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Employing isotopically pure trivalent >Gd, '*’Gd, and '®°Gd as impurities in dilute mixed crystals of
lanthanum tris(ethylsulfate) nonahydrate [La(C,HsSO,); - 9H,0], it has been possible to determine both
accurate zero-field splitting parameters of crystal-field origin and hyperfine-structure constants due to
magnetic dipole and electric quadrupole interaction terms. The zero-field paramagnetic-resonance
spectroscopic method employed herein, has allowed the absolute signs of the hyperfine parameters to be
determined. Thus the magnitude and sign of all diagonal parameters of the zero-field effective spin
Hamiltonian are accurately known. It is reasoned that the quadrupole hyperfine constant is due, almost
entirely, to lattice contributions; moreover, it is shown to be of the expected order of magnitude and
sign. The hyperfine anomaly is discussed and is shown to be slightly less than the experimental error
limits (three standard deviations). A set of crystal-field parameters are reported for the first time for
190Gq in crystals of La(C,HsSO,); 9D,0, which differ significantly from those of the hydrate.
Variations of crystal-field parameters with various lanthanide host ions are also observed. Finally, a few
comments concerning zero-field linewidths and their measurement are made.

I. INTRODUCTION

Zero-field paramagnetic resonance (ZFPMR) is
an important technique for observing magnetic-di-
pole transitions in the microwave region of the
spectrum, These transitions are usually between
energy levels split by crystal-field and hyperfine
interactions in transition metal, lanthanide, and
actinide ions. To date, such systems have been
mainly studied by conventional electron-paramag-
netic-resonance (EPR) spectroscopy in the presence
of a strong Zeeman perturbation which forces dif-
ferences in energy levels to match the energy of a
source oscillator. In ZFPMR the microwave
source is tuned to match the energy spacings of the
sample. The data presented in this work empha-
size the comparison between high- and zero-field
paramagnetic resonance, particularly for improved
hyperfine-structure resolution and crystal-field-
splitting determinations, }~%

One of the long-standing problems of EPR spec-
troscopy of ions in crystals is that of the unexpected
and unexplained crystal field and hyperfine struc-
ture of S-state ions (i,e., ions with half-filled
shells such as 4f7), particularly in the lanthanide
series., The usual lanthanide S-state ions are Eu®,
Gd*, and Tb*; of these three 4f S-state ions Gd3*
is the most widely and readily obtainable chemi-
cally, Its lattice substitutional properties in a
variety of trivalent-metal-ion crystal-host materi-
als' makes Gd** an ideal choice for such a study,
In the treatment of gadolinium paramagnetic reso-
nance, a fictitious spin §=§ is used in conjunction
with a spin Hamiltonian to describe the spectrum
in an empirical manner, This convenient descrip-
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tion is possible because the spectrum always dis-
plays the site symmetry of the ion, An exhaustive
tabulation has been provided by Buckmaster and
Shing, 15

Many mechanisms have been proposed for the
splitting, but no single one can account for the mag-
nitude and sign of the observed splitting, This area
of intense research has been many times reviewed
and discussed in detail, '} In order to evaluate a
given theoretical mechanism for crystal-field split-
ting of the 85,,, ground state of Gd**, the calculated
over-all splitting should be compared with the mea-
sured value (this work)™® 7258,4+ 9,6 MHz for
La(C,H;S0,); - 9H,0 : Gd®*,

All mechanisms proposed to account for crystal-
field splitting of Gd** could, until very recently, be
classified into three groups: much too large, much
too small, and about the right magnitude but of the
wrong sign, ~2° However, using an effective oper-
ator technique, Newman and Urban®' were able to
calculate “intrinsic spin-Hamiltonian parameters, ”
It is their contention that, due to geometric factors
and a linear superposition of contributions from
neighboring ligands, measured crystal-field pa-
rameters, especially quadrupolar ones, may or
may not have the same sign as calculated (intrin-
sic) ones. It is clear that these concepts give both
sign and rough order-of-magnitude agreement be-
tween crystal-field spin-Hamiltonian parameters
obtained from theory and experiment, 21?2 The con-
clusion is that, at least for YVO,, YPO,, LuPO,,
LuAsO,, and CaF,, correlation and relativistic
crystal-field effects contribute most significantly
to the observed splittings. Indeed, these authors
indicate that the previous calculation by Wybourne
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when interpreted by their method, gives reasonable
agreement between theory and experiment, Since
the only quantitative treatment of these concepts
has been for Gd*3-H "~ and Gd*3>-F~ in CaF, tetragonal
sites, it still remains to be seen if general agree-
ment for a larger number of situations will obtain,

It is possible that results presented herein can
make a positive contribution to this area as the
measured crystal-field parameters are different
for Ln(C,H;S0,); - 9H,0 : G&®* and Ln(C,H;SO,),

. 9D,0: Gd** where L is a lanthanide.® Several
mechanisms are suggested (end of Sec. III) by which
this effect could occur,

Curiously enough, hyperfine structure was never
conclusively observed for Gd®* in these hosts in
spite of its observation in many others. Since the
spectral splittings produced are greater in zero
than in high field when compared to the observed
linewidths, it was possible to measure hyperfine
constants for the first time, A detailed analysis
of the spectrum and the constants themselves is
presented in Secs, Il and IV. The constants are
discussed from the point of view of the theory of
hyperfine interactions,

As a conclusion to this introduction, it is per-
haps appropriate to mention at least briefly pre-
vious work on Gd®* in the ethylsulfate-host-crys-
tal system. The field has indeed had a long history
commencing with studies in the late 1940’s and
early 1950’s. The now famous work of Bleaney,
Elliott, Stevens, and co-workers genuinely initi-
ates EPR spectroscopy as a general physical tech-
nique for the study of solids.?*~%® Studies over the
years have produced many interesting results for
these salts, 2% The works that directly bear on
the present investigation are an early work of
Bleaneyand co-workers? which suggested that the
zero-field splitting (ZFS) could not be character-
ized by spin-Hamiltonian parameters obtained at
high field; a ZFPMR® study of Gd** in lanthanum
tris (ethylsulfate) nonahydrate (LES), of large ex-
perimental uncertainty (+ 25 MHz in transition fre-
quency), which indicated such a discrepency did
not exist but which observed no hyperfine struc-
ture; a high-field experiment which demonstrated
gadolinium-~-gadolinium and gadolinium-water proton
coupling®; and finally, recent low-field measure-
ments3”'%® reinvestigate the adequacy of fit of the
high-field spin-Hamiltonian parameters to low-
field spectra. One interesting aspect of these lat-
ter results is the suggestion that field-frequency
plots for one of the transitions may be nonlinear
in fields below 10 G.3® Other work has been re-
viewed in Ref, 39,

II. EXPERIMENTAL METHODS AND CRYSTAL
STRUCTURE

The ZFPMR spectra used in this work were taken

at room temperature, 77, 4.2, and 2 K in the
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ZFPMR spectrometer previously described.! In
each specific case below the microwave structure!

" used to record the spectrum will be given.

Ethylsulfate crystals used in this research were
generally prepared according to the method of
Erickson.* In the case of the deuterated ethylsul-
fates 99.7-at.%, Merck, Sharp, and Dohme Canada,
Ltd. deuterium oxide was used not only for the re-
action but also for washing the diethylsulfate, These
samples were kept out of the atmosphere as much
as possible to minimize isotopic exchange.

The bismuth magnesium double nitrate (BMDN)
sample was prepared according to the method of
Gerkin and Thorsell,*® The magnesium used was
Research Organic/Inorganic Chemical Corp. 99.99%
magnesium-metal crystals. The bismuth used was
Alfa Inorganics 99, 99995% bismuth-metal shot. The
nitric acid used was duPont reagent grade.

In the case of the isotopically enriched crystals
for either of the above hosts, Union Carbide Oak
Ridge National Laboratory stable isotope oxides
were used. The *'Gd,0, used was 99.7% in *'Gd,
0.08% in '%3Gd, and the balance I=0 isotopes. The
'%°Gd used was 99.82% in '°Gd, 0.07% in *'Gd, and
the balance I'= 0 isotopes. The '%°Gd used was
99. 99% in '%°Gd,

The lanthanide tris (ethylsulfate) nonahydrates
are an isomorphic series of compounds, and as
such have a special importance in the EPR of tran-
sition ions, especially the rare earths. The tri-
valent lanthanide ion, L#**, may be any member
of the rare-earth series and sits at a site of C;,
symmetry. The nine water molecules form a tri-
angular prism, with the oxygens in the mirror
plane at a greater distance from the threefold axis
than the oxygens forming the end triangles. Good
diagrams may be found in the crystal-structure
papers of Ketelaar and Fitzwater and Rundle, 2
The water protons are probably hydrogen bonded to
the oxygens of the sulfate groups, but have not been
located experimentally. There are two formula
units per unit cell, with approximately 18 nearest-
neighbor sulfate oxygens about the lanthanide ion.
The ethylsulfate anions are arranged in such a man-
ner to make the space group P6,/m(C%,). The
waters of hydration may be replaced with D,O when
the crystal is synthesized, without deuteration of
the ethylsulfate chains.

HI. CRYSTAL FIELD

A. 160 Gd and natural gadolinium in La(C, H5S0,); *9H,0
1. Results

ZFPMR spectra of gadolinium-doped LES where
the gadolinium ions have either the naturally oc-
curring isotopic composition or are 99.99% '%°Gd®*
(T=0) are presented first. These studies were
made for three reasons, First, it is necessary to
ascertain if hyperfine structure from the two odd



11 ZERO-FILLED PARAMAGNETIC

isotopes can be observed superimposed on the I=0
lines when they are present in their natural com-
position of about 15% each. Second, accurate de-
termination of ZFS is essential in order to test the
adequacy of the spin-Hamiltonian formalism in
zero field in a more stringent way than has been
done in the past, Third, precisely determined
crystal-field parameters must be used in the cal-
culation of hyperfine-structure constants (see be-
low).

The form of the spin Hamiltonian for the crystal
field of C;, symmetry has beenwell worked out,3:173
Using a fictitious spin §=] to represent the split-
ting in the 85, /2 ground state it is written in a form
given by Elliott and Stevens®* as

JCCE=B253+B252+3352+B262 (3.1)

in which the B7’s are numerical constants, and the
6’,"’s are Stevens’s operator equivalents as have
been extensively tabulated by Hutchings, °

This spin Hamiltonian leads to four distinct
Kramers’s doublets in zero field, If the small off-
diagonal coefficient BS is neglected, their energies
are given by

7 7 1 E(+3)
B2 s
1 -13 -5 2 E(+3)
B0 |= .
-3 -3 ol T |EcdH|” 3.2)
0
-5 9 -s|l% E(x3)

where b3=3BJ, b3=60B], bd=1260B], and b= 126088,
and My is the projection of S on the crystal three-
fold axis for the four states. Using simple A M

=% 1 selection rules, the three zero-field transi-
tions are

E,-E,| |T,| |6 20 6||8)| I,=7
E,—E4|=|T,|=4 -10 =14 ||8} |, I,=12
E;-E,| |Ts| |2 =12 14|[b)| I,=15

(3.3)

with approximate relative intensities as shown,

These three ZFPMR transitions are shown in
Fig. 1. Their transition energies as a function of
temperature are given in Table I. In order to de-
termine the error in these transition frequencies,
their positions have been measured as a function
of modulation-field strength, in both resonant cavi-
ties and in traveling wave helices, and for ¥°Gd as
well as natural Gd. Standard deviations in transi-
tion frequencies are given in Table I. In each case
transition frequencies for the fairly broad lines
were picked as the midpoint of the full width at
half-height of the transition. For a given transi-
tion this value may be picked with a precision sev-
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eral times greater than the standard deviation for
the line position.

2. Discussion

It is appropriate to compare the present mea-
surement of the ZFS with that obtained by other
workers. The results of this comparison are given
in Table I. We compare our directly measured
ZFS with that of Dagg, Kemp, and Symmons® for
two temperatures. The two sets of numbers agree
within experimental error, primarily due to the
large error limits of the other workers.

Present results may also be compared with zero-
field transition frequencies predicted by variable-
field EPR. The predicted frequencies are given for
the high-field measurements of Dagg ef al., and
for the low-field results of Gerkin and Thorsell, %
In the former case, in order to obtain the error
limit of the predicted frequency, the square root
of the sum of the squares of the error limits on 53,
b3, and bf, as obtained from ordinary EPR, are
multiplied by the squares of the matrix coefficients
in Eq. (3. 3) to convert them to errors in transition
energies., The two sets of numbers thus obtained
agree within the 0. 3% experimental error, The
uncertainty in the ZFPMR measurements is only
slightly less than the uncertainty in the conventional
EPR results, This is due to the linewidth in this
salt (~25 MHz) and it is not a general statement
about the relative precision of ZFPMR. In another
salt with sharp lines, the fact that frequencies may
easily be determined to about 1 ppm with ZFPMR,
whereas fields may be measured to 100 ppm only
with difficulty, would demonstrate the higher pre-
cision of ZFPMR.

TABLE I. Comparison of crystal field =0 isotopes)
transition energies for gadolinium-doped lanthanum ethyl-
sulfate at two temperatures.

ZFPMR ZFPMR EPR Low-field EPR
This- work  Dagg et al. Dagg et al.  Gerkin & Thorsall
(measured)®*  (measured)® (calc.)™® (cale. )¢
(MHz) (MHz) (MHz) (MHz)
l4.2 K
Ty 3383.0+2.1 3381.4%9 3381.4+2.8
T, 2503.5+3.6 2500.3+25 2502,7+4.2
T, 1371.9+3.9 1363.2%9 1366.2+3.9
77K
T, 3446.6+2.1 3444.3%12 3444.0+2.8 3442.5+6
T, 2550.4£3.6 2555.4+10.2 2549,1+4.2 2547.9+1.2
Ty | 1396.8+3.9 1390.1+14.1 1391.0+%3.9 1390.1+ ?¢

8Error limits are taken as three standard deviations;
hence ¢(Ty)=0.7 MHz, ¢(Ty)=1.2 MHz, and o(T3)=1.3
MHz.

PError limits as given in their work (Ref. 35).

°Obtained from non-zero field measurements.

9n this work there is an unexplained 26.1-MHz splitting
detected between AMg=1 and AMg=—1 transitious be a
method of extrapolation from fields above 10 G. The fre-
quency indicated here is the average of these two (Ref. 38).
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FIG. 1. ZFPMR spectrum of La(CyHz50,)3° 9H,0:0. 1~

mole% '9Gd* at 4 K. Net absorption in arbitrary units
is shown with net zero-field absorption directed up and
net low-field absorption directed down. (a) Ty transition
Mg=#+5%—=x%. This spectrum was taken in a helix with
10-A modulation current and 10-p Vlockin amplifier sen-
sitivity. (b) T, transition Mg=+3%—~+§. This spectrum
was taken in a helix with 10-A modulation current and 50-
uV lockin amplifier snnsitivity. (c) Ty transition Mg
=+3—+3. This spectrum was taken in a cavity with 10-

A modulation current and 100-uV lockin amplifier sensi-
tivity. Under these conditions there is some overlap be-
tween zero and low-field absorption peaks. The true zero-
field line shape is not completely resolved; hence, at this
time it is premature to analyze the partially resolved

-fine structure of each line in terms of superhyperfine
_structure or other effects.

The low-field results of Gerkin and Thorsell are
somewhat more problematical, These workers ob-
served a 26, 1-MHz splitting between the AMg =1
and the AMg = -1 transition energies for T; by ex-
trapolation from measurements taken above 10 G.
Results from our measurements do not confirm the
existence of these splittings., This additional com-
plication may be the reason that the predicted fre-
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quencies from low-field EPR lie just outside the
error limits of our measurements., The error
limits used by these workers of less than 1 MHz
may be somewhat optimistic.

For the treatment of hyperfine structure pre-
sented below, crystal-field parameters appropriate
to these zero-field measurements will be necessary.
This determination is not possible in closed form
since, in C3, symmetry, it is necessary to deter-
mine four crystal-field parameters with three zero-
field transitions. This situation, however, becomes
tractable because the b3 coefficient is so small, If
we use a typical value of — 4, 25%x10™ cm™ as de-
termined by Dagg et al. ,* the coefficient BS =1, 01
X 102 MHz. The other three crystal-field coeffi-
cients may then be varied to fit exactly the three
ZFS transitions. Neglect of the off-diagonal matrix
elements connecting the =] levels with the + 3 levels
via (32 leaves the best-fit crystal-field parameters
invariant to about five significant figures. Indeed,
second-order perturbation theory shows that this
coefficient can lead to a position shift for the + £
or + energy levels of about 0.5 MHz, which is on
the order of the standard deviation of transition fre-
quencies, Considering the slow temperature de-
pendence of B§ (- 0.01 kHz/K), the 77-K value is
employed at both 77 and 4, 2 K with little error.

The best least-squares-fit crystal-field parameters
are given in Table II.

The standard deviations in these parameters are
derived from standard deviations in transition fre-
quencies by taking the absolute value of the inverse
of the matrix of coefficients in Eq. (3.3). The
error is the square root of the sum of the squares
of the terms obtained by multiplying this matrix by
a column vector of standard deviations of transition
frequencies. These are also given in Table 1II,

B. Natural gadolinium in various Ln(C,HsS0,); 9D, 0
1. Introduction and results

It has recently been pointed out by Gerkin and
Thorsell® that crystals of La(C,H;SO,) - 9D,0 show
a Gd®* linewidth up to a factor of 2 less than the
corresponding hydrate, They therefore used such
crystals in place of hydrated crystals in their low-
field EPR studies of Gd®* in LES. It is not obvious
from ordinary EPR or even low-field EPR, but it
is immediately apparent from ZFPMR that the
crystal-field parameters for the deutevate ave dif-
ferent from those of the hydrate. This difference
is immediately obvious using ZFPMR, since one
measures the ZFS directly without recourse to
computations based on variable-field data.

Inasmuch as the origin of crystal-field splitting
of Gd®* is still an open question, it becomes im-
portant to pursue the nature of this deuteration ef-
fect on the crystal parameters. Accordingly, both
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TABLE II. Best least-squares-fit cyrstal-field spin-Hamiltonian parameters for 1%Gd*-doped LES at

two temperatures, using b§=—4,25x10™ cm™,

Coefficient Temp. (K)  Value (MHz) Std. dev. (MHz)* Value (10™% em™) Std. dev. (10~ em™)
BY 77 204.418 : 6.187 '
4 200,668 0.083 66.936 0. 027
B0 vkt —-0.2028 —6.765x 107
4 4 —0.1996 0.0013 —6.656%10"2 0.043x1072
B0 77 1.376x107 4,59x10™
6 4 1.373x1073 0.072x 1073 4.58x10™ 0.24x10™
b0 77 613.25 204. 560
2 4 602,01 0.25 200, 807 0.083
»0 77 -12.168 —4.059
4 4 -11,973 0.077 -3.994 0. 026
»0 77 1.734 0.578
8 4 1.730 0.091 0.577 0. 030
rms error of 77 6. 0% 10" . ..
least-square 4 .. ..

fit

8Standard deviations are taken to be the same at both temperatures.

temperature and host (La, Sm, Er) ionic-radius
dependence of crystal-field parameters for the
deuterate were investigated.

The temperature dependence of ZFS in ethylsul-
fate hydrates has been discussed by several
workers,""%'37 Dagg, Kemp, and Symmons® noted
that ZFS is a maximum at about 130 K in LES, Be-
tween 77 and 4 K the ZFS is, within experimental
error, linearly dependent on absolute temperature,
The dependence on temperature from 290 to 77 K
for several lanthanide ethylsulfates has also been
studied by Gerkin and Thorsell, ¥

To compare deuterate with hydrate in this re-
gard we have studied the lanthanum salt at 77 and
4 K, The results are given in Tables III and IV in
which deuterate data may be compared with the
corresponding hydrate data., It is immediately ob-
vious from Table IV that the temperature depen-
dence of each is the same, This dependence prob-
ably indicates that the gross features of hydrogen
bonding in each are quite similar,

ZFS and crystal-field parameters for several
deuterated lanthanide ethylsulfates at 77 K have
also been studied. The results may be found in
Table V. The dependence of bJ on the ionic radius
of the host lanthanide ion at both 77 K and room
temperature is linear. Figure 2 presents the de-
pendence of bg on the radii for hydrate and deuter-
ate. Both are seen to be linear, with best weighted-
least-squares slopes of 288. 9% 107 cm™ A"! for the
hydrate and 295.6x 107 cm™ A™ for the deuterate,
at 77 K. Considering the errors in b values and
the fact that only three points were used to deter-

mine the slope, we judge these two slopes to agree
within experimental error,

2. Discussion

It has been shown that within experimental error
the deuterate and hydrate crystal fields depend in
the same way on temperature and host lanthanide
ion radius. We wish to inquire, then, what causes
the deuterate to have a 4% stronger quadrupolar
crystal-field parameter b, The deuteron differs
from the proton in three fundamental ways. First,

TABLE III. Crystal-field parameters and ZFS for
LES hydrate and LES deuterate at two temperatures. In
each case b was taken as 0. The error limits are three
standard deviations.

Temp.
(K) Hydrate Deuterate
Ty (MHz) 77 3446.6+2.1 3598+ 4
4 3383.0+2.1 3531, 04
T, (MHz) 77 2550,4+3.6 2645+4
4 2503,5+3.6 2597.7+4
Ty (MHz) 77 1396.8+3.9 1440.5+10
4 1371.9+3.9 1413.0+10
by (10™ em™) 77 204.56+0.15  212,64+0.26
4 200.81+0.15 208.73+0.26
by 10 em™) 77 —4.06+0.05 ~3.95%0,10
4 —-3.99%0.05 ~3.88+0.10
b 10t em™) 77 0,580, 06 0.56+0,13
4 0.58%0. 06 0.52+0.13
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TABLE IV. Temperature dependence of crystal-field
parameters and ZFS for LES hydrate and LESdeuterate in
the regionfrom 77 to4K. Alldependences have beenas-
sumed linear. The error limits given are about three
standard deviations.

Hydrate Deuterate
%7% (MHz K1) 0.87+0.06 0.92+0.11
a7, -1
77 (MHzK™) 0.64+0.10 0.65+0.11
dTy 4 :
7 (MHzK™) 0.34+0.11 0.38+0,27
dby 4 gt
7 107 em™ K7 0.051 0,004 0.053+0, 007
db) —9.59%10™% —9.59%x10™
4 (10™ om -l g1 . .

ar 0T emTKD e +2.8x107
P -3 5.5%x10™

10 .

( cm™ K™) 0+1,.6x10 £3. 6% 107

the magnetic moment of the deuteron is a factor of
3. 25 times smaller than the proton. Second, the
deuteron is a spin-one particle and thus has a
small quadrupole moment. Third, the deuteron
mass is a factor of 2 greater than that of the proton.
Considering the smallness of the quadrupole mo-
ment and the electrostatic nature of crystal-field
theory, a mechanism based on the first two dif-
ferences would be unlikely, The third difference,
however, leads not only to a change in vibrational
frequency, but also to a change in the potential in
which the hydrogen-bonded proton or deuteron vi-
brates (see, for example, Hamilton and Ibers®?),
The hydrogen bond length or angle could change.
Protons or deuterons on the waters of hydration
are almost surely hydrogen bonded to oxygens on
the sulfate groups.?® While evidence is not con-
clusive, it is usually suggested that electric-dipole

E. R. BERNSTEIN AND G. M. DOBBS
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FI1G. 2. Quadrupolar-crystal-field coefficient bg for
three Gd**-doped lanthanide ethyl sulfates vs 4f-electron
radii. The open circles arefor Ln(CyHgSO,)5°9D;0. The
average 4f radii are those estimated by Templeton and
Dauben (Ref. 41), and correspond to Er®*, Sm?*, and La®.
The crystal-field parameters are from Table V. The
experimental error is smaller than the circle size ex-
cept in the case of the erbium deuterate.

moments of the water molecules are aligned with
negative end toward the lanthanide ion. Hence the
nearest neighbors of the central L»** ion are oxy-
gens, with hydrogens pointing toward the negative
sulfate groups. A lengthening of the hydrogen bond
on deuteration might cause not only a change in the
lattice constant but also a change in the metal-oxy-
gen distance, Indeed, this system is particularly
interesting from the point of view of crystal-field
theory since the ligands are neutral. Such a rear-
rangement in the hydrogen bonding on deuteration
would produce a change in the static crystal field.
If this small change in structure could be observed
experimentally it might then be possible to corre-
late it with the observed change in crystal-field pa-
rameters upon deuteration.

If the Gd-O distance does in fact change, this

TABLE V. Crystal parameters and ZFS for three lanthanide ethylsulfate hydrates and deuterates

at 77 K with their standard deviations. The calculations assume b2=0.

The hydrate data are

from Ref. 37.
Lanthanum ethylsulfate Samarium ethylsulfate Erbium ethylsulfate
Hydrate Deuterate Hydrate Deuterate Hydrate Deuterate
T, (MHz) 3440,7+1.,9 3598.0%3 2525.7+2.6 3080.5+2 2515.1+6.1 2685+25
T, (MHz) 2547.5+1.4 2645+3 2202.4+1.7 2301 %2 1927.9+4.4 2055+25
T3 (MHz) 1390.2+1,2 1440.5+10 1218.7«1.5 1231,7+5 1084.4+3.8 1075+50
by (107 em™) 204,17 212.64 175.49 183.18 152.69 161.26
+0,08 +0,24 +0.10 +0.13 +0,24 +1.45
bY (107 cm™) —-4.02 -3.95 -4.01 -3.60 -4.03 —3.48
+0,02 +0.10 +0,03 +0.05 +0,07 +0.55
b} 107 em™) 0.51 0.56 0.53 0.088 0. 57 -0.40
+0,02 +0.13 +0,02 +0,07 +0.06 +0.68
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would have important consequences for diffraction
crystalography. It is customary in x-ray or neu-
tron-diffraction studies to hold the metal-oxygen
distance constant when simultaneously refining the
structure for protonated and deuterated species. 34
By this simple mechanism, the effect of deutera-
tion might be the same as a change in lattice size
with temperature or hydrostatic pressure, 5%

Even if the Gd-O distance does not change, it is
possible that the positions of the deuterons do, It
is known that the water hydrogens are close enough
to the gadolinium ion to allow dynamic nuclear-
polarization experiments to be performed,3® In ab
initio calculation of crystal-field parameters by
lattice summations, results are quite sensitive to
how the water dipole moment is treated,*’ Gen-
erally, it is accommodated by assuming that the
water molecule is composed of fractional charges
placed so the entire molecule is neutral, Clearly,
a change in the water bond angle would cause bJ to
change, Less-accurate calculations include the
nearest-neighbor oxygens only, predicting no ef-
fect for a change in hydrogen-bond orientation,

If equilibrium positions of neither oxygens nor
hydrogens change when the structure for the hy-
drate and deuterate are refined independently, one
might have to resort to a dynamic crystal-field
theory to account for the difference by considering
a change in the oxygen-hydrogen vibration fre-
quency.

Measurement of the dependence of the nuclear-
quadrupole-coupling parameter on deuteration, host
lattice, and hydrostatic pressure would yield infor-
mation on the contribution of the lattice or crystal
electric-field gradient eq, to the total field gradi-
ent. A change due to these effects would be dif-
ficult to see for the deuterate in LES because its
magnitude would be about the same size as the
presently available standard deviation of P, due to
linewidth,

IV. HYPERFINE SPECTRA OF 155Gd AND 157Gd
A. Results and analysis

Hyperfine structure was not resolved in the
naturally occurring gadolinium spectra. In order
to determine whether it was really absent, or mea-
sure its magnitude if present, isotopically enriched
crystals of 0. 1-mole% concentration were pre-
pared. Since g is isotropic to five decimal places,®
the hyperfine-structvre Hamiltonian in axial sym-
metry may be represented as'?

5ns =AS, L, + 3AS I+ 8.1)+ P2 - 31+ 1)),
(4.1)

in which A is the isotropic hyperfine constant, and
P is the nuclear-electric-quadrupole constant, and
7 is the nuclear- spin operator. For these isotopes
I=3% and as before $=3. The Hamiltonian, there-
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fore, is a 32X 32 matrix when represented in the
complete set of high-field states, |MgM,)= |Mg |M,;)
quantized along the three-fold crystal symmetry
axis,

In order to obtain an approximate analysis of the
zero-field spectra, it would be very useful to have
approximate analytical expressions for the zero-
field energy levels., It was shown above that the
off-diagonal term in the crystal field is quite small,
so it will be temporarily neglected. Zero-field
states can then be treated as pure high-field states
| Mg M;). For convenience, elements off diagonal
in the hyperfine operator if Mg #+ 3 will also be
neglected, This approximation is worse than the
neglect of off-diagonal crystal-field terms, but it
will be adequate for an approximate set of hyper-
fine constants from which to initiate a least-squares
analysis of the exact diagonalization of the full 32
X 32 matrix. These off-diagonal elements cause
shifts on the order of 3.5 MHz., Under these two
approximations the matrix breaks up into subma-
tricies of size no greater than 2X2., The energy-
level formulas are given in Table VI, Using A M
=+ 1, AM, =0 selection rules one may then calcu-
late the spectrum. A 15-line spectrum is pre-
dicted, with crystal-field transition T, splitting

TABLE VI. Approximate hyperfine energy levels for
S=landI=3 [R=® A’~AP+PHV?],

Levels Energies Kets in eigenfunction
Ey iA+P+E, 1z 8, 1-3-%
Eg 4a-P+E, 13-%), 1-% %
Eg -fA-P+E, 13-%), 1-3 %)
Ey -%A+R+E, 13 2, 1-3 %

13-%), 1-3-%)
Ey ~4A-R+E, Iz ), I-3 %)

13-2), 1 =3-%)
Ey TA+PE; 12 8, 1-3-9
E3y A-P+E, 13 %), 1-3-%)
Eys ~3A-P+Ey 12-2) 1-%3 &
Ey -3A+P+E, 13-5), 1-8 §
Ey ?A*‘PJsz 13 8, 1-5-%
Ey 2A-P+E, 13 2), 1-3-%)
Eyg *%A'PJrEz 15=3) 1 =% %)
Ey, ~2A+P+E, 13-, 1-3 %
Ey ?A+P+E1 I+ &), 1-1-%
Eqp %A'P+E1 |-;- ), |—%—%>
Eqy -fA-P+E, lg=%)% l-5 %)
By ~HA+PiEy -9, -1 B
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TABLE VII. Hyperfine transitions for S=%, I=§ ac-
cording to a AMg=+1, AM,=I selection rule. The energy
level formulas are from Table VI. The first subscript
of a Ty, indicates from which crystal-field transition it
is derived.

T
Tp=E;p—Ep=T +3A
Ty=Ey—Ey=T-34

Ty=Ey—Ey=T+34A
Ty3=Ey—Ep=Ti-$A

T,
Ty = Ep —Egy =T+ 3A
Ty=Ey—Ey=T,-3A

Ty=Ey~Egp=Ty+3A
Ty = Ey—Eyy=T,—3A
Ty
Ty =Egy—Ey=Ty+ 1A
Tyy=Eg —E;s=T3+A—-P+R
Ty=Ey—Ey=T;—-2A+P-R
Ty =Ey-Ep=T;~3A

Ty=Ey—E,=Ty+A—-P—R
T3y =E3—Ey=T3+34A
Ty=Eq —E;;=Ty—2A+P+R

into four lines numbered Ty, to Ty,, transition T,
splitting into four lines numbered T,, to Ty, and
transition T; splitting into seven lines numbered
T, to Tg;. The transition energies are given in
Table VII.

Of course, the ordering of these transitions in
energy will depend on the signs and magnitudes of
the parameters. One may easily see that T, and T,
are each split by the same amount and consist of
four equally spaced lines, each with a total spread
of 3A. Their positions are independent of P to this
order of approximation and the spectrum is invari-
ant to the sign of A, It is therefore necessary to
look to the T; transition splitting to determine P
and the sign of A and P, Note that the splitting is
asymmetrical about 73 and hence the absolute and
relative signs of A and P may be determined (see
Table VII). As previously mentioned, Bleaney et
al.® were able to determine the absolute signs of
the crystal-field parameters; absolute signs are
thereby obtained for all diagonal parameters in the
spin-Hamiltonian (A, P, BY).

Figure 3 presents spectra for *’Gd-doped LES
at 4 K. It is obvious that the hyperfine splitting is
not resolved for T, and T,. There are, however,
five lines present for 73, In order to assign the
lines, the approximate expressions of Table VII
are needed, A series of plots of these expressions
for T,, can be computed for a wide range of values
of A and P, Each such plot is for P ranging from
- 100 to 100 MHz for constant A, such as is illus-
trated in Fig, 4 for A=18 MHz. On examining such
plots for A ranging from - 25 to 25 MHz, only one
set of approximate values fits the observed spectra
for each isotope and different modulation strengths.
The assignment, then, of the five-line spectrum is
as follows. The broad center line is assumed to
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FIG. 3. ZFPMR spectrum of La(CyHzSO,)+» 9H,O: 0.1-
mole% '57Gd*. Net absorption in arbitrary units is shown
with net zero-field absorption directed up and net low-
field absorption directed down. (a) Ty, transition corre-
sponding to the hyperfine splitting of the I=0 T, transi-
tion. This spectrum was taken at 77 K in a cavity with
1-A modulation current and 2-uV lockin amplifier sensi-
tivity. (b) Ty, transition corresponding to the hyperfine
splitting of the I=0 T, transition. This spectrum was
taken at 4 K in a cavity with 500-mA modulation cur-
rent and 10 uV lockin amplifier sensitivity. (c) T,
transition corresponding to the hyperfine splitting of the
I=0 T, transition. This spectrum was taken at 4 Kin a
cavity with 1-A modulation current and 50-uV lockin am-
plifier sensitivty.

consist of three unresolved transitions. The re-
maining four lines are assigned as T35, T37, T3,
and T3, in order of increasing frequency, The
transition frequencies for the four lines which are
invariant to modulation-field intensity, are given
in Table VIII,

Least-squares best-fit parameters are calculated
by numerical diagonalization of the 32x 32 Hamilto-
nian matrix uith all off-diagonal elements included.
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FIG. 4. Approximate ZFPMR hyperfine Ty, transition -
energies as a function of the nuclear-electric-quadrupole
spin-Hamiltonian parameter P for constant nuclear-mag-
netic-dipole spin-Hamiltonian parameter A=18 MHz. The
formulas for the T, are from Table VII.

The best-fit crystal-field parameters from #°Gd,
as determined in the previous Sec, III, are em-
ployed. Any possible isotopic dependence of the
crystal-field parameters (for Gd isotope) is there-
by neglected, Such a dependence has been pro-
posed by Marshall*® for Gd®* in charge-compen-
sated ThO,, but the difference between the I=0
isotope and the odd isotopes is just larger than his
experimental error., Since our lines are much
broader than those in ThO,, any such effects are
unlikely to be observed in this system,

The rms error in the fit is defined as 6 and is
also given in Table VIII, After the least-squares
routine has converged on a minimum 6, there are
various sets of local minima which give approxi-
mately the same minimum value, due to roundoff
error in the computation, A final value for A and
P may then be taken as the average of those belong-
ing to the local minima, The standard deviation
of these local minima average of 6, A, and P is
defined as 0,61, o;{A], and o[P], respectively.
Values of A and P so calculated are given in Table
IX. Predicted transition frequencies from them
and the values of 6 and the o;’s are given in Table
VIII. Note that in three of the four cases, the
rms error in calculated frequency for each transi-
tion is greater than the standard deviation of fre-
quency measurements (2 MHz at 77 K, 1,2 MHz at
4 K). Note also that the observed frequencies at
77 K are always higher than the calculated ones.
One could reduce 6 for these cases by lowering the
value of T;; however, there is no justification for
changing experimental values in this manner, so
the small systematic error in calculated frequen-
cies must simply be accepted,

In order to calculate the standard deviations in
parameters A and P, local linear approximations
to the derivitives of the transition frequencies with
-respect to A and P are used. These standard de-
viations in parameters o[A] and o] P] are propa-
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gated directly from the standard deviations in ob-
served transition frequencies. The standard de-
viations thus calculated appear in Table IX. For
some calculations involving both A and P it may
be necessary to calculate the error in a resultant
function. This computation requires the covari-
ance of A and P as well as their standard devia-
tions, and this covariance is estimated to be 1. 56
X 10" MHz at 77 K and 1,26X 10" MHz at 4 K. A
description of the statistical procedures may be
found in a recent monograph,* Of course o,[A]
and o P| are much smaller than o[A] and o] P], as
would be expected, It should be emphasized that
the standard deviations quoted here are indicative
of the linewidth of Gd* in this salt, rather than in-
dicative of the accuracy of ZFPMR,

Having determined least-squares best-fit hyper-
fine constants, it is of interest to determine, ina
qualitative way, the fit of the relative intensities.
This is a complicated problem in ZFPMR because
of the influence of the modulation magnetic field.
Since the modulation magnetic field may vary over
the sample volume, the line-shape parameters for
the low-field spectrum may be different than for
the zero-field spectrum. While it has been dem-
onstrated that such factors play little or no role in
the determination of zero-field transition frequen-
cies, 10 the over-all shape and appearance of the

TABLE VIII. Transition frequencies and other param-
eters for gadolinium-doped lanthanum ethylsulfate at two
temperatures for best least-squares-fit hyperfine param-
eters.

(57Gd IﬁﬁGd
Parameter (MHz) 77 K 4 K 77 K 4 K
r obs, 2 1225.0 1200. 4 1248.6 1219. 4
% cale. 1222.5 1200. 8 1248.0 1219.6
r obs. ? 1320. 2 1296. 0 1334.6 1310.9
3 cale. 1315.0 1293.4 1332.0 1309. 4
r obs.? 1465.9 1440.4 1451.2 1425.3
3 cale. 1460. 5 1438.0 1448.5 1423.9
I obs. 2 1557.9 1532. 8 1535. 2 1514.8
33 cale. 1553.0 1533.5 1534.0 1515.1
&0 4.3 1.6 1.8 0.9
of8]° 5.2x1073 9.9x107° 2.5%107 3.9x107
olA]¢ 5.1x107%  7.7x10%  2.6x102  6.8x107
os[P]® 1.4x107"  4.4x10%  5.3x10°2  4,1x 1072

2The standard deviation of transition frequencies is
taken to be 2. 0 MHz at 77 K, and 1.2 MHz at 4 K.

PThe rms error of the fit.

°The standard deviation of the rms error of the fit.
This is caused by roundoff error in the calculation.
Several sets of A and P give rise to approximately the
same 6 in the local minimum.

9The standard deviation of these A values. described in
footnote c. The best fit A is the mean of these A values.

®The standard deviation of the various P values de-
scribed in footnote c. The best fit P is the mean of these
P values.
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TABLE IX. Best-fit hyperfine constants at two tem-
peratures, For definition of symbols, see text.

Isotope  Temp. (K) A o[A]* P o[P)* Units®
157Gp 77 18.26 0.37 -52.8 1.26 MHz
157Gq 4 18.10 0.22 ~53,09 0.76 MHz
155Gq 77 14.59 0.37 -48.01 1,26 MHz
1%5Gd 4 14.33 0.22 —51.16 0,76 MHz
157Gq ki 6.09 0.12 ~—17.63 0,42 10" em™!
151Gq 4 6.034 0.07 -17.71 0.25 10" em™!
155Gg 77 4.86 0.12 -16.01 0.42 10 em™!
155Gq 4 4.78 0.07 -17.06 0.25 10 cm™!
157Gq 77 6.55 0.13 -18.96 0.45 G

157Gq 4 6.49 0.08 -19.04 0.27 G

155Gd 77 5.23 0.13 -17.22 0.45 G

155Gd 4 5.14 0.08 —18.35 0.27 G

2Based on an averaged standard deviation of 2 MHz for
transition frequencies at 77 K, and 1.2 MHz at 4 K.

PConversion of MHz to G was accomplished using a g
factor of 1.9919 [Ref. 39(a)].

spectra vary greatly with modulation-field strength,
The most stringent test of the quality of calculated
parameters is thus a complete synthesis of ob-
served total spectrometer output. Therefore,
many calculated spectra have been plotted assum-
ing various effective modulation fields and various
Gaussian linewidths for the zero- and low-field
spectra, A typical result is shown in Fig. 5(a).
While the fit is qualitatively correct in many re-
spects, it is not an exact fit (compare with Fig. 3).
Of course, spectra for low fields may depend on the
angles between modulation field and crystal axes,
and, as such, on whether single crystals were
used. To illustrate the angular effect, Fig. 5(b)
contains a spectrum with the modulation field per-
pendicular to the crystal axis, It is clear that for
anexact computation of the spectrum would have to
integrate over the entire sample volume to account
for the field magnitude and angular variations.
Approximate expressions for transition energies
indicated that T, and T, should each be split into
four equally spaced lines with total spread 3A.
The theoretical line-shape calculations show that
observed spectra do not contradict this conclusion,
Indeed, starting with the best fit A, one may cal-
culate the spectrum shown in Fig, 5(c), after suit-
able choice of line shapes. The “doublet” spec-
trum arises from the large linewidth in this salt.
It is particularly interesting to examine a salt
with sharper lines but still characterized by a
similar Hamiltonian. The expected zero-field
spectrum for Bi,Mg;(NO,),, . 24H,0, bismuth mag-
nesium double-nitrate (BMDN), is very similar,
even though the symmetry is approximately Cs;
(exactly C,) rather than Cj,.°™® The correspond-
ing hyperfine split T, transition is shown in Fig. 6.
Total spread in the spectrum is consistent with
recent ENDOR measurement of the hyperfine con-
stants of this sample by Butti et al.’* The T,
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FIG. 5. Computer-synthesized ZFPMR spectra of Gd*-
doped La(C,H;S0,);+ 9H,0 at 4 K, using the best least-
squares fit spin-Hamiltonian parameters. Net absorp-
tion in arbitrary units is shown with net zero-field absorp-
tion directed up and net low-field absorption directed
down. Effective conditions were chosen to give qualitative
agreement with line intensity and shape. (a) Ty, transi-
tions at an effective modulation field of 5 G directed paral-
lel to the crystal-symmetry axis. The effective zero-
field linewidth is 25 G and the effective low-field linewidth
is 60 G. Compare with Fig. 3(c). (b) Ty, transitions at
an effective modulation field of 10 G directed perpendicu-
lar to the crystal symmetry axis., The effective zero-
field linewidth is 25 G and the effective low-field line-
width is 50 G. Compare with Fig. 3(c). (c) Ty, transi-
tions at an effective modulation field of 5 G directed paral-
lel to the crystal symmetry axis. The effective zero-field
linewidth is 20 G and the effective low-field linewidth is
40 G. Compare with Fig. 3(b).

transition, from which a measurement of the quad-
rupole parameter P could be made, lies at about
750 MHz. The recent availability of crystal-field
parameters for a variety of gadolinium-doped
lanthanide double nitrates®® (LMDN) makes it par-
ticularly interesting to determine the series varia-
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FIG. 6. ZFPMR spectrum of the T, transition cor-
responding to the hyperfine splitting of the T, transition
of Bi,Mgs(NOs);, * 24H,0:0. 1-mole% 'Gd* at 4 K. Net
absorption in arbitrary units is shown with net zero-field
absorption directed up and net low-field absorption directed
down. This spectrum was taken in a cavity with 500-mA
modulation current and 20-uV lockin amplifier sensitivity.
Compare with Fig. 3(b) in which the lines are broader.

tion of the hyperfine constants by ZFPMR or zero-
field electron nucleus double resonance (ZFENDOR).

B. Discussion

Hyperfine structure (hfs) for Gd** is governed
by properties of the half-filled 4f shell, The 8S, /2
ground state arising from the 4f" configuration is
almost pure, since the next-higher electronic state
8p,,, is from the same configuration and has an en-
ergy of about 32000 cm™, Wybourne!® estimates
the coefficient for mixing ®P, , into the ground
state in intermediate coupling to be about 0. 1618
from the g values for the states. It is reasonable,
therefore, to begin our discussion of hyperfine
structure from the assumption of pure 85, /2e

1. Magnetic-dipole hyperfine structure

There are three basic contributions to the “mag-
netic-dipole hyperfine” structure, They are the
orbital, spin-dipolar, and Fermi contact interac-
tions. % For a half-filled shell in LS coupling, all
three contributions vanish., The first vanishes be-
cause there is no orbital angular momentum, the
second vanishes because spherical symmetry of
the electron spin magnetization gives rise to no
net magnetization at the nucleus, and the third
vanishes because f electrons have a node at the
origin,

Appearance, then, of hfs in a half-filled shell or
S-state ion is ascribed to breakdown of these as-
sumptions due to one or more of several mecha-
nisms, One such mechanism is core polariza-
tion, 2'1* In order to calculate the magnitude of
core polarization one must do a so-called unre-
stricted Hartree-Fock calculation, " in which two
electrons in the same orbital are allowed to have
different radii, depending on the orientation of their
spins with respect to the open shell electrons,

A second possible contribution to S-state ion hy-
perfine interactions is relativistic in nature and
deals with breakdown of LS coupling. This contri-
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bution, denoted Agprsc in the notation of Sandars
and Beck, %e is due to mixing of higher electronic
states into the ground state by spin-orbit and spin-
spin interactions, This has the effect of destroy-
ing spherical symmetry for the half-filled and
closed shells and thus some f or other [+#0 elec-
trons can appear at the origin. For the 85, /2 state
of europium these authors find the spin-orbit
operator dominant, Agppsc is found to be opposite
in sign to the experimental A and “the Casimir ef-
fect” must be used to bring the calculated value of
A closer to the experimental one. In order to es-
timate the value of Aq,y, one must numerically
solve the radial Dirac equation, Even by using the
best relativistic wave functions for europium avail-
able at the time, they can reduce the discrepancy
between App1sc and experiment by only one-half,
Fortunately, there is an experimental way to tell
whether core polarization or relativistic effects
give rise to A for half-filled shell ions, One may
define the so called hyperfine anomaly A which is

-given by the equation

1554 /1574 = [ g,(155) /g, (157) (1 + &) , (4.2)

in which the g,’s are the nuclear g values for the
indicated isotopes. A is essentially a measure of
how the distribution of nuclear magnetization inside
the nucleus differs for each isotope. This isotope
effect on the nuclear-magnetization distribution is
probed through interaction with s electrons inside
the nucleus. Our interest is not necessarily in
nuclear physics, but rather in the fact that core
polarization will lead to a hyperfine anomaly and
relativistic effects will not. *®

Table X presents a survey of measurements of
A and calculated A’s for Gd®* in a variety of hosts.
Included is our measurement of A in LES, which
is the largest value for Gd* in a diamagnetic host,.
The hyperfine-structure anomalies are calculated
using a ratio of g, values of 0.7633+ 0. 0035 from
electron-nucleus double resonance (ENDOR)® in
Ce0,. It is seen that A is zero within experimen-
tal error for diamagnetic hosts even for precise
ENDOR determinations. Large errors in A are
primarily due to error in the g, ratio; hence,
ENDOR determinations show little improvement
in accuracy over EPR determinations, Improve-
ment in the accuracy of A must await a better mea-
surement of the ratio of the g,’s.

One can ask whether the upper bound on A, set
by its experimental error, is small enough to de-
cide that core polarization is not playing a major
role in the appearance of hyperfine structure, The
hfs anomaly for Eu®* was determined by Baker and
Williams®® to be (- 0.78+0. 11)%, in a situation for
which it has been suggested that core polarization
accounts for about 80% of the hyperfine constant,
One must therefore conclude that present error
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TABLE X. Magnetic dipolar hyperfine constants for gadolinium as determined by EPR, ENDOR, and other techniques. ?

Material and

technique Ref.?  Temp. (K) 1574 (MHz) 1554 (MHz) 1554 /1574 - A%(%)
ThO, 1 290 15.97+0.33 11.85+0.42 0.742+0. 042 2.8+5.8
2 7 —15,816+0.008 —-12,063+0, 008 0.7627 £0. 0009 0.08+0.3
3 2 15.752+0,112 12,044+ 0. 084 0.765+0, 011 -0.17+1,9
CeO, 4 300 15.21+£0.28 11.62+0. 28 0.764+0, 032 —-0.09+4.7
5 14 15.809+0, 005 12.048+0.003 0.7621+0.0004 0.16+0.51
BaO 6 77 14,38+0, 56 10.96+0.56 0.762+0.069 0.14+9
MgO 7 Room 15.17+0.15 11.542+0.15 0.761+0.017 0.32+£2.7
CaO 8 cee 16.1+0.3 12.35+0.3 0.767+ 0.006 —-0.5+4.8
CawQ, 9 77 16.2+ 0, 055 12.40+0.055 0.7654+0.006 —-0.28+1,2
ZrSi0y 10 300 16.922+0, 084 12.907 £ 0. 055 0.7627+0.007 0.07+1.3
11 290 12.63+0, 027 9.67+0, 027 0.7656+0, 004 -0.3%£0.95
HESiO, 10 300 17,006 £ 0, 055 12,964 +0, 055 0.7623+0. 0057 0.13+1.2
ThSiO, 10 300 16.643+0.055 12.657+0.055 0.7605+0, 0058 0.37+1.2
CaCOy 12 77 15.897+0,012 12.122+0,013 0.7625+0, 0014 0.1+0.64
BMDN 13 2 16.486+0,003 12.559+0.002 0.76180+ 0. 00026 0.2+0.5
14 77 14.89+0.48 11.15+0.84 0.749+0.08 1.9+11
LES 15 77 18.26+0.37 14.59+0.37 0.799+0, 037 —4,7+5.3
15 4 18.10+0.22 14.33+0.22 0.791+£0, 022 ~-3.7+3.4
YPO, 16 Room —-16.98+0, 08 —-13.02+0,08 0,7668+0,0083 —-0.45+0.63
GdN(nmr) 17 4 19. 567 14,734 0.753+0, 004 1.35+1,03
atom Gd(opt) 18 soe cee o 0.80+0.02 —4,8+3.1
atom Gd(opt) 19 0.79+0.02 -3.5+3.1
atom Gd(beam) 20 LEX coe LER 0.76252+0, 00013 0.102+0.48

#Some data for this table are taken from Refs. 59 and 15. If notechnique is mentioned EPR or ENDOR was used.

b(1) Ref. 80; (2) Ref. 48; (3) Ref. 31; (4) I. V. Vinokurov, Z. N. Zonn, and V. A. Ioffe, Sov. Phys. -Solid State 7,
814 (1965); (5) Ref. 59; (6) K. E. Mann and I. V. Holroyd, Phys. Status Solidi 28, K27 (1968); (7) M. M. Abraham, L.
A. Boatner, Y. Chen, J. L. Kolopus, and R. W. Reynolds, Phys. Rev. B 4, 2853 (1971); (8) A.T. Omlinson, thesis
University of Keele 1968; (unpublished); (9) C. F. Hempstead and K. D. Bowers, Phys. Rev. 118, 131 (1960): (10) M.
M. Abraham, G. W. Clark, C. B. Finch, R. W. Reynolds, and H. Zeldes, J. Chem. Phys. 50, 2057 (1969); (11) D. R.
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°A was calculated using a ratio of g, factors of ' 0.7633 0. 0035 from Ref. 59.

limits on A are not as yet small enough for a mean-
ingful decision about the extent of core polarization
in Gd* to be made, Such a determination must
await more precise experiments to measure the
various contributions to A, and must await accurate
unrestricted Hartree-Fock and relativistic wave
functions to calculate these contributions from first
principles.

It is unfortunate that the ZFPMR experimental
error is greater than the difference between the
measured A values for 77 and 4 K, Theories have
been developed for the temperature dependence of
the hyperfine constant for S-state ions,®! which
yield a 2% decrease in A for Eu® in CaF, on going
from 4 to 77 K, due to temperature-dependent con-
figuration mixing by the orbit-lattice interaction.
ZFENDOR should allow precise enough measure-
ments to determine temperature dependence for
lower than cubic symmetry by reducing the prob-
lem of broad lines in LES, Of course, this tem-
perature dependence may be especially well studied

in ThO, and BMDN for which magnetic resonance
lines are considerably sharper than in LES.

2. Quadrupole interaction

The electric-quadrupole term in the Hamiltonian
represents the energy of interaction of the electric-
field gradient (EFG) at the nucleus with the nuclear-

_electric-quadrupole moment and is written as®?

(4.3)

in which egq, is the EFG due to the external crystal
field about the ion, egq, is the EFG due to the val-
ence-shell electrons, and e is the charge on the
electron. The two parameters y., and R, are
Sternheimer antishielding factors which account
for the effect of distortion of the closed shells of
electrons by the gradients, They may have either
sign and hence may reverse the direction of the
field gradient.

Since ¢, is proportional to the quadrupolar crys-
tal-field parameter A, it must vanish in cubic

eq=eq,(1-v.)+eq,(1-R,) ,
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symmetry. (A discussion of the relation between
A7’ s and B7’s can be found in Ref, 40.) Many of
the hosts in Table X are cubic, and hence observa-
tion of a small quadrupole term in their EPR would
be due to the second part of Eq. (4.3). However,
in the nonrelativistic limit of LS coupling, the sec-
ond term in Eq. (4. 3) would also vanish® due to
the spherical symmetry of the half-filled shell,

We know of only one case for which a quadrupolar-
interaction term has been measured for Gd&* in
cubic symmetry; namely, the ENDOR investigation
in ThO, by Hurrell,® He was able to obtain spectra
for the *'Gd* isotope only and measured the quad-
rupole constant for the appropriate cubic spin
Hamiltonian®® B=—-0.687+0. 18 MHz, The other
two rare-earth S-state ions have somewhat larger
constants, 62:¢°

Evans, Sandars, and Woodgate® have calculated
the various contributions to the quadrupolar con-
stant for the S-state atoms, *Mn, and both odd
europium isotopes. They ascribe nonzero contri-
butions to the quadrupole interaction to a break-
down of LS coupling, and to a breakdown of the
nonrelativistic approximation, Using relativistic
wave functions it is possible to calculate a contri-
bution called the Casimir effect indicated by Bc,s,,
which in both cases was found to dominate the
breakdown of LS coupling,

Since the quadrupole interaction is so small in
cubic symmetry for which the first part in Eq.

(4. 3) vanishes, it may be expected that the first
term will dominate the second in symmetry lower
than cubic., There are only three cases for which
this interaction has been measured, Using a stan-
dard quadrupole term of the form P[I12- 3I(I+1)],
Danner, Ranon, and Stamires® and Rannon and
Stamires® were able to measure [*"P|=53,7+0.3
MHz and |%%®P|=50.4% 0, 3 MHz in YPO, by ordi-
nary EPR, It is interesting to note that the ZFPMR
studies of Kahle et al. % did not reveal the existence
of hyperfine structure in the spectrum of this salt.
Using high-field ENDOR, Butti et al. % measured
5Tp= 26, 527+ 0, 003 MHz and **P= 24, 905+ 0, 002
MHz in BMDN, For convenience, the value ob-
tained in this work is restated: "P=-53.09+0.76
MHz and ®P=-51,16+0.76 MHz in LES. The
relatively large reported error (30) is mostly de-
termined by the linewidth of Gd* transitions in
LES,

P may be written as 3Qe?q/4I(2I - 1). Hence, a
ratio of P values for two isotopes should equal the
ratio of quadrupole moments for each, if they have
the same spin and are positioned in the same EFG.
Thus one can compare the ratio of P’s with the
ratio of nuclear-electric-quadrupole moments,
R(Q)=1¥"Q/1%Q. There are four measurements of
R(Q). They are the optical determination by
Kaliteevski®® of 1,28+ 0. 02, the optical determina-
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tion by Speck’ of 0.80< 0. 02, the Mdssbauer de-
termination by Prange’ of 0.78+0.06, and the ac-
curate atomic beam measurement by Unsworth™ of
1.06534+ 0. 00003.

The ratio of P values, R(P)=%"pP/%p, from
above are 1,065+ 0. 012 for YPO,, 1,06513+ 0, 00021
for BMDN, and 1,038+ 0,030 for LES. The optical
determinations are mutually inconsistent. Even
though one of them is consistent with the Méssbauer
value, all three are inconsistent with the accurate
beam value, Moreover, all three R(P)’s agree with
the beam measurement within experimental error.

It is interesting to note that except possibly for
sign, the P values for YPO, and LES agree with
each other within experimental error. If eq, were
the only gradient contributing to the quadrupole
term, then the A] values for each salt would have
to be the same if y., were the same for both. In
fact, estimates lead one to conclude that this is
roughly correct with 90 cm™ =AJ(»%)=100 cm™
for both YPO, and LES.™ While b] for these sys-
tems are quite different [6)(YPO,)~ 3.5 bJ(LES)]
it must be remembered that AJ is the important
crystal-field parameter for the quadrupole-inter-
action constant, It can be demonstrated that the
relationship between these two parameters is nei-
ther direct nor simple, Indeed, higher-order and
indirect terms may invalidate lattice summations
and even simple decomposition of mechanisms; it
is perhaps possible that in low-symmetry (noncubic)
crystals an apparent g, is enhanced, This latter
point would most simply explain the fact that

|P(YPO,) | = | P(LES)| for Gd*. It would be par-
ticularly useful if ZFPMR could be employed to
obtain a sign for P in YPO,.

Finally, it is appropriate to inquire whether the
quadrupole coefficients for LES are of about the
right magnitude in an absolute sense, The EFG at
the La3* nucleus of diamagnetic LES has been mea-
sured by NMR and, based on this determination, a
procedure has been developed for estimating the
ionic contribution to P for any lanthanide ion in
LES.™ Also, the lattice contribution to P, Pj..,
for 1%°Ga@* in neodynium ethylsulfate (NdES) has
been measured by nuclear-alignment techniques, ™
Block and Shirley™ find Py, for *°Gd* to be
—43,2+ 1.5 MHz for *¥*3Gd in NdES using a quad-
rupole moment of 1.56 b. Since this isotope has
the same spin as those of interest here, one may
predict °P equal to —44.0+7.3 MHz using *°Q
=1.59+0.16 b.”® Considering the approximations
in the above calculation and the fact that the host
lanthanide ion is different, observed and predicted
magnitude and absolute sign of P are judged to be
in agreement.

It is possible to evaluate P in another way. If
A} is a quadrupolar-lattice sum, one can write
(using the notation of Edmonds™)



4636 E. R. BERNSTEIN

Pt =3QAM /121 - 1), (4.4)
in which 74=1 -7, and is assumed to be +21.5 for
LES. The negative sign is usually chosen to agree
with antishielding calculations. Experimental crys-
tal-field parameters from optical experiments are
defined as V3=7z43(r®. (%) is the expectation
value of the radius of the open-shell 4f electrons.
Edmonds’s vzAJ is equal to Freeman and Watson’s"™®
A}, Powell and Orbach”™ obtain V3=100.6 cm™

and Freeman and Watson’s best Hartree-Fock esti-
mate of {#2) is 0.785a % vzA) for Gd then becomes
128452 cm™ (g, is the Bohr radius). Finally, Ed-
monds estimates yy(La)/vg(La) equal to —550, which
yields AJyy(Gd)= —~5504375(Gd) = (- 7. 04 X 10*)ag?
cm™, Therefore, with the measurement of %3¢
=1.59+0.16 b, a value of ***P,,,, equal to -110
MHz obtains.

This estimate is just over a factor of 2 from our
measurements of %P, Allowing for generous error
limits at each step in the above procedure, and
allowing for the fact that no account of ¢, has been
made, once again the measured value and sign of
P appear reasonable. For gadolinium in crystals
of less than cubic symmetry, the hyperfine spec-
trum may be expected to be dominated by the quad-
rupole interaction, in contrast to the more usual
situation, for which P is much smaller than A.

This quadrupole interaction is composed almost ex-
clusively from lattice contributions.

V. LINEWIDTHS

Linewidths for Gd-doped LES are essentially the
same for ZFPMR transitions as EPR transitions
(~20-30 MHz). Thus, inhomogeneity in the exter-
nal field contributes in only a small way to the line-
width. Also, since the linewidth is largely inde-
pendent of temperature and the strength of the ex-
ternal field, one may rule out broadening by spin-
lattice relaxation as the cause of broad lines. In-
deed, the observed linewidth of 25 MHz sets a 12.7
nsec lower bound on the relaxation times. The
spin-lattice relaxation time has been investigated
by several workers™ and found to be four or five
orders of magnitude slower than this lower limit.
The linewidth of gadolinium in various hosts is
known to depend on concentration, at concentrations
above about 0. 1 mole%. %%

The residual linewidth in LES is caused by in-
homogeneous broadening of the resonance line; this
broadening is much greater than in other hosts.
One can presume it to result from two factors;
namely, the statistical variation of the crystal-
field parameters due to lattice strains and dipolar
interaction with the neighboring nuclear moments.

On this basis, then, one might be willing to sug-
gest that the broadening in gadolinium-doped LES
must be entirely due to dipolar broadening. This
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is, however, not the case, as Nd-doped LES shows
a linewidth of 8-10 MHz for many of its lines. 410
Since transitions are not observed between crystal-
field levels in Nd (the first low-lying crystal-field
level is 100 cm™ above the ground state), inhomo-
geneties in the crystal potential must play a greatly
reduced role in the Nd line broadening. Hence a
major part of the linewidth for gadolinium must
arise from variation in the crystal field. If relaxa-
tion times contributed significantly to the linewidth,
one would expect Nd to have wider lines than Gd be-
cause the relaxation time of the former is consider-
ably faster.

The effect of the surrounding nuclear magnetic
moments associated with water of hydration in LES
can be seen in several ways. The linewidth of Gd-
doped BMDN is on the order of 10 MHz. This com-
parative sharpness can be explained by the fact that
there are only six neighboring nitrogens in BMDN,
but there are 18 neighboring protons in LES. Ad-
ditionally, the magnetic moment of “N is seven
times smaller than that of 'H. The protons of the
water molecules are tightly coupled to the gadolin-
ium ion, since one may observe their dynamic
nuclear orientation.3® Sharpening of the spectrum
on deuteration is accounted for by the magnetic mo-
ment of the deuteron being 3. 25 times smaller than
that of the proton. The fact that there is only a
20-50% sharpening is probably associated with the
substantial inhomogeneties of the crystal field in
LES. It is thus clear that both dipolar and crystal-
field mechanism contribute roughly equally to the
observed Gd* in LES zero-field linewidth.

In the series of ethylsulfates in which the host
ion is varied, a great variety of linewidths are ob-
served. In this instance observed linewidths are
a complicated function of the magnetic moment and
relaxation time of the host lanthanide. The de-
tailed explanation of the trends as a function of
host, temperature, and transition involved must
await a suitable theory for paramagnetic relaxa-
tion of rare-earth S-state ions in either zero or
high field.

VI. CONCLUSION

Both crystal-field and hyperfine interactions in
Gd®*-doped LES hydrate have been studied. It was
shown that the zero-field spin Hamiltonian agrees
with the high-field spin Hamiltonian to a higher
degree of accuracy than has previously been
achieved. The available signal-to-noise ratio en-
abled both the magnitude and absolute sign of the
dipole- and electric-quadrupole hyperfine interac-
tion constants for this system to be determined for
the first time. These constants had previously
gone unobserved during 23 years of conventional
EPR experiments. These parameters were dis-
cussed from the viewpoint of the theory of hfs, and
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their magnitudes and signs were argued to be rea-
sonable in comparison with other systems. Indeed,
it is shown that for systems of lower than cubic
symmetry, the quadrupole interaction should domi-
nate the dipole interaction in the spectrum. While
the size of P can be determined in high field by
placing H perpendicular to the crystal symmetry
axis, its sign remains indeterminate except at ex-
tremely low temperatures (~0.001 K).

Finally, a previously unnoticed effect was re-
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ported. The crystal field parameters of gadolinium
in various lanthanide ethylsulfates change on deutera
tion of the waters of hydration. Some mechanisms
were discussed which cause this change as well as
linewidths for the isomorphic series of lanthanide
ethylsulfates. For the diamagnetic LES the Gd3*
linewidths are shown to arise from at least two
separate and distinct factors; crystal-field inhomo-
geneities and magnetic dipole-dipole (local-field)
coupling with neighboring nuclei.
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