7665 -67.60 -7345 -6638 -67.90
covalent systems, the first four terms in (1) are We shall now discuss the electron-electron self

usually considered as the valence electron contribu-
tions. The perturbing charge can be considered as
localised in the bonding regions. In that case the
values given in Table 2 can be used to compute the
overlap part of the EFG in molecules containing
rare earth atoms.

consistency effect on y,. Previous calculations at
the coupled HF level of accuracy which include
such effects have been reported only in the case of
Pr3* [14, 6¢]. The two estimates significantly dis-
agree with each other. It is therefore necessary to
evaluate such effects preferably using an indepen-
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Table 2. Continued

r Tm Yb Lu
d f d f d
0.0 0.0 0.0 0.0 0.0 0.0
0.10 0.05 0.05 0.05 0.05 0.05
0.19 0.18 0.18 0.17 0.16 0.16
0.29 0.05 0.04 0.07 0.02 0.08
0.39 047 0.44 0.51 0.37 0.54
0.48 0.44 0.40 0.45 0.23 0.44
058 - 043 - 050 - 043 - 064 - 0.55
068 — 146 - 157 - 139 - 157 - 134
079 - 169 - 18 - 151 - 161 - 135

088 — 121 - 136 - 094 - 090 - 054
097 - 026 - 031 0.08 0.45 0.34
1.06 0.40 0.51 0.83 1.68 1.04
1.17 0.53 0.93 0.84 221 0.87
1.27 - 0.16 054 - 0.14 1.92 - 0.14
136 — 205 - 098 - 1.85 080 - 2.92
145 — 504 - 364 - 490 - 158 - 5.5
156 — 894 — 730 - 883 - 495 - 9.19
1.67 -13.50 -11.73 -13.40 - 9.09 -13.84
174 -16.77 —-1499 -1833 -13.75 -18.81
1.85 -21.85 -20.16 -23.38 -18.71 -23.88
196 -2693 -2546 -26.06 -22.06 —28.85
204 -31.85 -30.72 -31.57 -27.05 -32.03
215 -3649 -3577 -36.13 -31.85 -36.54
222 -3938 -3898 -4031 -36.37 -40.66
233 -4339 -4350 -44.08 -40.54 —44.36
244 -4696 -47.62 4635 -43.11 -47.64
252 -50.12 -51.32 -49.42 -46.63 -50.51
263 -52.86 -54.61 -52.08 -49.75 -52.21
274 -54.65 -56.76 5437 -5250 -54.44
2.81 -56.61 -59.21 -5691 -5561 -56.92
292 -5896 -62.17 -5798 -56.94 —57.96
3.14 -61.60 -65.59 -60.52 -60.20 —61.08
344 -63.89 -68.67 -62.72 -63.12 -62.58
366 -6498 -70.17 -64.02 —-6490 -63.83
3.88 -6590 -71.44 -64.62 -6574 —64.39
417 -66.32 -72.02 -65.11 —-6643 —64.84
439 -66.66 -7249 -6532 -66.74 -65.04
461 -66.81 -72.69 -6549 -66.98 —65.19
484 -66.94 - -7285 -6557 -67.08 —65.25
513 —6699 -72.92 -65.62 —-67.15 -65.29
535 -67.03 -7296 -65.64 -67.18 —65.31
5.57 -67.05 -7299 -65.66 -67.21 —65.32
587 -67.06 -73.00 -65.67 —-67.22 —65.33
6.16 —67.07 -73.00 -65.67 -67.22 —-65.33
6.31 -67.07 -73.00 -65.67 —-67.22 —65.33
6.60 -67.07 -73.01 -65.67 —-67.22 —65.33
690 -67.07 -73.01 -65.68 -67.23 —65.33
7.04 -67.07 -73.01 -65.68 -67.23 —65.33
734 -67.07 -73.01 -65.68 -67.23 -65.33
7.63 —-67.08 -73.01 -65.68 -67.23 -65.33

dent equivalet method for some rare earth atoms as
such calculations are extremely time-consuming. We
have calculated the consistency correction term 7.}
for the Xe-like core electrons in Ce, Pr, Eu and Tm
atoms using a method based on the many-body

perturbation theory, which has extensively been

Table 3. The electron-electron self consistency correction
factor 7! to the uncoupled HF estimates of 3, for the
Xe-like core electrons in some rare earth atoms.

Atom Voo 3 e
Ce d ~74.92 ~1.81 ~76.73
f ~78.62 -2.90 ~81.50
Pr d ~72.96 -2.83 ~75.79
f ~77.65 ~2.60 ~80.25
(—84.77)¢ (—142.1%,
~65.9%)
Eu d ~68.71 -2.11 ~70.82
f ~74.38 -2.91 ~77.29
Tm d  —67.08 -2.52 ~69.60
f ~73.01 -3.24 ~76.25
(~72.86)°

@ Ref. [14], b Ref. [6¢]. © Ref. [11].

tested in its ability to reproduce the coupled HF
values of y, [10] for the He, Ne, Ar, Kr, Xe, and
Fe3*-isoelectronic series. Our results are listed in
Table 3. It is found that the consistency corrections
in this region are much less significant and are
generally less than 5%. A comparison of our results
with the earlier results shows that the calculations of
Lauer et al. [6¢c] provide estimates of y) closer to
the present results. Using a conservative estimate of
the electron correlation effects to be in the range of
~ 5% from the known values on other atoms [15],
we set the reliability of the f(r) and y(r) functions
given in Tables 1 and 2 to ~ 10%.

IV. Conclusions

The following main conclusions have been
obtained in this work.

a) The antishielding functions f(r) and y(r) for
the Xe-like core electrons in the rare earth atoms
are found to vary significantly with the change in
the valence electron configuration. The valence con-
figuration 4f" 5d° leads to a larger net antishielding
effect relative to the 4f""!'5d' configuration by
~ 6—12%.

b) The consistency effects are less significant.
Over the entire series the consistency correction is
estimated to be less than 5%.

¢) First calculations of the function £(r) for all
the rare earth atoms and those of y(r) for most of
the rare earth atoms (except Pr) are reported at the
uncoupled HF level of accuracy. These results are
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believed to be reliable to within 10% from the most
accurate calculations which would have included
the electron-electron interaction to all orders. We
therefore conclude that the f(r) and y(r) functions
made available here for the rare earths could be
directly used in order to test the antishielding
theory of the EFG in metals and molecular orbital
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