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Synopsis 

Paramagnetic resonance spectra of Eua+ ions at Pbe+ sites in PbCls were measured 

at room temperature and 3 cm wavelength. The point group symmetry at a Pbs+ site 

is monoclinic. Apart from a reflection, all sites in the unit cell are magnetically 

equivalent. Analysis yielded the following values for the dominant parameters in the 

spin Hamiltonian : 
g = 1.993 f 0.003 isotropic 

bt = (+107 * 1) x lo-* cm-l 

6: = (-527 f 2) x 10-4 cm-r 

The z-axis is along the crystallographic a. axis, x and y axes 23.5” from the crystallo- 

graphic b and c axis respectively. In order to obtain a fit with the measured hyperfine 

structure for 1srEu terms x;i A;S$li are added to the spin Hamiltonian. The values 

for the HFS parameters are (in units 10e4 cm-l): 

151A 5 = -31 & 1 r5rA; = -0.10 & 0.02 

151A u = -33.0 * 0.5 151A' 
Y 

= so.10 5 0.02 

r5rAz = -33.6 & 0.5 1514 = +o. 11 + 0.02 

153Qr = +0.33 + 0.06 

1153Qai = +3.8 & 0.1 

The results are interpreted in terms of crystal field theory. Evidence is presented 

indicating that the second degree crystal field splittings found are mainly linear in 

the field strength. Under the assumption that a perturbation mechanism, linear in 

field strength and cubic in spin-orbit coupling, is mainly responsible for the second 

degree crystal field splittings, a value is derived for the electronic shielding coefficients 

ym and ye. The result is (1 - ym)/( 1 - ys) = + 169, in reasonable agreement with 

present theoretical estimates. 

1. Introduction. Second degree crystal field splittings, i.e., those corre- 
sponding to parameters bO, and bi in the spin Hamiltonian, of the electronic 

configuration 4f7 sS7,2 have been investigated in the past for Gd3+ in axial 

*) This paper presents in an abbreviated form, part of the first author’s thesisl). 
**) Now at National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge 39. 

Massachusetts. U.S.A. 

- 845 - 



846 Q. H. F. VREHEN AND J. VOLGER 

crystalss). Perturbation mechanisms accounting for these splittings have 
been proposed by Prycea), Elliott and Stevens4) and Judd5). For 
the first two of these mechanisms the splittings depend linearly on the 
second degree crystal field strengths, whereas for the third one the splittings 
are quadratic functions of the crystal fields and other than second degree 
fields may contribute. Lack of knowledge of the crystal field strengths 
complicates the comparison of experimental with theoretical results. A 
further complication arises from the fact that electronic shielding causes 
the effective field experienced by the 4f electrons to differ from the external 
crystalline electric field. The electric field gradient at the nucleus is also 
greatly affected by polarization effects (Sternheimer shielding or anti- 
shielding factor). 

In the present paper we describe PMR measurements on Eu2+ in PbCla 
and an interpretation of the results in terms of crystal field theory. These 
measurements stand out from those for Gda+ in axial fields in two respects. 
First, the point group symmetry of a Pbs+ site in PbC12 is monoclinic. 
Therefore, two second degree splitting parameters are present in the spin 
Hamiltonian, an axial (bi) and an orthorhombic (6:) parameter. The ratio 
of two crystal field strengths of the same degree can often be calculated 
more reliably than the magnitude of each of theme). The presence of two 
parameters then permits one to check whether the splittings are linear in 
the crystal field strengths or not. (See appendix B.) Secondly, the two 
stable isotopes 151Eu and i5aEu have relatively large nuclear quadrupole 
moments. We were able to analyze the nuclear quadrupole interaction for 
15aEu, from which further information concerning the second degree 
crystal fields can be derived. It may be emphasized here that since Eus+ 
is in an S-state there is no direct interaction between the nuclear quadru- 
pole and the 4f-shell. The electric field gradient at the nucleus is determined 
by the crystalline electric field and the antishielding factor yrn (which in 
this case includes shielding due to the open 4f shell). A comparison of the 
experimental values of the fine structure splittings with those for the nuclear 
quadrupole interaction and with the computed values for the crystal field 
gradient tensor leads to the conclusion that b!j and bi are mainly linear 
in the corresponding crystal field strengths. Under the assumption that the 
perturbation mechanism proposed by Elliott and Stevens4) is responsible 
for these linear splittings a value can be derived for the ratio (1 -ym)/( 1 -y2). 
This value is then compared with other recently determined theoretical and 
experimental values for this ratio. 

The hyperfine interaction is usually represented in the spin Hamiltonian 
by three terms, the nuclear Zeeman energy, the quadrupole energy and 
the scalar interaction AS. Z between nuclear and electron spins. In the 
present case it is found that the hyperfine splittings for 15iEu cannot be 
fitted satisfactorily to such a Hamiltonian. Reasonable agreement can be 
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obtained by introducing terms & AfSgIi. Although the physical meaning 
of such terms is not well understood, we add them to the Hamiltonian in 
order to clearly indicate the character of the deviations. 

The analysis of the experimental data makes use of the transformation 
properties of the spin Hamiltonian, which are discussed in appendix A. 
In appendix B a theorem is considered relating second degree crystal 
field parameters in the spin Hamiltonian to second degree crystal field 
strengths. 

2. Experiment. All PMR measurements were made at room temperature 
and at 3 cm wavelength. A hybrid tee bridge circuit and straight detection 
were used, the magnetic field modulation being at either 63 Hz or 935 Hz. 
The narrowest lines observed had a width of approximately 5 gauss (at 
half height) and the modulation depth was kept sufficiently small to 
avoid distortion of line shapes. Cylindrical cavities TE 011 and rectangular 
cavities TE 102 were used. The spectrometer had a sensitivity of approxi- 
mately 4 x 1012 spins/gauss for a klystron power of 10 mW and a response 
time of 10 s at the higher modulation frequency. 

The magnet was built in the workshop of our laboratory; it has a gap 
of 6 cm with a pole diameter of 15 cm; the maximum field strength is 
about 7000 gauss for a 15A current through the 6 ohm magnet windings. 
The magnet current was stabilized with a circuit similar to one by Gar- 
win7) 8); a magnetic field stability of about 1 : 105 both long and short 
term was obtained in this way. The current could be varied linearly from 
zero to its maximum value with corresponding field variations of approxi- 
mately 20 gauss/minute and 200 gauss/minute. 

Between 1600 gauss and 4500 gauss the magnetic field could be measured 
with a proton resonance magnetometer; outside this range fields were 
determined by extrapolation. With the help of the resonance of a small 
amount of DPPH attached to the sample under investigation corrections 
could be made for the field difference between the proton sample and the 
crystal on which the PMR measurements were made. 

Single crystals PbCla containing a small amount of Eu were prepared by 
Mr. K. J. de Vries of our laboratory, by a slightly modified Stockbarger 
technique. A semiquantitative spectrochemical analysis of such a Eu 
doped crystal was made at Philips’ Natuurkundig Laboratorium at Eind- 
hoven. A Ca concentration of 0.03% (weight) was found; all other metals 
except Eu had a concentration smaller than O.Olo/o. The Eu concentration 
was not determined. From the intensity of the PibfR signals we estimated 
this concentration to be about 0. 1 %, whereas roughly 1 oh had been added 
to the melt. 

PbCl2 has a cleavage plane perpendicular to its c axiss). (This was con- 
firmed by a measurement of the lattice constant for the direction normal 
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to the cleavage plane. The result was 9.00 f 0.05 A.) Samples were pre- 
pared as plates 0.2 to 0.3 cm thick perpendicular to the c axis. The directions 
of a and b axis could now easily be found with the help of a polarization 
microscope. Faces were ground on the samples perpendicular to these axes. 
Subsequently the sample was glued to a quartz bar with one of its axes 
parallel to the bar. By rotating the bar PMR spectra could be recorded 
with the magnetic field in the ab, ac, or bc plane. 

3. Crystal structure of PbClz and calcdatiorz of the electric field gradient 

at a P@+ site. The crystal structure of PbCl2 has been studied by Braek- 
kenlo). Recently, these measurements have been repeated by Sahl and 
Zemannll). These authors confirm Braekken’s results, but they de- 
termined the position of the ions within the unit cell with greater accuracy. 
We follow Braekken’s notation; in the calculations we used the values 
by Sahl and Zemann for the positions of the ions within the unit cell. 

The space lattice of PbClz is orthorhombic, a = 4.525 A, b = 7.608 A 
and c = 9.030 A. The space group is D,,. l6 There are four molecules in the 
unit cell. Their positions can be given as: 

I 

I 

p = (8, $ + u, u) II R = (2, t + u, 4 - 71) 

Q = (t, a ~ u, -71) s =($,p-zb,-*+v) 

=a- u = pb+* 
Fig. 1. Positions of the ions in the PbCls lattice, (a) in a plane (100) and (b) in a 

plane (200). A lead ion of type Q is at the origin. x and y are axes found from the 

PMR spectrum, x’ and y’ are found from the crystal field calculation. 
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where for Pba+ ua = - 0.014, ZIO = 0.096 and for Cl- ~1 = 0.389, ~1 = 0.075 

and ua = 0.273, 02 = 0.663. In fig. 1 a lead ion of type Q is taken at the 

origin. The position of the surrounding ions is sketched in the planes (100) 

and (200). 

The point group at a Pbs+ site contains only two symmetry elements: 

the identity and the reflection through the bc plane. The point group is 

monoclinic C,. The experimental results are consistent with the assumption 

that the Eu2+ ion is built-in in the PbCla lattice substitutionally for Pb2+. 

By the inversion, followed by an appropriate translation P can be made 

to coincide with Q. For this reason sites P and Q are magnetically equivalent. 

Their PMR spectra are identical; we shall call them sites I. For the same 

reason sites R and S are magnetically equivalent; we call them sites II. 

Sites I can be transformed into sites II by a reflection through the ab 

or UC plane followed by an operation that leaves the site magnetically 

unchanged. From these considerations the following may be concluded: 

a. For the magnetic field in the ab or ac plane the PMR spectra of sites 

I and II coincide. 

b. If the magnetic field is in the bc plane the PMR spectra of sites II 

can be found from those of sites I by a reflection through the b or c axis. 

The second degree part of the crystalline electric field at a Pb++ site 

may be written as: 

v2 = C;(3z’a - ~2) + C;(X’~ - ~‘2) (I) 

where x’, y’, and z’ are the principal axes. From the symmetry it follows 

that one of these axes (say z’) is along the crystallographic a axis; x’ and y’ 

are in the bc plane. In the point charge approximation we have: 

The summation is over all ions in the lattice except the one at the site 

of which the field is calculated. A similar expression holds for Cg. These 

expressions are too slowly convergent for practical use. We calculated 

CO, and Ci for a lattice site of type Q with the help of rapidly converging 

expressions derived by Nijboer and de Wettera). We found*) 

CO, = (+2.7 f 2) x 1018 V/ma Ai = - 6 1 f 45 cm-r/a: 

Ci = (- 17 & 3) x 1Ols V/ma Ai = + 384 f 68 cm-r/a2 0 

x' and y’ lie 30”.5 from c and b axis respectively (see fig. 1). The AT are 
defined as AT = -e Cr, where e is the proton charge. a0 is the atomic 
unit of length. The uncertainties in the parameters as indicated above 

*) In the actual calculation we used VZ in the nondiagonal form, taking coordinate axes along 

the crystallographic axes. The result was then transformed to the principal axes. 
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are due to uncertainties in the X ray data. Insufficiency of the point charge 
model might, of course, introduce much larger errors. 

The case of Eu2+ in PbCl2 seems favorable for the calculation of the 
crystalline electric field for the following reasons. 

a. The X ray data for PbCl2 are accurately known. 
b. PbCIZ has to a reasonable extent ionic character 13). 

c. EuCla is isomorphous with PbClz and has nearly the same lattice con- 
stants (a = 4.525 fi, b = 7.608 A and c = 9.030 A for PbC1210) and 
a = 4.493 A, b = 7.499 A and c = 8.914 if for EuClz14)). 

d. Eu2+ has nearly the same radius as Pb2+ (1.17 A for Pb++ and 1.14 A 
for Eu2+) 15). 

From a and b we infer that the field at a Pb2+ site might be fairly well 
calculated, whereas from c and d it may be concluded that the introduction 
of 0.1 o/o EuCl2 into PbCl2 will give only a small distortion of 
lattice and thus the field at a Euzf site will almost equal the 
Pb2+ site in pure PbCl2. 

4. The spin Hamiltonian. We interpreted our experimental 
terms of the following spin Hamiltonian: 

F 1 

the PbCl2 
field at a 

results in 

sf = P(gJJ,S, + g,H,S, + gzH,Sz) + C C (,;,Of’” + .;‘“O;‘tk) + 
Z=d m=o 

even even 

+ x AfSiIi + C AiS:I< + 
i=X,y,Z i=z,l/,z 

+ Ql(3I2, - I(I + 1)) + tQz(I; + I”) + gzBH.1. (3) 

Terms in the first line represent the electronic Zeeman energy and 
crystal field energy. The second line describes the interaction between the 
electronic and nuclear magnetic moment whereas the third line gives the 
terms for the interaction of the nuclear quadrupole moment and the 
electric field gradient at the nucleus and the Zeeman energy of the nuclear 
magnetic moment. 

The 07 are the well known operator equivalents 16). Expressions for 
these operators as well as for their matrix elements within certain manifolds 
of angular momentum may be found in the literature16-21). The 0;” can 
be obtained from the 0;” by substituting - i(.S$ - St) for (S”, + Sk). 
For the matrix elements we have therefore: 

<M’jO;~“IM> = -i<M’jO~IM> for M’ > M, 

<M’jO;mJM> = i<M’[Or)M> for M’ < M. 

Introduction of the 0;” is necessary in the present case because of the 
low point group symmetry at the magnetic ion site. 

In the expression for the spin Hamiltonian the z axis has been chosen 
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along the crystallographic a axis. We define x and y axis by the requirements 

Bc2 = 0 and Bz/Bi < 0. 

Strictly speaking g and A are symmetrical tensors having one of their 

principal axes along the z axis, the other two in the xy plane but not 

necessarily coinciding with the x and y axis as assumed in eq. (3). As a 

result of bad resolution in many directions in the xy plane, the exact position 

of the principal axes in this plane could not be determined. It was found, 

however, that g is isotropic within the accuracy of the measurements and 

that A is only slightly anisotropic. On account of this small anisotropy 

we are justified in performing the calculations as if the principal axes of 

g and A were along x, y, z. The same type of difficulty arises with respect 

to the quadrupole interaction. The expression used in eq. (3) suggests that 

the principal axes of the crystal field gradient were along x, y, and z. 

Experimentally the quadrupole interaction could be studied only for H 

along the z axis. Therefore, the principal axes of the electric field gradient 

in the xy plane could not be determined experimentally and the expression 

used in eq. (3) is the simplest one for the interpretation of the results 

for H along z. 

We now proceed to describe how the parameters in the Hamiltonian were 

determined from the experimental results. For an allowed transition the 
selection rule AM = + 1, Am = 0 holds, it4 and m being the electronic 

and nuclear magnetic quantum numbers respectively. Let H(M, m, 8, tp) be 

the magnetic field at which the resonance M tf M-l, I, = m takes place, 

H being in the direction (8, q), and H(M, B, p) the field at which the 

resonance would occur if hyperfine interaction were absent. 

Since the crystal field splittings are smaller than the Zeeman splittings, 

the energy levels could be calculated by perturbation theory. First and 

second order perturbation formulae are given in appendix A. It turned 

out that, for the choice of x and y axis so that B;2 = 0 all parameters 

B,” are relatively small. From expressions (8) and (9) it can be seen that 

for H along X, y, and z axis the terms in the B,” may then be neglected. 

For these directions therefore the H(M, 8, p’) were equated to expressions 

in g,, g,, gz and the By. Some third and fourth order terms were included. 
Using estimates for the second and higher order terms we are left with 

21 linear equations (7 resonance lines in each of 3 directions) for the 12 

parameters. These equations were solved by the method of least squares 

using the University’s ZEBRA computer. Better estimates of the higher 
order terms could then be made and the process repeated until a consistent 

solution was obtained. In these calculations Btj was assumed to be positive. 
The B;” were computed by studying the experimentally determined 

functions 
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By equating these functions to the first and second order perturbations in 
B;” (see eqs. (8) and (9)) and by again performing a least square analysis, 
the values of the BcnL were found. 

There are two stable isotopes, 151Eu and 153Eu of nearly equal abundance 
(47.86 and 52.14 percent) and both with nuclear spin I = i. The nuclear 
magnetic moments are 22) 3.44~~2 and 1.52+zm, the quadrupole moments23) 
0.95 x lo-z4 cm2 and 2.42 x IO-24 cm2 respectively. 

To first order the terms in A,, A,, A, split each electronic resonance 
line into two groups of six equally spaced lines. For 151Eu the spacings are 
about 2.25 times as large as for 153Eu and both groups are centered at the 
same magnetic field. As a result the resolution of the HF pattern was bad 
for most electronic transitions. Often only the overall HF splitting, i.e., 
the separation between the outermost HF lines corresponding to m = :- 
and m = - 4 for 151Eu could be measured accurately. However, the 
resolution in the HF pattern of the transition M = 4 H M = - 3 for HI jz 
axis was good and thus a more detailed analysis of this transition could be 
made. The experimental data allowed us to determine A,, A,, A, and AL, 
Ah, AL for 151Eu and Q1, IQ21 for 153Eu. 

The overall splittings were fitted to the nuclear part of the Hamiltonian 

(3), taking into account second and third order effects24-26). Without 

the terms in Al no reasonable fit could be obtained, as will be shown in 

section 5. The analysis yielded values for the Ai and Ai and a crude value 
of I&l, all for 15lEu. 

The analysis of the HF pattern of the transition M = 4 t+ M = -i 

for Hllz yielded Q1 and IQ21 for 153Eu. For 151Eu the term in A, was found 
to be large compared to all other nuclear interactions, so that for this 
isotope the position of the allowed HF lines, together with the position 
and intensity of the forbidden lines (due to Qz) could be calculated by the 
usual perturbation theory24). For 153Eu on the other hand the term in A, 

proved to be of the same order of magnitude as that in Qz, whereas all 

other nuclear interactions were comparatively small. The usual perturbation 

theory in which A,S,I, is taken as the unperturbed Hamiltonian could 
not be applied. The intensity of the “allowed” lines was considerably 
smaller than that of some of the “forbidden” transitions. This state of 
affairs made the transition M = 4 NM = -+ ideal for an accurate 
determination of Q1 and IQ21 for 153Eu. For our analysis we took the 
Hamiltonian 

A,SJ, + $Q2(1; + 15) (4) 

as the unperturbed Hamiltonian and considered the remaining terms as 
perturbations. We assumed the ratio 151AZ/153AZ to be equal to 2.253 as 
found by Ba ker22) for Eu2+ in CaF2. Since 151AZ was already known from 
the overall splittings, this yielded 153Az. We then diagonalized the Hamil- 
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tonian (4) numerically within the manifold I = 4 for various values of Qz. 
For each value of Qs the energies and wavefunctions of the HF levels for 
M = 4 and for M = - + were found and from these the intensity and 
position of the HF lines could be calculated. From a detailed comparison 
of the calculated spectra with the experimental one the value of IQ21 could 
be derived. The introduction of the terms in Qi and go gives rise to some 
further splittings of the HF lines. Since go was known from the literatureza), 
Qr could be determined from these splittings. For this purpose the terms 
in Qr and gl were added as perturbations to the Hamiltonian (4) and first 
order perturbation energies calculated. 

5. Ex$erimental results. PMR spectra were obtained for the magnetic 
field in the ab, ac, and bc planes. Figure 2 shows a typical spectrum for HI la. 

In order to make all electronic transitions clearly visible in this figure the 
low and high field lines have been recorded with larger gain than the 
central lines. 

25bo 3&o 

Fig. 2. Paramsgnetic resonance spectrum 

parallel to the a axis. A line labelled M 

(assumed 

of Eu2+ in PbClz for the magnetic field 

corresponds to the transition M ts M-l 

II; > 0). 

For each hyperfine group the magnetic field where the electronic transition 
would take place if the nuclear interaction were absent, was calculated. 
Rotational diagrams for the magnetic field in the ab, ac, and bc plane are 
given in figs. 3-6. As anticipated (Sec. 3) only one spectrum is observed 
for H in ab and ac plane whereas two spectra are present for H in the 
bc plane, one being the mirror image of the other with respect to the b 

(or c) axis. From the experiments it cannot be decided which spectrum 
belongs to site I and which to site II. The result of the crystal field cal- 
culation, however, suggests that the spectrum labelled I in fig. 5 should be 
assigned to site I (see sec. 3 and fig. 1). From figs. 3-6 the monoclinic 
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- Htgaussl 
I ~~ 2T_-_---L 

5000 

Fig. 3. Fine structure rotational diagram of the PMR spectrum of Eus+ in PbCls. 

Rotation around b axis; H in the ac plane. A curve labelled M corresponds to 

transition M t-1 M-l (assumed Bi > 0). 

90 

t 

H//b-axis- 

L 
+ H(gaussl 

I _-IL.I__- 
1000 2000 

I-_/_ *o,-_ L- --I_ 
3000 5000 

Fig. 4. Fine structure rotational diagram of the PMR spectrum of Eu2+ in PbCla. 

Rotation around c axis; H in the ab plane. A curve labelled 111 corresponds to the 

transition M c-f M-l (assumed B!j > 0). 
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- H(gouss) 

I 

1000 2000 3000 L*--- -.- xi&r 

Fig. 5. Fine structure rotational diagram of the PMR spectrum of Eus+ in PbCls. 

Rotation around a axis; H in the bc plane. I and II refer to the spectra for site I 

and II respectively. A curve labelled M corresponds to the transition M t--t M-l 

(assumed Bg > 0). 

I 1 I I I -a- I 

1000 2ODO 4000 5000 

Fig. 6. Fine structure rotational diagram of the PMR spectrum of Eus+ in PbCls. 

Rotation around a axis; H in the bc plane. Spectrum of site I only. x and y axis are 

found from the PMR spectrum (as defined in section 4). 
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<z = 1.995 * 0.003 

gg = 1.993 * 0.003 

g, = 1.992 d_ 0.002 

bs” = -1107 1’ 1 
baz = -527 * 2 bsm” = 0 f 2 

ba” = +0.4 & 0.4 
be2 + be” = -5 i 5 be-z = - 2 1 4 
be4 = 4 2 y 6 bs-” = -14 & 10 

&,-6 = - 4 I 10 

TABLE I; 

HFS parameters for Eu2+ in PbClz in 1O-4 cm-l 

‘5“4% = -31 _c 1 MA, = - 0.10 & 0.02 
151‘4, = - 33.0 + 0.5 l=“l,’ = +0.10 & 0.02 

1=/f, = - 33.6 f 0.5 151‘4, = + 0.11 f 0.02 

153Q1 = + 0.33 + 0.06 

/1b3Q21 = 3.8 & 0.1 

TABLE III 

Overall hyperfinc splittings in the PMR spectrum of EuZf in PbClz 

for HIlo axis (in gauss) 

Transition Best fit for 

.II t) Jl&1 l.Sl“j Z’ = 0 

712 173.5 

512 166.2 

312 161.5 

l/2 165.2 

- l/2 162.3 

- 312 171.1 

- 512 181.7 

Best fit for 
151/l,’ = 

( + 0.11 & 0.02) 

x 1 o-4 an-1 

166.7 

168.4 

168.1 

174.6 

169.9 

173.3 

174.9 I - 

Experiment 

168 * 2 

168 + 2 

169 & 1 
175i_ 1 

171 * 1 

173 f 1 

174 rt_ 2 

symmetry at the Eu~+ sites becomes apparent. These data confirm the 
assumption that the Eu2+ enter the PbCls lattice substitutionally for Pbsf. 
Using the method of analysis described in sec. 4 the fine structure para- 
meters as given in table I were obtained. The x and y axis were found to 
lie 23.5” from the c and b axis respectively. The positions of the electronic 
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transitions as calculated from these parameters were generally in good 

agreement with the experimental ones. 

The analysis of HFS yielded the following values for the parameters 

(Table II). Without the terms C A$~l~ in the Hamiltonian the experi- 

mental overall HF splittings could not be fitted to the calculated ones 

within the experimental uncertainty. A good fit could be obtained by the 

introduction of the terms C, A$flg. Although we do not understand very 

well the physical meaning of these terms, and especially how they can be 

so large, we have added them to the Hamiltonian in order to indicate what 

3000 3100 

PH (gauss) 

Fig. 7. Hyperfine structure of the electronic transition M = 4 tt M = -4 for the 

magnetic field parallel to the a axis. 

(a) The experimental result. At the low magnetic field side there is some overlap 

with the HF lines of the transition M = $ H M = 4. 
(b) Position and intensity of the HF lines calculated from the nuclear part of the spin 

Hamiltonian (3). Dashed lines for 151Eu and solid lines for 153Eu. 

(c) Position and intensity of the HF lines calculated from the nuclear part of the 

spin Hamiltonian if the terms in gr and Q1 are neglected. 
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the deviations are. Table III demonstrates the deviation that exist for 
HI/z axis if we require Al = 0 and the good fit obtained when we allow 
Ai to take on the optimum value 1srAi = 0.11 x lo-4 cm-l. The deter- 
mination of the parameters rsaQ r and 1153Q21 by the method described in 
sec. 4 is illustrated in fig. 7. The experimentally observed HFS of the 
transition M = $ c-f M = - 4 (fig. 7 a is compared with the spectrum ) 

calculated when in (3) the terms in Qi and gr are neglected (fig. 7c) and 
with that calculated when these terms are included (fig. 76). There is a 
detailed agreement between the latter and the observed spectrum. 

6. Shielding factors. The parameters Qr and Qs are related to the crystal- 
line electric field coefficients C!j!, Ci by the equation: 

QLZ = ?& (1 - &$z,O,” 

where e is the proton charge, Q the nuclear quadrupole moment, I the 
nuclear spin and ym the antishielding factor. (Since Errs+ is in a S-state, 
the direct interaction between the 4f-shell and the nuclear quadrupole is 
negligible; the 4f electrons do, of course, contribute to ym.) In crystal 
field theory, fine structure splittings are determined by quantities 

(1 - yl)z4~(rz) = - e(1 - yl)Cp<rz> 

where the yl are again shielding factors and (~9 is the mean value of 11 
for the 4f electrons. Reasonably accurate values of <+> are available27), 
so that if we could derive the quantities (1 - ys)A$2<~2> from the ex- 
perimental data we would be able to determine the ratio (1 - yJ/( 1 - ~2). 

Also, since we calculated C!j and Ci in the point charge approximation 
we could find (1 - yrn) and (1 - ~2) separately, but these values would 
be less reliable because the point charge approximation is known to be 
rather crude. 

Unfortunately, the products (1 - yl)Ay(rr> cannot be derived un- 
ambiguously from the experimental data for an S-state. The best we can 
do is to investigate how far the experimental values of bi and bi can be 
understood on the basis of existing theories and which value of (1 - ~2). 
.A!$‘(+> is compatible with such an interpretation. In developing our 

interpretation we shall keep our assumptions as simple and as limited 
in number as possible. 

The relative sign of i5aQ2 could not be determined from the experiments. 
However, we find rssQi to be p osi ive, t whereas C!jjCi was calculated as 
negative. We therefore expect i5aQ2 to be negative. We now remark that: 

a. The principal axes of the second degree part of the crystal field terms 
in the spin Hamiltonian nearly coincide with the principal axes of the 
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crystal field gradient as calculated in the point charge approximation 

(see fig. 1). 
b. bi/bi has the same sign and the same order of magnitude as QiIQs. 
These facts suggest that crystal field terms in Ai and Ai give the main 

contributions to to bi and bi and that the relation between them is mainly 

linear. If we now assume that bi and bi are functions only of A!j and Ai we 

may calculate to which extent linear effects contribute to bi and bij with 

the help of a relation established in appendix B. The result is that bi depends 

linearly on Ai to an amount of approximately - 500 x lo-4 cm-r. A linear 

relation between b!j and Ai for axial crystals is predicted by perturbation 

mechanisms proposed by Prycea) and Elliott and Stevensa). The latter 

mechanism works via the admixture of the 6P7,2 excited state into the 

s&/s ground state by spin-orbit coupling. From the g value it is estimated 

that this admixture is quite sizeable for Eus+ (see sec. 7) and we therefore 

investigate how far this perturbation may account for the fine structure 

splitting. For this perturbation the quantitative relation between 60, and 

At in axial crystals has been given by Hutchison e.a.2). According to 

our result in appendix B this same relation should hold between bi and Al: 

b;=-‘2 
5 $; (1 - y2)4<+) 

P D 

where 5 is the one electron spin-orbit parameter, Wp and WD are the 

energies of the levels 6P 7,2 and 6D7/2 relative to the ground state level 
%7/z. From the g value it is estimated (see sec. 7) 1452/W; = 0.029. Judd 

and Lindgrensa) calculated 5 = 1361 cm-i for Eua+ and c = 1228 cm-i 
for Eu. Interpolating linearly we estimate 5‘ = 1316 cm-i for Eus+. This 

then leads to Wp = 29,400 cm-i which compares reasonably with the 

known value Wp = 32,200 cm-r for Gdsfsa). We estimate WD m 32,000 

cm-i for Eus+. Taking bi = - 500 x 10-4 cm-i (this is what we estimated 

to be the linear contribution to bi) and (72) = 0.938ai27) we find 

(1 - yz)Ai = 261 cm-r/a:. From this, and the value of the quadrupole 

interaction parameter Qa we finally derive (1 - y,)/(l - ya) = 169. 

The above line of argument for the derivation of the ratio (1 -yoo)/( 1 --ys) 
for Eus+ from the PMR results can be summarized as follows. The value 

of the largest crystal field parameter, b‘& in the spin Hamiltonian for 

Eus+ in PbClz can be reasonably understood on the basis of a perturbation 

mechanism proposed by Elliott and Stevens, cubic in spin-orbit interaction 
and linear in the second degree crystal field coefficients assuming the 
ratio (1 - ~~)/(l - ys) to be equal to 169. 

Using the calculated value of C$ we find furthermore yao = - 114 and 
ys = 0.32. As stated above, not too much credit can be given to these 
figures. 
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7. Discz~ssion. Signs of parameters. Only relative signs of the para- 
meters could be determined. However, there is some evidence that the signs 
given are the correct ones. First, we find the nuclear parameter A to be 
negative. Baker e.a. 22) found A to be negative for Eu2+ in CaF2. Since A 
does not vary greatly from crystal to crystal one would expect it to be 
negative in our case too. Secondly, we find a negative value for the anti- 
shielding factor, in agreement with theoretical predictions. 

g values. Within the accuracy of the measurements, the g value is iso- 
tropic and equal to the more precise value g = 1.9926 f 0.0003 found by 
Baker and Williams for Eusf in CaFs. These authors attributed the 
deviation of this g value from that for the pure s&,2 state corrected for 
relativistic and diamagnetic effects to an admixture of the 6P~12 state by 
spin-orbit coupling. From the experimental value they deduced 14(2/W: = 
= 0.029 & 0.001, where ( is the spin-orbit coupling parameter and WP 
the energy of the 6P7/2 state relative to the 8S7,2 ground state. The ad- 
mixture of 6P7/2 plays an important part in the second degree crystal 
field splittings. The ratio (2/W; as given above was used in the inter- 
pretation of these splittings in sec. 6. 

Hyperfine structure. It is clear from table III that the experimental 
data for the overall hyperfine splittings of i5rEu cannot be fitted satis- 
factorily to the spin Hamiltonian when the terms Ci Ai.S:Ii are omitted. 
After introduction of these terms a good fit can be obtained. It is note- 
worthy that the crystal field splittings are more or less axial around the 
x axis. If we take x, y, and z axis successively as axes of quantization, 
the corresponding bi values are -318 x IO-4 cm-l, +209 x 1O-4 cm-r 
and + 107 x 1O-4 cm-l. For Ah, AL, AL we found -0. IO x 1 O-4 cm-r, 
+O.lO X 10-4cm-i and +O.l 1 x IO-4 cm-l. This suggests that the 
contribution Ci AiSzIt might have to do with an influence of the crystalline 
electric field on the hyperfine interaction. This influence would then be 
unexpectedly largeao). To the authors’ knowledge no other PA4R in- 
vestigations of Eus+- in noncubic fields have as yet been published. Such 
studies might be interesting in view of the anomaly discussed above. 

Shielding factors. Crystal field splittings of the electronic levels of 
the rare earth ions are known to be small compared to those for iron group 
ions. For a long time already this has been considered to be the result of a 
shielding of the external potential, mainly by the outermost 5sz$6 electrons. 
J uddar) supposed such a shielding to be responsible for the relatively 
small values of (1 - ~2) A;<+) found experimentally in lanthanum ethyl- 
sulphate and trichloride. 

Recently the shielding effects in rare earth ions have become the subject 
of several quantitative studies, both theoretical and experimental. Wikner 
and Burnsss) made a theoretical estimate of yrn for the trivalent rare 
earth ions. They arrived at a value of yco that varies with atomic number 
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from -80 for Ces+ to about -50 for Yba+. Burnsa) calculated (1 - ys) 
for K+ and found (1 - yz) = 0.88. From this he concluded that shielding 
effects play only a minor part and that the small crystal field splittings 
are rather a result of large spin-orbit coupling and large physical size of 
the rare earth ions and the weakness of the crystal fields in the crystals 
in which these ions are embedded. Later theoretical work, however, con- 
sistently indicates the presence of a substantial shielding, 1’2 being of the 
order of magnitude of 0.50 or larger. 

Rayas) made calculations of both yco and ys for Pra+. His result for 
ys (= 0.52) is close to that of other recent calculations, but his value 
for ym (= - 16.37) is appreciably smaller than those obtained by Wikner 
and Burns and Watson and Freemansa). Lenander and Wongas) 
calculated the shielding factor yz, again for Prs+. They find yz = 0.59 and 
argue that it might be considerably larger. Recently Watson and 
Freemanso) also considered the shielding problem. These authors show 
that there can be a considerable nonlinear shielding, which means that the 
effective potential for the 4f-electrons does not have the same symmetry 
as the external potential (e.g. for an external Vi potential the polarization 
of closed shells may give Vi and Vi contributions to the energy level 
scheme). This effect is not large, however, for a V!j potential for which 
there is essentially linear shielding and ys = 0.50. Watson and Free- 
mansa) also calculated yrn and for the ions Las+, Ces+, Yba+ they found 
the values - 68, - 7 1, and - 79 respectively. 

Summarizing these results it seems fair to say that at present the theory 
predicts for the trivalent rare earth ions an antishielding factor yoo of about 
-80 and a shielding factor ys w 0.50 or possibly larger. 

As we have seen in sec. 6 the ratio (1 - y,,)/( 1 - yz) can be derived 
from the experiments more reliably than either (1 - yoo) or (1 - ys), 
because of the uncertainties involved in determining the crystalline 
electric fields. Edmondsa6) measured the quadrupole interaction of the 
La nucleus in lanthanum trichloride, magnesium nitrate and ethylsulphate. 
From the experimental values of (1 - y&4:<+> for various rare earth 
ions in these salts Freeman and Watson27) calculated the corresponding 
(1 - yz)Ai using their values of <rs>. Extrapolating these (1 - ya)Ai’ 
values to the Las+ ion Edmonds finds (1 - y,)/(l - ys) = 550 in the 
ethysulphate and = 350 in the trichloride. Barnes e.a. 37) 3s) studied the 
temperature dependence of the quadrupole splitting in thulium ethyl- 
sulphate and thulium oxide. Their analysis yields (1 - ym)/(l - ~2) = 
= 250 and = 130 in these cases respectively. 

From our measurements we inferred (1 - y,)/( 1 - ~2) = 169 which is 
in remarkable agreement with theoretical estimates. Using the computed 
values of the crystal field gradient we furthermore found yrn = - 114 f 18. 
Since the theoretical calculations suggest that yoo should be approximately 
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-80, this indicates that the calculation of the crystalline electric field in 
the point charge approximation gives a fairly good result in the present case. 

Conclusion. The measurement of the PMR spectra of Eusf in an environ- 
ment of monoclinic symmetry enabled us to compare the fine structure 
splittings with the nuclear quadrupole splittings and the calculated value 
of the crystal field gradient. The fine structure splittings are mainly of the 
second degree and they can be quite well accounted for by a perturbation 
mechanism proposed by Elliott and Stevensd), assuming a ratio 
(1 - rm)/(l - yz) = 169, where ya, is the antishielding factor and ys the 
second degree shielding factor for the 4f electrons. This value of 

(1 - Yc0)/(1 - Y 2 is in good agreement with recent theoretical estimates. ) 
Using the theoretical estimate yco = -80 and the experimental values of 
the nuclear quadrupole splitting it is found that the calculation of the 
crystal field gradient in the point charge approximation gives a surprisingly 
good result in the present case. 
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APPENDIX A 

The operators 02” and 0;” used in the spin Hamiltonian (3) are the 
operator equivalentsr6) of the functions rl@r and r@;” where 

@T(e, 91) = 2aZn Re (Yy(e, 9)) 

@;“(e, v) = 2aF Im (YT(O, p)) 

The ~2” are constants given in table IV for I = 2, 4, 6 and m = 0, 1, . . . 1. 
In cases where the crystal field energy is small compared to the Zeeman 

energy the energy levels can be calculated by a perturbation expansion, 
the zeroth order functions being the eigenfunctions of S, where z is chosen 
along the direction of magnetization. The crystal field part of the spin 
Hamiltonian should now be written on this new z axis, which requires a 
transformation of the 02” and 0~~. Such transformations have been 
considered by various authors 39-41). Let the new coordinate system OXYZ 
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TABLE IV 

- 

- 

The numerical factors CL~ 

1 

1 

d6 

2 

d6 

4 

2 
-~ 

d5 

4 

4’0 

2 
-~ 

d35 

8 

470 

8 

8 

442 

16 

l/105 

8 
____ 

4105 

16 

414 

a -~ 
4693 

16 
-- 
d231 

have polar angles (0, QI) relative to the old one Oxyz. We then have: 

(Oz”)’ = D;‘,(e)op cos mp, + ; {I&#)OZ” cos mp, + 
rn’=l 

+ Ds,;,(0)O;m’sin mq7} (6) 

(OFm) = o;;m(e)o; sin mp, + i {D;m(e)or’ sin my, - 
m=l 

- &,-e)o;m cos HZ~} (7) 

The coefficients Dtzrn have been calculated numerically by B aker40) 
and are reproduced graphically in his paper. Simple goniometric expressions 
were derived by Vrehenl) for 1 = 2, 4, 6 and m even. 

Be E:(M) and E:(M) first and second order crystal field energies for the 
state \M> and EO(M) the unperturbed (= Zeeman) energy. One then has 

E:(M) = z D~‘r,(e){S~ cos mg, + B;m sin rny}<M(0~IM> 
1.m 

(8) 

where 

l<M + mol~elM>12 
E2,(M) =,zo EO(M) - E”(M + mo) (9) 

I<M + mol~elM>I2 = 5 (04 + mo~O~““‘~M><M(O~~~““‘~M + ml)>}. 

. C (ByBy’p + 2ByB,m’q + B,mB,m’r). 
m’m 

p = A cos (m + m’)q + B cos (m - m’)e, 
q = A sin (m + m’)~ - B sin (m - m’)p) 
Y = --A cos (m + m’)p) + B cos (m - m’)pl 
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A = A (~0, m, L m’, 4 = ~Pf~old$&~ - Df~i&Pf~l&~) 
B = B(mo, m> 1, m’, I’) = HD:A.o,mD::,m, + Dfmo,mD;;,m~) 

The expressions (8) (9) were used in the analysis of the angular variation 
of the resonance lines for Errs+ . m PbCls in the bc plane (see sec. 4). 

APPENDIX B 

Generally, the parameters Bi and Bi in the spin Hamiltonian need not 
necessarily be functions of the crystal field coefficients Ai and Ai only. 
For instance, for an iron group ion with L # 0 in a cubic crystal field with 
a small axial distortion Bi will depend on the cubic component as well. 
Also, Judd5) has shown that for Gdsf in axial crystals higher order crystal 
field coefficients may contribute to Bi. However, for the configuration 
%5/z in axial fields, data have been analyzed under the assumption that 
Bi depends on Ai (rather on (1 - ys)Al(ra), but for simplicity we write 
A!$ only and perturbation mechanisms have been studied that are linear 
and quadratic in A !j 4%) 43). In this appendix we show how the relations 
between Bi and Ai in axial crystals can be generalized to relations between 
Bi, Bi, and Ai, Ai for lower symmetries if the B2fni depend only on the A$“. 

We can always choose a coordinate system in such a way that from the 
Azm only Ai and At do not vanish. Since we assume the BzTn to be functions 
of the A$” only, all the B 2’” then vanish for symmetry reasons except B!j 
and B,2. The most general quadratic relation between Bi, Bi and Ai, Ai can 
be written : 

B; = c/A;’ + ,YA;A; + ?‘A;” + 6’A; + &‘A; (10) 

B; = &‘A;’ + /3”A;A; + y”A;” + &‘A! + &“A; (11) 

Now the coordinate system may be chosen in several ways so that only 
Ai and Ai are different from zero, i.e., x, y, and z axis may be interchanged 
and this leads to different sets Ai, Ai and Bi, Bi. If we require that the 
relations (10) (1 1) hold between (Bi, Bi) and (A:, Ai) for each of these 
sets we find that (10) and (11) reduce to 

B; = &(A$_’ - $A;“) + #A; (12) 

B; = -2ci’A;A; + #A; (13) 

When only a linear mechanism contributes Bij/Bt = A!j/Ai. If quadratic 
terms are also present we may calculate the linear and quadratic contri- 
butions with the relations (12) and (13). These relations were used in sec. 6 
to estimate the linear contribution to Bi. 
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