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Korringa relation holds when both T1 and E are con-
tributed to only from the electrons near the Fermi
surface, we would expect to observe a departure from
the Korringa relation in the present case. Measurement
of the Knight shift would enable one to differentiate
between this mechanism and the other mechanisms
discussed previously, since they do not lead to a de-
parture of T1E2 from constancy.

dependent product of T1T. The observation may well
be a reQection of the rather complicated band structure
of Ga. When the results of the Knight shift are availa-
ble, it is hoped that some additional insight will be
gained into the problem although it will not be possible
to differentiate between the influence of the density of
states and the amplitude of the electronic wave function.
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Quadrupole-coupling constants were obtained from measurements on La'~ Eu"4 Gd"9, and Lu'~~ nuclei
oriented in neodymium ethyl sulfate at temperatures dovrn to 0.01'K. These results are combined vrith the
other available quadrupole-coupling data on La, By, Tm, and Lu in ethyl sulfate lattices to determine the
quadrupole-antishielded term transforming as Ps' in the crystal-Geld potential, i.e., (1—y„) As . This term
increases fairly slovrly throughout the rare earths, v ith an average value of approximately (3)&104cm ')co~.
These values frere compared vrith theoretical estimates of —80 for y to yield the quantities A P. Comparison
of the 220's edith the corresponding V20's taken from optical spectroscopy, using Hartree-I'ock radial mo-

ments (r ) for the 4f electrons, together with some extrapolation, gives a complete set of shielding factors
(1—o &) for the crystal-Geld component Vse. These factors vary from 0.6 in Lu'+ to 0.4 in Eu'+ and drop to
-0.2 in LafH. Thus not only is there substantial shielding of VP, but this shielding seems to vary con-
siderably in the 4f series. The o &'s are typically larger by about 50% than theoretical estimates.

I. INTRODUCTION

HK splitting of ionic terms and levels in crystals1
comprised the first extensive application of group-

theoretical methods to quantum-mechanical problems.
Applied first to the iron (3d) group, these methods were

also used in the early 4930's for the rare earths. '
Elliott and Stevens introduced a systematic formula-

tion of crystal-field theory for the rare earths, ' '
using the method of operator equivalents. The re-
markable success of this formulation in explaining

optical spectra of rare-earth ethyl sulfates, where many

~ This vrork was done under the auspices of the U. S. Atomic
Energy Commission.

f Present Address: General Electric Research Laboratory,
Schenectady, Neer York.
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'%'. G. Penney and R. Schlapp, Phys. Rev. 41, 194 (1932).
' K. W. H. Stevens, Proc. Phys. Soc. (London) A6t5, 209 (1952).
4 R. J. Elliott and K. Vf. H. Stevens, Proc. Roy. Soc. (London)

A215, 437 (1952).
5 R. J. Elliott and K. W. H. Stevens, Proc. Roy. Soc. (London)

A218, 553 (1953).
e R. J. Elliott and K. W. H. Stevens, Proc. Roy, Soc. (London)

A219, 387 (1963).

energy levels can be fitted with only four adjustable
parameters, is among the best experimental evidence
for the validity of crystal-field theory.

Even in the relatively straightforward rare earths
there are several levels of sophistication at which
crystal-field theory may be applied. The simplest as-
sumptions are that only the lowest term(s) of the
appropriate 4f" configuration need be considered, and
that the crystalline field is adequately represented by
point charges of appropriate magriitude at neighboring
lattice sites. A rigorous treatment would consider all

configurations of the ion in question, including those
arising from promotion of electrons from closed shells,
and would account for such subtleties as covalent bond-

ing. ~ That these refinements are necessary for a realistic
description of the problem is clearly demonstrated by
the lack of agreement between the crystal-Geld parame-
ters VJ.~ deduced by fitting optical data and those cal-
culated from lattice sums, ' as well as by the effects

~ C. K. Jorgensen, R. Pappalando, and H. H. Schmidthe, J.
Chem. Phys. 39, 1422 (1963).

8 E. Y. Kong and I. Richman, J. Chem. Phys. 36, 1889 (1962).
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discussed below. At present attention is being focussed
on the response of the rare-earth ion to the crystal Geld
without questioning the origin of the field, beyond the
usual lattice-sum calculations. The simple assumptions
regarding the ion are being repaired by introducing
"shielding factors" to account for the effects on the
crystal-Geld parameters of shielding by closed shells.
The purpose of this paper is to evaluate the shielding
factors that modify the leading crystal-Geld term V&' in
rare-earth ethyl sulfates. Both experiment and theory
indicate that shielding should be largest for this term.
The key data that are used are the "antishielding" com-
ponents of quadrupole coupling constants.

Quadrupole antishielding by excitation of nominally
closed shells (the Sternheimer eGect) has been pre-
dicted'; it is particularly dramatic because it involves
the eehaecemerst of the Geld gradient at the nucleus by
closed-shell electrons, sometimes by one or two orders
of magnitude. A very large antishielding factor in the
rare earths was first found" in Eu'+(4f') and was
recognized as an antishielding factor by Judd, et. at."
Edmonds" found large antishielding factors in La'+(4 f')
showing their presence in several lattices, and, together
with subsequent work by the present authors" on
Gd'+ and Lu'+, demonstrating their presence through-
out the 4f series. A correlation was established between
the antishielded Geld gradients and V2' into which later
measurements on Tm'+, '4 and Dy'+, " have Gtted
fairly well. Antishielded Geld gradients are derived in
Sec. II.

Only the ratio of the antishielding factor (1—y„) to
the shielding factor (1—as) can be directly assessed
from experimental data, and in the interpretations of
the early work" —"it was not possible to resolve and
discuss these two factors separately. Several detailed
theoretical estimates of (1—y„) are now available. ""
Their agreement is encouraging, and we shall use these
estimates, as discussed in Sec. III, to deduce shielding
factors for trivalent rare earths in the ethyl sulfate
lattice. In Sec. IV these factors are compared with the
available theoretical estimates.

'R. M. Sternheimer, Phys. Rev. 80, 102 {1950).
"D. A. Shirley and C. A. Lovejoy, Bull. Am. Phys. Soc. 6, 512

(&961).
"B.R. Judd, C. A. Lovejoy, and D. A. Shirley, Phys. Rev.

128, 1733 (1962).
n D. T. Edmonds, Phys. Rev. Letters 10, 129 (1963).
"Johan Blok and D. A. Shirley, J. Chem. Phys. 39, 1128

{1963).
'4R. G. Barnes, R. L. Mossbauer, E. Kankeleit, and J. M.

Poindexter, Phys. Rev. 136, A175 (1964).
"H. Hollis Wickman, Bell Telephone Laboratories, Murray

Hill, New Jersey (private communication).
'E. G. Wikner and G. Burns, Phys. Letters 2, 225 (1962).

'~ D. K. Ray, Proc. Phys. Soc. (London) 82, 47 (1963).
"R.M. Sternheimer, Phys. Rev. 132, 1637 (1963).
"A. J. Freeman and R. E. Watson, Phys. Rev. 132, 706

(1963).
~R. E. Watson and A. J. Freeman, Phys. Rev. 135, A1209
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II. THE ANTISHIELDED FIELD GRADIENTS

A. Formalism

The notation in the literature relevant to this work
is far from uniform. We therefore deGne the terms with
which we shall work before deriving antishielded Geld
gradients for the various ions below. We believe that
this notation is least ambiguous of the choices available.

In the crystal-field model the Coulombic interaction
of the 4f electron level with the crystal Geld may be
written' ' '4""
X=P P {Azu[rsz+Sz(rs))+rz~(rs) }Czu(es, ys) .

Ig L,M (1)

Here rs, es, and ps are the coordinates of the kth 4f
electron, Cl.~ is a linear combination of spherical
harmonics I'~~ and Y~™,A~ is a multiplicative
factor giving the strength of the crystal field, and Sz, is
the limeade shielding term arising from deformation of
closed electronic shells. Nonlinear shielding is described
by TJ.~, which depends on several Al.~. This latter
effect has been discussed by Freeman and Watson, "
who find that it may often be appreciable. Experi-
mentally, optical data are fit ted with crystal-Geld
parameters Vz~=Az~(1 —az)(rz)4z. This may be re-
garded as the defining equation for o-L,. It is important to
note that both linear and nonlinear shielding terms are
contained in 0.& in a completely empirical way. This is
the same o.L, used in Ref. 14 if one regards it as an
empirical parameter, rather than as a linear shielding
factor. Thus r~ is not independent of A2'. The symbol
uz (or n if C„was used for Azu) has been used for
as. In Edmonds' notation" (1—os) is designated Vo,
and (1—y„) is called —Yiv.

Interaction of the rare-earth ion with the crystal
Geld sets up field gradients at the nucleus through a
variety of mechanisms. Experimentally one finds that
the nuclear-spin Hamiltonian has a term of the form

X=PP, '—-',I(I+1)g . (2)

We have omitted an anisotropy term because the crystals
that we have studied have trigonal symmetry axes. We
refer to the directly measurable quantity I' as the
quadrN pole coup/ing constant. P may be a linear combina-
tion of several terms,

P=Z P'=P4z"'+Pns+PLs~+P4z'"+ (3)
Here P,z&» arises from the 4f conGguration in Jth;
order perturbation theory. Whi1e E4y&'& is most com-
mon, E'4g&'& is very important in Eu'+ in the ~P& ground
state. ""The pseudoquadrupole term I'~~ is, in fact,
a magnetic effect unrelated to the nuclear quadrupole

» A. J. Freeman and R. E. Watson, Phys. Rev. 139, AM06
(1965).

&A. J. Freeman and R. E. Watson, Phys. Rev. 127, 2058
(1962).

23R. J. EIIIott, Proc. Phys. Soc. (London) 1170, 119 (1937).
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Tmxz I. Crystal-6eld data for the rare-earth ethyl sulfates.
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apolation or interpolation (values in

a NA ~nuclear alignment; NMR =nuclear magnetic resonance; M =Mossbauer efFect.
b Signs are given where known.
c LaI39 in lanthanum ethyl sulfate at VV'K; Lu»~ in lutetium ethyl sulfate at 20'K.
d In neodymium ethyl sulfate at 10 ~ 'K.
e Quoted error does not include uncertainty in a possible atomic Sternheimer factor for 4f electrons.
f In dysprosium ethyl sulfate at 4.2'K.
& See Ref. 14.
h V. Ting, Phys. Rev. 108, 295 (1957).
1 See Ref. 2V.
j Obtained from nuclear systematics. See text.
Ir B. Elbek, K. O. Nielson, and M. C. Oleson, Phys. Rev. 108, 406 {1957).
1M. C. Oleson and B. Elbek, Nucl. Phys. 15, 134 (1960).
n Assuming v = —SO. The uncertainties associated with these quantities are nut included, but are surely large.
n Using the frs sr values given in Ref. 22.
o Here we have combined Burns' calculated values for PrES and ErES (Ref. 40) with appropriate frsltr values f
& Calculated using nearest oxygens only. See Ref. 43.
& These entries where obtained from analysis of optical spectroscopy and paramagnetic resonance data, and by extr

parentheses).
Reference 6.

s J. B.Gruber, J. Chem. Phys. 38, 946 (1963).
f J. B. Gruber and R. A. Satten, J. Chem. Phys. 39, 1455 (1963).
u H. Lammerman, Z. Physik 150, $$1 (1958).
v Reference 33.
~ S. Hfifner, Z. Physik 169, 417 (1962).
& M. J.D. Pomell and R. Orbach, Proc. Phys. Soc. (London) I8, V53 (1961).
& E. H. Erath, J. Chem. Phys. 34, 1985 (1961).
I Reference 14.» Obtained from columns 8 and 11.Values obtained from extrapolated values of Ago are given in parentheses,
bb Here vife omitted the Rq correction for consistency.
cc R. M. Sternheimer, Bull. Am. Phys. Soc. 10, $97 (1965).
dd Reference 1V.
ce Reference 45.

moment. It is the dominant term for Pm'+ in the double
nltratc lattlcc ' but ls expected to bc ncgllglblc for
all the cases treated here. The antishielded lattice con-
trlbutlon lS glVCn by s

I'L,t———
I 3Q/I(2I —1)g(1—y„)Ass, (4)

Here y„ is the Sternheimer factor for the lattice and
E@ is the "atomic Sternhcimer factor.""""The
quantity &III&III& arise»»pphcation « the VAgner-

Kckart theorem to evaluation of the crysta]. -6eld inter-
action by the "operator equivalent" technique, "and.

(r '&sr is the acflal expectation value of r ' for 4f
~ C. J. S. Chapman, M. A. Grace, J. M. Gregory, and C. y.

Souter, Proc. Roy. Soc. (London) A259, 377 (1960).
~' R. 'gf. Grant and D. A. Shirley, Phys. Rev. 130, 11(O (1963)."An alternative notation was introduced by Edmonds (Ref, 12)

and used by Blok. and Shixley (Ref. j.3).The symbol y~ was used
for (y„—I). Other workers have uniformly used the latter nota-
tion, and ~e shall adopt it for uniformity and because it is better
suited to theoretical calculations.

electrons ill flic lon. Tile effective (r &o fol' quadrupole
nteractions is given by"

%ith suQicient knowledge of thc behavior of a given
ion in a crystal along with the values of I', I'4~, where
necessary, Q, and I for a specific isotope, it is possible
to obtain the quantity (1—7„)A20. In the cases reported
below that werc studied by nuclear orientation, we have
oInlttcd dlscusslon of thc details of thc allgnIncnt cx-
perinmnts and that part of the data reduction that in-
volves nuclear decay properties or the absolute tempera-
ture scales of the cooling salts explicitly. This part of the
work mill be reported elsewhere. '7 "For this paper we
shaB simply note that the problem of obtaining a value
of 9 from nuclear alignment parameters is straight-
forward, '9 and will use the values of I' so obtained as
our point of departure. Thc objective in this section is

~7 J. Blok and D. A. Shirley, Phys. Rev. (to be published)."J.Blok, B.A. Shirley, and ¹ J. Stone, this issue, Phys. Rev.
143, 78 (196').

» See the review article by R. J. Blin-Stoyle and M. A. Grace,
in Hawdbuch der Physik, edited by S. Flugge (Springer-Verlag,
Berlin, 1957), Vol. 42, p. 555.
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to obtain (1—y„)Au from P. During the interval since
we reported preliminary values for some of the coupling
constants discussed below the absolute temperature
scales of the two cooling salts, neodymium ethyl
sulfate (NES) and cerium magnesium nitrate (CMN),
have been redeterInined in this Laboratory" "and the
values of I' are substantially modiGed.

B. Lanthanum

Edmonds has determined the magnitudes of 8~39 for
La'+ in lanthanum ethyl sulfate (LES), lanthanum mag-
nesium nitrate (LMN), and lanthanum trichloride, ""
using NMR. The results for the 6rst, together with
derived values of (1—y~)Au ~

Rrc given ln Table I.
Abragam and Chapellier" have determined the sign
of Fruo for La'+ in (99'Po La, 1%Nd) magnesium nitrate
as Positive. The quadruPole moment Quuo is Positive:
it follows that (1—y„)duo is negative for lanthanum in
the double nitrate lattice. From nuclear orientation ex-
periments on La'4' in CMN and NES we find F343(CMN
=+1.10(16)X10 ' cm ', and F343(NES) =—1.42(12)
X10 ' cm—'. The ratio of these two constants is prob-
ably known to about 10%. Its magnitude (1.29) is in
fair agreement with Edmonds' ratio of LFuuu(LES)/
F339(LMN) j=1.06. The sign of F343(NES) is especially
important, because the positive sign of {1—7„)Auo for
I.a'+ in NKS is derived from it, and on this derived
quantity rests the interpolation (below) from which we
shall infer values of duo and (1—ou) for Ce'+ through
Sm'+ in the cthylsulfate lattice. Our value for F343(NES)
is based on ay-rayanisotropyof (u)BuUuFu= —0.0045(4)
at 0.01 K.

C. Europium

The Dlost Rccul Rte nUcleRr 011entRt1on datR give
the values of F334 and Q334. quoted in Table I. The
evaluation of (1—y„)duo from F is complicated by a
second-order term P4y('& arising'from matrix elements
of theform {J'=2,J,=Ol Vuol J=O, J,=O) that connect
the ground level rFo with the rFu leveL" "Thus Eq. (3)
simpliGes to

~=~L.4+&4r'".
We may write

«uQ&u'(")4r(1 —~u)(r-3)4r(I —~o) l(20II~IIOO) I

'

I(2I—1)(&uo—&oo)

tlon consistent with current UsRge. Using

Vu' ——duo(1 —ou)(ru)4f ——80cm ', {r ')4f ——7.2843o ',
{20ll~lloo) =-;VS, I=3,

E20—ZOO=1015 cm ',

we find F41&3&=0.97X10-4Q(1—Eo) cm ', with Q in
bRlns. Estimates of the atomic SteITlhelIner fRctoI' Eq
exist in part: the angular portion has been estimated
as +0.29 for Eu'+, '4" and the radial portion for
Ce'+ as —0.43.'4" Experimental values in the range
0—0.2 have been given for Tm'+. " We shall take
(1—Eo) as unity in correcting for F4f&3&. ~e feel that
this is a reasonable estimate in light of the above data,
but note that this factor could be in error by as much as
30%. The final value of Au'(1 —y„) for Eu'+ in NES is
+2.9(3)X104 crn '

43o '. For Eu'+ in CMN R, similar
calculation, with Vuo= —18.5 cm ',"yields A so(1—7„)= —0 35(8)X10' cm-'

D. Gadolinium

There are two subtleties in the analysis of the Gd'"
data that should be noted. First, the spin Hamiltonian
Gd'+ in an NES lattice in zero Geld may be written

X=&uo&uo+&4o& '+&oo&oo+&oo&so+~ (& I)
NFL.,p, ' ',I(I+I)]per—,—s,. (9)

Here the first four (crystal-field) terms are well-known
and have been measured" for a lanthanum ethyl
sulfate lattice. The last term accounts for dipole-dipole
interactions between the two nearest-neighbor Gd'+
ions and the host Nd'+ ions. " The magnetic and
quadrupole hfs terms are of the form expected for the
4f (3S7~3)Gd+ ton. W11en this Hamlltonlan ls dlago-
nalized the crystal-Geld terms tend to establish lowest
energy basis states (i.e., basis states that are appreciably
populated at 0.01'K) in which the A term produces
anisotropic magnetic hfs that opposes the "axial"
nuclear orientation arising from the F term. Thus a
coxrection is necessary before I' can be calculated. We
have used an A value of 0.0005 cm ' for Gd'" in making
the 24% correction: this is based on published values
of A for Gd'5' and Gd"~ together with the available
information on the nuclear structure of Gd'".""The
value of P so obtained is —1.44&10-' cm—'.

In order to obtain (1—y„)duo from F we have em-
ployed the collective nuclear model, which is very well-

This is essentially Elliotts original expression, with
appropriate shielding factors inserted to make the nota-

30m g Frangel D A. Shirley, and N. J. Stone, Phys. Rev.
140, A1020 (1965).

8' D. T. Edmonds, Clarendon Laboratory, Oxford University,
Oxford, England (private communication).

"A.Abragarn and M. Chapellier, Phys. Letters ll, 207 (1964).

~ B. Judd, Mol. Phys. 2, 40'g (1959).
34 S.Bleaney (private communication).
8' E. V. Sayre and S. Freed, J. Chem. Phys. 24 1216 (1956)."R. M. Sternheijner, Phys. Rev. 84, 244 (1951);'4, /36 (1954).'~ Obtained by extrapolation; see Ref. 13.
~8$. Bleaney, H, E. D. Scovil, and R. S. Trenam, Proc. Roy.Soc. (London) A223, 15 (1954).

(1961).
"G. A. %'estenbarger and D. A. Shirley, Phys. Rev. 123, 1812
~ IjiI'. Low, Phys. Rev. 108, 1309 (19M).
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Pro. 1. Experimental values of VP=Ag(t —o~)(r')4r, for tri-
valent rare-earth ions in the ethyl sulfate lattice, obtained from
optical and paramagnetic resonance data. References are given in
Table I. Vqo seems to change sign in the very light rare earths.

established in this region of the periodic table, to esti-
mate" an intrinsic quadrupole moment of Qe

——+'l.8 b,
which yields" a spectroscopic quadrupole moment
of +1.56 b. Combining this with I,ns=ss, we find

(1—y„)Ass=2.54(26) &(10' cm ' ae-'.

E. Lutetium

to 0.2 are expected not to vary smoothly with atomic
number. There are several theoretical estimates of y„
available for various trivalent rare earths. " '0%ith one
exception they lie near —80, and arereasonablyconstant
throughout the series. Following the advice of Watson
and Freeman' we shall therefore adopt the value of—80 for y„ for aH the rare earths. %e feel that the
most serious objection to this procedure is the fact that
the theoretical values are based on nonrelativistic p wave
functions. Thus the magnitude of y„ is very probably
too low, " especially in the higher Z ions. The entries
for 220 in column 8 of Table I were obtained by taking
(1—y„)=+81, and these are converted to Ass(r')4r
in column 9. The avaliable theoretical estimates are
given for comparison in column 10.43 Column 11 con-
tains values of (1—os)Ass obtained from optical data.
Comparison with column 8 yields derived values of
r2, given in column j.2. Theoretical values of this
parameter are listed in column 13, for comparison. "4'"

Figures I, 2, and 3 show the variation of V20,

(1—7„)Ase, and (1—o s) through the rare-earth
ethyl sulfates.

IV. MSCUSSION

A great deal has been said in the literature about
the applicability of crystal-Geld theory to real lattices,
especially apropos of shielding. Particular reference is
made to recent papers by Burns4' and by Freeman and
%atson, 47 in which shieMing in rare-earth ions is dis-

Nuclear orientation experiments on t,u'~'I in NES
yielded in a very straightforward manner Ez„r,———6.7(2)
&$0—4 cm-'. No experimental determination of the
quadrupole moment, corrected for antishielding, is
available, so we have resorted again to nuclear sys-
tematics4'" to estimate Q=+3.6 b, from which

we 6Ild (1 Vce)+2 =+3.65{11)X10 Cill ge . Tllls

may be compared with Edmonds' value (Table I) for
the lutetium ethyl sulfate lattice.

'o0

6 ———-
I

Fg—

DI. DEMVATION OF Amo AND j-g,

~e now have values for (1—y„)Ase obtained from
orientation experiments for four of the fifteen rare
earths (including the first and last) in the NES lattice.
Additional estimates for (1—y„)Ase of La'+,""Dy'+,»
Tm'+, '4 and I.u'+,""may be obtained from NMR
and Mossbauer resonance on concentrated salts. Agree-

ment among the difrerent estimates is only moderately

good. Probably this is in part due to the use of different

lattices for the various experiments. There is a general

upward trend in (1—y„)As', and the values of {1—0s)
derived below show sufIjIcient regularity to permit inter-
polations of some credibility. Of course (1—as) need not
vary smoothly; some of the mechanisms that contribute

41 C. H. Townes, in Haedbuch der I'hysik, edited by S. Flugge
(Springer-Verlag, Berlin, 1958},Vol. 38/1, p. 377.

~A. Bohr and B. R. Mottelson, Kgl. Danslm Vidensgab.
Selskab, Mat, Fys. Medd. 27, No. 16 (1953).

2-
aN

I

p
0

1 I I I . I 1 I I I I 1

2 4 6 8 IP l2 I4
Number of 4f electrons

Fxo. 2. Antishielded crystal-Geld gradient, (1—7„)AP, derived
from quadrupole coupling constants, for several trivalent rare-
earth ions in the ethyl sulfate lattice. A delnite upward trend is
evident. This may arise from y„or from AP. Q'hile we used the
best available theoretical estimate of y„(a constant value of—80) in the subsequent analysis, we feel that the upward trend
in (1—y }A/ probably arises from both factors. The discrepancy
between the two Lu'+ points may arise in part from the fact that
di8erent host lattices were used.

~ G. Burns, Phys. Rev. 12S, 2121 (1962).~ R. M. Sternhemier, Bull. Am. Phys. Soc. 10, 597 (1965)."C. J. Lenander and E. Y. Wong, J. Chem. Phys. M, 2750
(1963).

4' G. Burns, J. Chem. Phys. 42, 377 (1965).
47 A. J. Freeman and R. E. Watson, Phys. Rev. 139, A1606

(1965).
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cussed carefully. The systematics derived in this paper
should be studied with these discussions in mind. There
are several rather obvious points of contact between the
references and these results that we shall not discuss,
both for reasons of brevity and because this 6eld is still
quite active and the conclusions are of necessity some-
what tentative. A de6nitive summary of shielding in the
rare earths clearly awaits more theoretical and experi-
mental work. In what follows we shall therefore con-
centrate on the questions raised by this work that are
particularly in need of clari6cation if we are to under-
stand shielding in greater detail.

The similarity of the values of A P(r')4y in columns 9
and 10 of Table I is encouraging: it suggests that
theoretical lattice-sum estimates of A~' are of approxi-
mately the right magnitude. Any undue optimism about
the quantitative accuracy of these estimates is prema-
ture in hght of Burns' discussion4' of the assumptions
entailed in a lattice-sum calculation. Still we may draw
the conclusion that it is primarily to the shielding term,
and not to 32O, that we must look for an explanation of
the rapid variation of the crystal-6eld parameter F20
in raxe-earth ethyl sulfates.

The sign change of (I—02) in the light rare earths is
intriguing. In accepting this result we must bc cautious,
because the usual assumptions have been made that
the properties of a rare-earth ion are essentially in-
dependent of which rare-earth lattice it is in, and that
some of these properties vary smoothly with Z, allowing
a certain amount of extrapolation. There would be
little point in studying the 4f series in a lattice in which
isomorphous substitution is possible if these assumptions
were not applied in the early stages (and shielding
studies are in a very primitive stage), but they should
be tested experimentally. Even if some of these assump-
tions are not valid, though, it still seems inescapable
that 02 is near unity in the light rare earths in an
cthylsulfatc lattlcc. Of course thc crossing through zero
of (I—02) has in itself no theoretical significance. The
large magnitude of 0-2, and particularly its Z dependence,
are of importance. Of the few theoretical estimates
available, Sternheimer's values for 02 are about —,

of the experimental values and show the indicated Z
dependence. Freeman and Watson have recently
emphasized the importance of nonlinear contributions

I j j j j j j j j j j j j j j
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FIG. 3. Derived values of (1—eq) for trivalent rare-earth ions in
the ethyl sulfate lattice, obtained by combining points shown in
Figs. 1 and 2, using y„=—80, and neglecting any possible varia-
tion of ions' properties with host. The curve has no theoretical
signi6cance but is drawn only to aid interpolation.

to shielding. Their calculations also show a Z depend-
ence for 0~.4~

The prospects for understanding shielding in the
rare-earth ethyl sulfates seem quite good: semiquantita-
tive agrcemcnt is already availabl. Theoretical tech-
niques for calculating ~~ are still evolving. ""4' It
is to be hoped that more reliable estimates of y„, and
especially of its Z dependence will be made, using
relativistic p wave functions, so that one may be certain
that the experiments are studying shielding, rather than
antishielding. On the experimental side accurate
magnetic-resonance values of EL,~ in other lattices
would be very useful. Several of the assumptions
mentioned above should also be investigated. ~
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48 Note added irI proof. The value of (1—y )A go for Lu'+ derived
in Table I from Edmonds' NMR data is based on our estimate of
the quadrupole moment of Lu"' from nuclear systematics. An-
alternative, lower value of 3.7SX10' may be obtained by using
the spectroscopic value of Q~ys, which is, however, uncorrected
for an atomic Sternheimer factor. S, Hufner has recently deter-
mined (1—y )/(1 —eg) =208 for Ho'+ in the ethyl sulfate lattice.
With our choice of —80 for y„ this yields eq —-0.61. We are in-
debted to Dr. Hiifner for communicating this result prior to
publication.


