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We summarize the application of nuclear magnetic resonance of oriented nuclei to rare-earth im-

purities implanted in ferromagnetic crystals of heavy rare-earth hosts. The experimental aspects are

treated in some detail; we present results obtained on ' TbTb, and give a formal description of the

experiments. A discussion of extension to other, similar systems with applications in nuclear, solid-

state, and low-temperature physics is given.

INTRODUCTION

The technique of nuclear magnetic resonance of orient-
ed nuclei (NMR-ON) has been in use for many years. '

Combining the spectroscopic precision of magnetic reso-
nance with the sensitivity and selectivity of nuclear orien-
tation detected by the anisotropy of nuclear radiations, it
permits the determination of nuclear properties of ra-
dioactive isotopes and the study of hyperfine interactions
in very dilute systems. The application of ion-
implantation techniques, especially on line with an ac-
celerator or reactor, has greatly increased the number of
nuclides which can be studied and has extended the lower
limit on their half-lives down to a few seconds. Several
groups throughout the world have constructed or are
constructing large-scale facilities to permit such measure-
ments.

Nevertheless, in examining the most recent compila-
tion of NMR-ON experiments, one is somewhat
surprised to see how limited has been the range of host-
impurity combinations to which the technique has thus
far been applied. Of the more than 240 entries, about
95% were carried out with one of the 3d elemental fer-
romagnets (Fe, Co, Ni) as host lattice, —,

' of these being in

Fe host. Furthermore, although 98 different isotopes of
34 elements have been subjected to NMR-ON, more than
80% of the latter are nd metals or sp metals and semimet-
als. Thus far, only three isotopes from the 4f series (and
none from the 5f series) have been studied by NMR-ON.
This is particularly surprising in view of the interesting
nuclear physics in the lanthanoid region, where a transi-
tion from nearly spherical nuclei near doubly-magnetic

Gd to highly deformed nuclei is occurring. A number
of determinations of nuclear moments (mostly magnetic
moments) in this region using low-temperature nuclear
orientation (NO) have been reported in recent years.
It would be particularly useful to find host-impurity com-
binations where both magnetic dipole and electric quad-
rupole interactions (and thus nuclear quadrupole mo-
ments) could be determined with high precision, and
which would be suitable for on-line implantation experi-

ments.
Some steps in this direction have been taken recently.

Van Rijswijk et al. have demonstrated NMR-ON on
' 'Ce implanted into 3d ferromagnets, and Herzog et al.
have observed NMR of oriented ' Lu in iron. ' Ebeling
et al. have detected the resonance of "'In implanted into
gadolinium, demonstrating the application to lanthanoid
host metals for the first time. " Moreover, following the
pioneering experiments on ' AuFe by Callaghan
et al. ,

' Hagn et al. , and Ohya et al. have succeeded in
resolving the electric quadrupole splitting by NMR-ON
of several heavy-element impurities in cubic 3d ferromag-
netic hosts. ' ' Furthermore, after completion of the
present work, we have learned that the latter group has
also performed a true double-resonance experiment' on
the quadrupole-split NMR spectrum of ' IrFe.

In any case, these experiments do not permit a very
precise determination of nuclear quadrupole moments,
since the field gradients observed are not large and are
generally not known from other measurements; further-
more, the quadrupole splittings may depend to a consid-
erable extent on sample preparation. At best, one could
hope to obtain quadrupole-moment ratios of limited pre-
cision by implanting series of heavy transition elements in
hosts such as Fe, Co, or Gd and performing quadrupole-
resolved NMR. The experiment of Ebeling et a/. " is im-
portant in that it demonstrates the feasibility of implant-
ing impurities into lanthanoid host crystals and observing
their NMR, but the particular case chosen did not yield a
resolvable quadrupole splitting of the resonance line. Ga-
dolinium is similar to cobalt' in many of its magnetic
properties, since the Gd ions are in an S state and exhibit
only spin magnetism, so that quadrupolar effects are due
only to the hexagonal lattice symmetry of the ions and
conduction electrons. The hyperfine fields and nuclear
spin dynamics of impurities in Gd can be expected to be
similar to those observed in the 3d ferromagnetic hosts. '

In the remaining heavy lanthanoid (HL) hosts, the situ-
ation is very diferent, due to the large orbital moments of
the 4f electrons. There are very strong magnetic aniso-
tropies, and the nuclear spin-lattice relaxation is relative-

38 11 019 1988 The American Physical Society



11 020 W. D. BREWER et al. 38

ly fast (it may be due predominantly to the Weger mecha-

nism, ' ' i.e., excitation of virtual spin waves by transi-
tions between the nuclear sublevels, followed by decay of
the spin ~aves with energy transfer to the conduction-
electron bath). With 4f or 5f impurities in HL hosts,
moreover, the unfilled nf shells produce large magnetic
fields and electric quadrupole gradients, reduced only

slightly from the free-ion values. ' These interactions

completely dominante the hyperfine splittings and should

be largely independent of the details of sample prepara-
tion owing to the localized nature of the 4f (and to a
lesser extent of the 5f) orbitals.

The most important applications of on-line NMR-ON
in heavy-lanthanoid hosts are to nuclear physics, espe-

cially the systematic determination of nuclear moments

in the lanthanoid and actinoid regions. It should be men-

tioned, however, that in the lanthanoid region, in particu-
lar, serious competition in the measurement of nuclear
moments comes from on-line laser spectroscopy.

The study of lanthanoid-lanthanoid and actinoid-
lanthanoid impurity-host combinations also yields infor-

mation about the host's influence on the impurity

hyperfine interactions, the chemical state of the impuri-

ties, spin-lattice dynamics, and spin-wave structures, as
has already been demonstrated by spin-echo experiments
on HL metals. ' Furthermore, some of the HL
metals containing radioactive impurity isotopes are of in-

terest as absolute nuclear orientation thermometers for
the very low-temperature region below 500 mK, especial-

ly for use in high external magnetic fields; for this pur-

pose, an accurate determination of their hyperfine param-

eters by NMR is essential. Nuclear decay-scheme studies

are also greatly facilitated by such determinations.
In this paper, we describe in detail the first experiments

involving NMR-ON of implanted lanthanoid impurities
in a HL host, using the model system ' TbTb, and dis-

cuss possible applications to other HL hosts. For this

system, the nuclear quadrupole splitting is large (of order
100 MHz), so that the quadrupole subresonances are
widely spaced and very precise determinations of the
quadrupole frequencies are possible. In order to observe
two or more of the subresonances at low temperatures, a
double-resonance experiment must be performed, with

simultaneous application of radio-frequency power at
several frequencies. Preliminary results have been report-
ed in letters ' ' which will subsequently be referred to as
I and II, respectively.

EXPERIMENTS

Description and procedures

In these experiments, a high sensitivity to the NMR
signal from a relatively small number of implanted im-

purity atoms is obtained by using radioactive impurity
isotopes and detecting the nuclear orientation produced
at low temperatures by means of the emitted y-ray angu-
lar distribution. Nuclear resonance perturbs this angular
distribution, i.e., changes the y-ray counting rate in a
particular direction as a function of applied radiofrequen-
cy (rf) power. The y rays are usually detected by using a
high-resolution semiconductor detector, and NMR spec-
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FIG. 1. Block diagram of the electronics used in the NMR-
ON experiments. DR is a dilution refrigerator which cools the
sample S in the applied field B. y rays at 0=0 (parallel to the
sample b axis) are detected by the Ge(Li} detector and the corre-
sponding pulses are amplified and selected by the amplifiers PA
and LA and the single-channel analyzers (SCA). The energy
spectrum can be recorded by a multichannel analyzer (MCA).
The counting rates for particular y rays, as well as the entire
pulse-height spectrum, can be stored by the microcomputer
(CP) via a digital interface (DI). This computer also controls
the two rf signal generators SG1 (Schomandl MS 200M) and
SG2 (Rohde 4, Schwarz SMPC) and the frequency modulation
(audio generators AF). The rf signals are frequency-doubled
(FD) as necessary, amplified by broadband amplifiers RA, and
combined in an rf tee before entering the coaxial line to the SO-

0, coils around the sample.

tra are obtained as plots of counting rate versus rf fre-

quency with signal averaging as necessary.
The isotope ' Tb decays with a 72-d half-life, emitting

P particles and a number of y rays; for the NMR detec-
tion, only two prominent y rays at 299 and 1272 keV
were employed. The pulses corresponding to these y rays
were electronically sorted out of the amplified pulse spec-
trum from the detector and were accumulated as a func-
tion of rf frequency by a computer-controlled data-
acquisition system, which also programmed the rf genera-
tors and the frequency modulation (fm) of the rf input.
Figure 1 gives a block diagram of the detection, data ac-
quisition, and radio frequency systems used for the
double-resonance experiments. Because of the consider-
able inhomogeneous broadening of the resonance lines in

these ferromagnetic metal hosts, the rf input must be fre-

quency modulated to observe an NMR signal. To elimi-
nate to first order the effects of nonresonant samp1e heat-

ing by the rf power, alternate count-rate measurements
are made with and without fm and the difference is used
to display the NMR spectrum. Additional corrections
for nonresonant background were applied in the present
work, as described below.
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The nuclear orientation of ' Tb in Tb host has been
investigated by several groups. ' ' Our own results,
along with a description of the cryogenic techniques re-
quired to achieve a significant degree of nuclear orienta-
tion in this system, are reported in detail elsewhere.
In the present experiments, the samples could be cooled
continuously to about 10—12 mK by a dilution refrigera-
tor, but were warmed to 20—25 mK by the applied rf
power. At these temperatures, the y rays used for NMR
detection exhibit about a 30% change in counting rate in
the direction of the sample magnetization, relative to the
isotropic (high-temperature) rate.

Sample preparation

The samples used in this work were prepared starting
from a large high-purity Tb single-crystal button ob-
tained from Ames Laboratories (Ames, IA, USA). A
disk-shaped slab approximately 35 mm in diameter and
1.5-mm thick with c axis perpendicular to its face was

spark cut from the button. From one-half of this disk, six
rectangular samples measuring 4.5X10 mm were spark
cut with the b axis (easy axis of magnetization) along the
long dimension. These six samples were designated by
the letters A-F. Both of the flat faces of each sample
were spark planed and then polished with diamond
powder, the final polishing being done with a particle size
of 0.2-1 pm. The thickness of the finished samples was 1

mm. Two of the samples ( A and C) were electropolished
using a perchloric acid-methanol electrolyte at —70'C
for 5 s at 35 V. Extensive x-ray diffraction analysis was
done on sample D to ensure that it was a good single
crystal with the correct crystallographic alignment. Less
extensive x-ray analysis was done on three of the remain-
ing samples. All of the Laue patterns were essentially

identical except that from the electropolished sample; the
sharpness of the diffraction pattern indicates very little
mosaic spread, and uncertainty in the crystallographic
alignment was estimated to be about +1'. The electro-
polished sample showed both in microscopic examination
and in x-ray diffraction evidence of pitting and loss of
crystallographic alignment; such samples are known to be
covered by a chloride layer which prevents oxidation and
maintains a bright metallic appearance to the eye.

The back face of each sample was tinned with pure in-
dium and soldered to a high-purity copper sample holder
which was later provided with a nuclear orientation ther-
mometer (' MnAu); these holders were mounted on the
cold finger of the dilution refrigerator using In-Ga eutec-
tic solder.

The radioactive ' Tb impurities were introduced into
the samples in two ways. Samples D and F were "bulk"
samples, used for comparative nuclear orientation experi-
ments. They were activated in situ by irradiation with a
thermal neutron Ilux of 1.3X10' (scm )

' at the NBS
reactor. During the irradiation, the ends of sample F
were protected by Cd "boots" so that only the central
portion was irradiated, giving a region of homogeneous,
constant demagnetization factor. The final activities
were about 8X 10 Bq, corresponding to a concentration
of &0.01 ppm in the active regions. Radiation damage
due to thermal neutrons is minimal and spread
throughout the bulk of the crystal, so that these samples
could be considered to represent "perfect" lattices with
extremely dilute impurities. High-precision nuclear
orientation data for 22 y rays from sample F in the tem-
perature range 18—150 mK, using resistance ther-
mometry with superconducting fixed-point calibration,
are described in Ref. 33 and will be quoted below for

TABLE I. Sample preparation and properties.

Site fraction

Sample Surface treatment

electropolish

diamond polish, 1 pm

diamond polish, 1 pm

Activation

implant, 80 kV
ca. 5X10' cm
implant, 80 kV

ca. 5X10" cm
neutron irradiated

Heat treatment

none

none

none

0.2
(B dependence)

0.49(5)

ca. 1 (demagnetization)
correction)

E3

B3'

E3'

diamond polish, 0.2 pm

diamond polish, 0.2 pm

diamond polish, 1 pm

diamond polish, 0.5 pm

diamond polish, 0.5 pm

diamond polish, 0.5 pm

diamond polish, 0.5 pm

diamond polish, 0.5 pm

implant, 80 kV
ca. 10" cm

implant, 80 kV
ca. 10" cm-'

neutron irradiated
(masked)

implant, 160 kV
(weak)

implant, 160 kV
ca. 5X10' cm
implant, 160 kV
ca. 5X10' cm
implant, 160 kV
ca. 5X10 cm
implant, 160 kV
ca. 5X10" cm

none

none

none

none

none

2 h, 600'C
pure Ar

2h, 600C
vacuum

0.24(3)

0.23(3)

1.00

0.63(6)

0.65(6)

0.35(5)

0.40(5)
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comparison to the results from the NMR samples. The
other half of the original large disk was used for studies
of the low-temperature magnetization behavior, which
will be reported elsewhere (see Ref. 35).

The remaining samples A, B, and E were activated by
implantation of Tb ions using the Bonn isotope separa-
tor. Three series of implantations were performed,
which we denote as 1 —3, giving samples A 1, B2, etc. 2.5
mg of Tb203 were irradiated with thermal neutrons to
give about 2X10 Bq of ' Tb activity. This material was
introduced into a tubular graphite oven in a Nielson-type
ion source of the isotope separator; there, by the method
of internal chlorination with CC14, it was chemically
converted, vaporized, dissociated, and ionized at temper-
atures around 800'C. After mass separation from the
stable ' Tb ions with an enrichment factor of order 10,

Tb ions were implanted into a central spot (defined by
a circular mask of about 3 mm diam) on the polished
faces of the Tb crystal slabs. Total implanted doses were
between 5X10' and 5X10' ions cm, giving radioac-
tivities of about 6X10 Bq. In the implantation series 1

and 2, an accelerating voltage of 80 kV was applied to the
Tb ion beam; in series 3, by applying a postacceleration
with another 80 kV, the total accelerating voltage was in-
creased to 160 kV. The resulting implantation energies
for singly charged ions are 80 and 160 keV, and the cor-
responding average implantation depths are about 17 and
35 nm, respectively. The results for all the samples
prepared are summaried in Table I.

The expected y-ray anisotropy can be calculated from
the hyperfine interactions, the sample temperature, and
the nuclear decay properties (see next section); this calcu-
lated anisotropy was in fact observed in the "bulk" sam-
ple F. All the implanted samples showed a reduction of
the anisotropy compared to that expected, and we have
characterized the reduction in Table I by the factor f. In
a simple two-site model, f is the fraction of the impurities
occupying undisturbed lattice sites, which contribute the
full y-ray anisotropy. The remaining fraction 1 f is as-—
sumed to be in disturbed sites which give rise to zero an-
isotropy when averaged over the sample. This model is,
of course, not unique; however, since in most cases f was
found to be constant for a given sample over a wide range
of temperatures and applied magnetic fields (typically
10—40 mK, 0.5 —3 T), it is at least a reasonable descrip-
tion of the anisotropy reduction. We can offer three pos-
sible explanations for the observed reductions.

(1) The fraction 1 f of the impurit—y ions is implanted
into the oxide layer which inevitably covers the crystal
surface. There, they are subject to poor thermalization
and it is difficult to produce a macroscopic quantization
axis (i.e., saturated magnetization). These impurities thus
contribute on the average zero y-ray anisotropy.

(2) Some fraction of the ions is implanted into a metal-
lic but disturbed (polycrystalline, amorphous, or pitted)
layer left by the surface treatment of the sample. In this
case, thermalization should be good but the. layer is likely
to be magnetically hard, so that the apparent f will in-
crease with increasing applied field.

(3) Impurity-associated defects produced by the im-
plantation itself disturb the local lattice structure near

the impurities and give rise to sites with reduced or van-
ishing anisotropy.

We can distinguish among these possibilities by exam-
ining the effects of surface treatment of the crystals be-
fore implantation, of implantation energy, and of thermal
treatment after the implantation. Since the "impurities"
in the present case are electronically and chemically iden-
tical to the host-lattice ions, defects should show no
preference for association with the impurities and the
effect of annealing should be to reduce the overall defect
concentration and therefore increase f, if hypothesis (3) is
significant. Samples 83' and E3' (Table I) were identical
to B3 and E3, except that they were annealed for 2 h at
600'C after the initial measurements. (Sample B3' was
annealed in high-purity Ar atmosphere, and E3' in an
oil-free vacuum of &1.5 @Pa.) In both cases, f was re-
duced by annealing; we attribute this to an increase in the
oxide layer thickness during the annealing process. We
conclude that at these dose rates, damage resulting from
the implantation is not significant (and this is very prob-
ably true of other lanthanoid —heavy-lanthanoid com-
binations as well). This is also supported by the insensi-
tivity of the NMR results to annealing as described
below.

Hypothesis (2) should result in an applied-field depen-
dence of f, which was observed only with sample A 1, the
electropolished sample. It therefore seems likely that the
observed reductions for the other samples were due to
implantation into the oxide layer; this is supported by the
increase of f on increasing the average implantation
depth. The small values of f seen in samples A2 and 82
are probably due to incomplete removal of the oxide lay-
er from crystals A and B before repeating the implanta-
tion, possibly associated with the use of methanol for
rinsing them.

This anisotropy reduction is not of critical importance
for the NMR measurements; it produces only a corre-
sponding decrease in signal-to-noise ratio in the frequen-
cy spectra, which, however, is tolerable. The impurity
nuclei in disturbed sites are shifted far outside the reso-
nant regions and contribute only a flat background to the
spectra. However, these considerations are important for
possible future applications to on-line NMR-ON. It
would be advantageous to use a high accelerating voltage
(we note that in Ref. 11, the In impurity ions were im-
planted into Gd crystals at 350 keV), to provide a means
of cleaning the sample surface in situ immediately before
beginning the implantation, and to maintain a clean vacu-
um in the sample chamber as far as possible. Electropol-
ishing and contact with methanol should be avoided.

RESULTS

Formal description

The literature contains a number of confusing, incon-
sistent, and sometimes incorrect formulas for NMR with
mixed magnetic-dipole —electric-quadrupole interactions.
Therefore, we sha11 develop the formalism in some detail
in this section to establish a firm basis for the following
discussion.
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Treatments of NMR in the presence of mixed magnetic
dipole and electric quadrupole interactions have been
given by Abragam, Bleaney, and Barnes, among oth-
ers; the latter two articles apply particularly to
lanthanoid metals. Discussions of experiments relating to
nuclear orientation and NMR-ON in the case of mixed
interactions were published by Stone et a1. ' ' and more
recently by Hagn. ' NMR experiments on HL metals
and alloys were performed by Sano and Itoh zo, z4, zs by
Mackenzie et al. , by Seiwa et al. , and by Durand
and Robert. An excellent review was given by McCaus-
land and Mackenzie.

The Hamiltonian for a magnetic dipole and a coaxial
electric quadrupole hyperfine interaction (HFI) is given
by

3e qQ
4I(2I —1 )

I (I +—1—) . (1)
3

We choose the quantization axis z to be parallel to the
externally applied magnetic field B, as is usual in NO ex-
periments. In the HL (except Gd), this is equivalent to
choosing z parallel to the hyperfine field Bhf, since the
dominant contribution to the latter is the positive orbital
field of the 4f electrons. (Note that in the NMR litera-
ture, it is customary to write the magnetic HFI term as
+aI„where a = A (J, ), with A &0 when Bht and the
nuclear g factor are positive. This is tantamount to
choosing z along Bhf, because the ionic spin J is antiparal-
lel to Bht and thus (J, ) is negative with this choice of
quantization axis. Choosing a )0 when gBhf )0 is
equivalent to taking z parallel to J.) The various contri-
butions to Bhf are discussed in Refs. 23 and 46; except in
the S-state ions Gd + and Eu +, the total field is large (of
order ) 100 T) and positive. 8,& also contains the inter-
nal field given by (1+X) (B—B~), depending on the ap-
plied field B. Here, K is the Knight shift of order 1%
and thus unimportant for the experiments described
below, and BM is the demagnetizing field of the sample.
This formula applies to a magnetized sample with
B &BM, the internal field then increases linearly with B.
As B is lowered, the internal field is reduced in a way
which depends on the magnetic history of the sample.

The quadrupole term contains the product of the elec-
tric field gradient (EFG), denoted as q (i.e., its negative
component along the symmetry axis z') and the nuclear
quadrupole moment Q (the projection of the quadrupole
distortion of the nuclear charge distribution onto z').
The EFG is dominated by the ionic contribution

q~~
due

to the 4f electrons, which is parallel to the electronic
magnetization, so that z' and z are collinear in a fully
magnetized sample. A much smaller contribution qj is
produced by the lattice ions and conduction electrons; its
symmetry axis is the hexagonal c axis. In axially-
anisotropic ferromagnets such as Tb, Dy, and Ho, the
magnetization remains essentially in the basal plane, and
is thus always perpendicular to c. The lattice term qj can
then be treated as a perturbation, with

q =qi+qiP~(cos8),

where 0=90', i.e.,

I=
(a) (b)

-3

+2

+3

hvL

hvL

vL

hv6
%I

hv5
IL

hv 4

"hv3

hvar
'r' tlv ~

I

hv L+hv p

I

vL Vp

+3
5hvp

„3hvu
p

hvp

Frequency (Arb. Units)

FIG. 2. Sublevel splittings for a nucleus of spin I =3 in the
case of (a) a pure magnetic-dipole HFI; (b) a mixed electric-
quadrupole —magnetic-dipole HFI; and (c) a pure electric-
quadrupole HFI, shown for g & 0, Bhf & 0, and vp )0. The cor-
responding NMR spectra are indicated schematically in the
lower part of the figure, the dotted lines showing the approxi-
mate thermal equilibrium populations of the relevant initial-
state sublevels at low temperature. (Population inversions may
be produced by nuclear magnetic resonance; see Ref. 43.)

q qll q~/2 .

The magnetic HFI splits the nuclear state into 2I+1
equally spaced sublevels labeled by the magnetic quan-
turn number MI, so that a single NMR line at the Lar-
mor frequency vI results. The quadrupole term adds an
additional shift depending on the value of (Mt(, which
splits the NMR line into 2I subresonances symmetrically
spaced around vL', their spacing depends on the quadru-
pole energy h v& =e qQ. Since the quadrupole shift is in-

dependent of the sign of MI, its actual effect on the reso-
nances must be independent of the sign of the magnetic
HFI or the choice of the sign of the quantization axis.
This is illustrated by the schematic energy-level diagrams
in Fig. 2.

Formulas for the subresonance frequencies have been
given by numerous authors, ' ' ' generally in terms of
the quantum number MI. These expressions depend on
the sign of g and on the choice of sign of the quantization
axis and lead to confusing results if this is not correctly
taken into account; e.g., they may yield negative reso-
nance frequencies. Hagn ' recognized the need to
specify which of the MI states is lowest in energy, but his
formula can also give the wrong sign of the subresonance
frequency. This is usually irrelevant in conventional
NMR experiments, where typically the sign of v& is not
determined and the temperature is sufficiently high ( T) 1

K) that all of the Mt sublevels are essentially equally pop-
ulated. It is, however, very important in NO and NMR-
ON experiments, where extreme population differences
are produced and used to determine the sign of the quad-
rupole interaction. We thus prefer to give the subreso-
nance frequencies in terms of the index n which labels the



11 024 W. D. BREWER et al. 38

Vg—

3Vg

4I(2I —1)

Using these definitions, we can write the energy eigenval-
ues of the MI substates:

C
EM = sh(bvM+—vs)MI+hvp MI ——

I 2
(2)

2I transitions (n =1,2, . . . , 2I). We require that v„al-
ways be positive and that v, correspond to the transition
between the energetically lowest pair of sublevels. To this
end, we define the following quantities:

IgPyvBhrl 3e qQ
h

' 4I(2I —1)h

(1+K)(B—BM ),
c =I(I+1), b= sgn( Bh&), s=sgn(g) .

Note that the magnetic interaction frequency VM is al-

ways positive as defined; the dependence on the signs of g
and Bhf is separated out into the parameters s and b. The
term v& gives the shift in the resonance frequency due to
the applied field B. The Larmor frequency is given by
vL =Ibv~+vsI. The quadrupole interaction frequency

vz can be either positive or negative, depending on the
relative signs of q and Q, and is related to v& by

Pz(cos8) is the Legendre polynomial of second degree,
and B2(T) is a statistical tensor component which gives
the amount of nuclear alignment (i.e., the second moment
of the nuclear orientation distribution). The first moment
of nuclear orientation, the nuclear magnetization or po-
larization, is proportional to B)(T); only even terms
occur in Eq. (5), owing to parity conservation in nuclear

y decay. Higher-order terms [e.g., a P4(cos8) term] are
negligible in the present case (the 299- and 1272-keV y
rays used in this study are nearly pure El), but often
must be taken into account.

It is clear from Eq. (5) that a fraction f of impurity nu-
clei in sites giving the full nuclear orientation, with the
remaining nuclei contributing only isotropic radiation,
leads to an observed anisotropy W,„„given by
(1—W,„)=f[1—W(T, 8)]. The anisotropy from a
polycrystalline or amorphous sample, which is incom-
pletely magnetized, ' is found by averaging over
Pz(cos8) and leads to a similar formula for W,„,but
with a generally field-dependent f. If a continuous distri-
bution of hyperfine interactions is present in the sample,
averaging over B2( T) will be required, leading to an addi-
tionally field- and temperature depend-ent f. In the case
of ' Tb, with a ground-state nuclear spin of I =3, the
following explicit formulas hold for B)(T) and B2(T):

B,( T) =
—,
' g Ml ~M,

MI

The formula for the subresonance frequencies v„meeting
the above conditions is then

B2(T)= 1

2&3 g MiaM, 2—
M

vn
sb(l —n) sb(I+1 —n) )

(3)

Inserting the energy eigenvalues from Eq. (2) and simpli-

fying, we obtain

v„=vl+bvs+vp[2n —(2I+1)] . (4)

This is similar to the formula given in I; as expected, the
sign of the magnetic interaction has dropped out (except
in the frequency shift term vz, whose sign depends on
whether Bhr is negative or positive, i.e., on b) Equation.
(4) is thus generally applicable, regardless of the signs of
the magnetic HFI or the quantization axis. Examples of
its application are seen in the work of Hagn et al. and
Ohya et al. on heavy-element impurities in Fe and Ni,
cited above. The asymmetry of the NMR-QN spec-
tral' ' clearly indicates which sublevels are lowest in
energy, and the location of the subresonance v& relative
to vI can be used with Eq. (4) to determine the sign of vp.

The y-ray anisotropy W(T, 8) at a given temperature
T and observation angle 8 relative to the quantization
axis is given by the usual formula:

W(T, 8)= ' =1+A2B2(T)P2(cos8)+, (5)
N(T, 8)

NH

where N(T, 8) is the counting rate for a particular y ray
at T and 8, and NH is the corresponding counting rate at
a high temperature ( T » 1 K) at which the y-ray distri-
bution is isotropic. The coefficient A2 depends on the
nuclear decay scheme and experimental geometry, and is
accurately known for the y rays used in this work.

1.3-
TbTb ——1272 keV

299 keV

CD

10 50 100
T(mK)

150

FIG. 3. y-ray anisotropies (see text) at 0 and 90 for two y
rays from ' TbTb as a function of sample temperature; from
measurements on sample F (Ref. 33).

where aM is the temperature-dependent normalized pop-I
ulation of the Mrth substate, given by

T

EMI
p kT

aM
EM,

g exp
MI
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[W(fm, v„)—W( v„)]S„= (7)
[1—W(v„)]

It is also useful to define a relative signal R„as the per-
centage change in counting rate on resonance compared
to the nonresonant background:

100[N(fm, v„) N(v„—) ]
n

&H

In these formulas, the argument (v„}implies that un-

modulated rf at the frequency v„ is applied, giving rise to
nonresonant heating to the operating temperature T,
while (fm, v„) means that the rf is frequency modulated,
so that the NMR signal as well as nonresonant heating
are present. The saturation NMR signals for different
subresonances v„can be readily calculated as a function
of T using Eqs. (5), (6), and (8). The results are shown in

Fig. 4 for a sample of substitutional fraction f =1.0; it
can be seen that while an appreciable signal R, at the res-

onance v, is to be expected over a wide temperature
range, the signals for n ) 1 (e.g., Rz) remain rather small.

This is because the corresponding nuclear sublevels are
hardly populated at low 1~here the nuclear orientation
is considerable. At higher T, they are populated but lack
of nuclear orientation reduces the observable signals.
Detection of the higher resonances therefore requires a
double-resonance experiment, where the v& resonance is

(8)

30— Vp

l0-

0 I l I

0 25 50 75
t(mK)

FIG. 4. Calculated relative NMR signals (defined in text) for
a ' TbTb sample of 100% site occupation (f =1}as a function
of temperature. R, and R2 are for saturation of the correspond-
ing subresonances alone; R, 2 is the signal expected for simul-
taneous saturation of the first two subresonances; and R, z, is
the incremental signal obtained from saturation of the second
subresonance when the first has previously been saturated.

The anisotropies W(T, O) and W(T, 90} of the 299- and
1272-keV y rays from an ideal ' TbTb samples (sample
F) are shown in Fig. 3 for the temperature range 10—150
mK.

The NMR signal is conveniently defined in terms of
the change in y-ray anisotropy observed on resonance,
divided by the total available anisotropy at the given tem-
perature:

first saturated to populate the Mr= ~I —
1~ sublevel, and

then rf at the frequency v2 is applied to saturate the
second resonance. The resulting signal for simultaneous
saturation of the first two subresonances is indicated as
R ] p in Fig. 4, and the incremental signal, due to satura-
tion of v2 after the v, resonance is already saturated, is
given as R, z, . The latter is seen to be even larger than
the signal from v, alone in the temperature range of the
present experiments. Simultaneous observation of the
first three subresonances is in principle also possible, and
would lead to an additional incremental countrate change
of about 2% at 20 mK for ' TbTb.

The actual NMR signal obtained depends not only on
the sample temperature, but also on the strength and fm
characteristics of the applied rf and on the nuclear spin-
lattice relaxation time of the resonant nuclei. We
define ' an effective relaxation time ~& to be the time
following an initial perturbation required for an observ-
able (8, or Bz) to return to within 1/e of its equilibrium
value 8, (T} or 82(T). Such a definition is useful when
the relaxation curves are not exponential, which is the
case for relaxation of 82 at all temperatures where this
observable differs appreciably from zero, and, with a
mixed magnetic-dipole-electric-quadrupole HFI, even for
8

&
at the relatively high temperatures at which spin-echo

experiments are usually performed.
In order to maximize the NMR signal, the rf amplitude

must be optimized, keeping nonresonant heating in mind.
In the present case, the rf field amplitude 8, [not to be
confused with the nuclear polarization parameter 8

&
( T)]

was about 2 IMT, leading to sample heating from the base
temperature of 10 mK to the operating range of 20—25
mK. The fm bandwidth 6 and frequency vf must also
be optimized; 6 should be of the same order as the inho-
mogeneous NMR linewidth I;„h for an optimum signal,
i.e., 3—4 MHz in the present case. In these experiments,
we used triangle-wave modulation at the frequency vf,
so that each frequency region in the range v+6, /2 is
equally weighted. At low modulation frequencies, the
effect of the fm can be considered in the time domain to
be equivalent to a series of sweeps through the resonant
region with a period rl/ &,vif r becomes long com-
pared to ~„appreciable relaxation will occur between
successive sweeps, and the time-averaged signal S„will be
reduced. In the limit vf ~0, v~~, S„will vanish.
This effect was studied some years ago for classical
NMR-ON systems by Bacon et al. and Wilson et al.
We can place their data for different systems on a
"universal curve" if the normalized relative signal R is
plotted against vf ~&, as has been done in Fig. 5. As can
be seen, there is a rise in signal towards a saturation value
as vf is increased; at high modulation frequencies, the
signal again drops off. In the high-modulation-frequency
limit, the effect of modulation is best considered ' in the
frequency domain: The carrier frequency at v is split into
2N + 1 sidebands over the region v+5/2, spaced at inter-
vals of v& . (N is the modulation index, N =b /2v, .)
The rf distribution thus forms a "comb" with gaps of or-
der vf between the sidebands. When the homogeneous
linewidth I of the local spin packets, governed by the
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FIG. 5. The "universal curve" for the normalized cw NMR
signal in a NMR-ON experiment as a function of the dimen-

sionless parameter vf ~&. The dropoff at low-modulation fre-

quencies is a result of nuclear relaxation as described in the text;
that at high frequencies is due to the "gaps" in the Fourier spec-
trum of the modulated rf signal. The shaded region shows

where the high-frequency dropoff might be expected for
TbTb. (See text; the large apparent variation in the dropoff

curves for different systems is an artifact of this plotting
method. ) The vertical error bar indicates the uncertainty of the

original data (Refs. 48 and 50). The cross-hatched regions show

the parameter range for the first two subresonances in ' TbTb
at the two modulation frequencies given.

spin-spin relaxation time T2 and by power broadening, is

appreciably smaller than this gap width, some of the spin
packets will fall into the gaps and signal will be lost if the
oscillator is stable on a time scale of v.&. This effect is seen
in Fig. 5; the dashed curves indicate the dropoff in signal
seen in two different experiments on CoFe, the chain
curve was observed for CoNi, and the shaded region is
the estimated corresponding dropoff region for ' TbTb
The wide separation of the dropoff curves for different
systems is in part an artifact of this plotting method, ow-

ing to the different relaxation times. (An unexpected
feature of the curves is that the high-frequency dropoff
occurs at higher values of vf than expected from the
probable linewidths I . In some cases, this may be due to
additional interaction mechanisms which reduce T2 and
thus increase I; in most NMR-ON systems, where the
extreme dilution of the sample nuclei precludes such
spin-spin interactions, it is probably due to instabilities in
the rf oscillator, which smear out the gaps in the rf comb.
This was demonstrated in Ref. 48 by superimposing a
second, lower-frequency modulation, thereby restoring
the signal at high vr .)

We can estimate the effective relaxation times for our
samples by using the data of Ref. 20, where the relaxation
of stable ' Tb in Tb was studied. There, ~& for the
——', ~—

—,
' transition in ' Tb was found to be about 0.0'7

ms at 1.35 K and zero applied field. The relaxation rates
show a Korringa-like linear temperature dependence
down to low temperatures, where they become tempera-
ture independent. ' This is the case for ~& at a temper-
ature given roughly by Ib,E„rlk (i.e., about 195 mK for

TbTb). Keeping this temperature dependence in mind,

B„,1+
B,+B (10)

Here, g is the enhancement factor which describes the
amplification of a fluctuating field at the impurity nucleus
by the hyperfine field Bhf, and B, is an "anisotropy field, "
a measure of the stiffness of the local magnetization [tak-
en to be along an easy (b) axis in the basal plane, as was
the case in our experiments] towards transverse fluctua-
tions driven, for example, by the applied rf field B&.
These fluctuations are enhanced to give an oscillating
field Bi(eff) at the nucleus. In the model for low-field re-
laxation, Eq. (9), the transverse components are due to
random thermal fluctuations of the conduction-electron
bath; the same enhancement thus enters the relaxation
rate. In this equation, r(B) and r„are the relaxation
rates in a moderate field B and at high field, and b is an
experimentally-determined coefficient. The intrinsic rate
r „ is usually reached for B & 1 T; an increase of a factor
a =r (0)lr „(typically in the range 2 (a ( 10) occurs
with decreasing field between 0.8 and 0.2 T.

The field dependence of the relaxation of each subreso-
nance transition in a HL metal may be different, but we
would expect the same basic characteristics to hold here,
also. The estimated zero-field relaxation times ~, quoted
above thus represent lower limits; note that they are con-
siderably shorter than the usual low-temperature relaxa-
tion times found in 3d ferromagnetic hosts, but compa-
rable to what is seen in 4d enhanced ferromagnets. This
fast spin-lattice relaxation will provide rapid thermaliza-
tion of implanted impurities for on-line applications.

Our initial experiments were carried out at vf =500
Hz, and the corresponding values of vf ~& are indicated
in Fig. 5 as cross-hatched bars. As can be seen, the v&

resonance is within 70% of saturation; given the uncer-
tainty in the field dependence of ~&, it may well be in the
plateau region. For vz, however, we are still in the region

and using the frequency and Mi dependence of the relax-
ation rate, we estimate ~& for the v, transition in our sys-
tem to be about 6.8 ms at low temperatures, while ~, for
the vz transition should be about 1.3 ms. (These esti-
mates would remain valid for any magnetic relaxation
mechanism. )

The applied-field dependence of the relaxation rates
has not been determined in HL systems. However, most
ferromagnetic alloys studied to date exhibit a relatively
strong dependence of impurity-relaxation rates on ap-
plied magnetic field even at fields well above the value
nominally required to saturate the samples. ' It is gen-
erally agreed that the high-field limiting relaxation rates
are the intrinsic ones, while additional relaxation chan-
nels occur at lower fields. One possibility is that the addi-
tional relaxation is due to fluctuations of the local magne-
tization; this is supported by the observed dependence
of the additional rate on the square of the ferromagnetic
enhancement factor g:

—=r(B)=r„+br'1
(9)

7 ]

where
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of steep slope with only about 20%%uo saturation. In fact,
the second subresonance could not be observed at this
modulation frequency, and was detected only after in-

creasing vf to several kHz. Even then, its behavior indi-

cates that our signal may be relaxation limited and that
still faster modulation should have been used, with an ad-
ditional modulation superimposed to prevent signal dro-
poff due to gaps in the rf comb. This fact is of impor-
tance for future resonance experiments on the HL.

If the modulation conditions are adjusted to obtain a
signal in the plateau (saturation) region of Fig. 5, the sig-
nals obtained are still limited by usable rf amplitudes.
Wilson and Bosse have calculated the resonance signals
in this "fast-modulation" regime, finding a saturation pa-
rameter ir=y B,(eff)r, /h. The effective rf amplitude

8, (efI) is given by the applied amplitude 8, and the rf
enhancement factor g:

B„,
8)(eff)=r)8) = 1+ 8) .

particular, for a Gaussian power resonance, the measure-
ments with fm will have a somewhat higher average
power level than those without fm at the flanks of the
power resonance line, and the converse will be true near
the peak, giving rise to a double-dispersion-curve back-
ground shape in the difference spectra. One approach to
avoiding this difficulty is to use a pickup coil or a resis-
tance thermometer near the sample to measure the rf
power directly and employ a feedback system to obtain
power leveling. This introduces additional complications
since the response of the power sampling circuit may also
not be constant over a large frequency range, so that we
chose instead to perform background corrections on the
measured difference spectra to eliminate the small residu-
al heating effects, as described below.

Samples A and B were repolished and reimplanted,
giving samples A2 and 82. In spite of the relatively
small values of f, these samples were used for further res-
onance searches, increasing the frequency steps to 2 MHz
and the fm bandwidth 5 to 4 MHz, and improving the rf

We would therefore expect a resonance signal with rf
field dependence given by Eq. (11) together with the field
dependence of r„Eq. (9); the two effects tend to compen-
sate each other, since g decreases with increasing B,
while v, increases. The overall dependence, combining
Eqs. (9) and (11), and neglecting the constant term in tl
[Eq. (10)] (an excellent approximation except at extremely
high applied fields), is found to be

0.1 T

tr=c[aB, +28,8+8 ) (12)

where c is a constant equal to y 8,8 f [(a —I )/b ]/b„and
a and b are the coefficients of the field dependence of the
relaxation rate defined above. These constants can be
determined from a fit to the magnetic field dependence of
the relaxation times, when it is known. The experimen-
tally observed field dependence of the resonance signals
was different for the first two subresonances, as wi11 be
seen in the next section.

C

X
CI

Resonance data: v& resonance

Based on the resonance frequencies of stable ' TbTb
and on the reported ' Tb- to ' Tb-nuclear-moment ra-
tios we expected the first subresonance v, from Eq. (4)
to be in the frequency range 380-520 MHz. This region
was searched using sample B1. Regions of about 40-
MHz width were swept using 6=2 MHz, vf =500 Hz,
and counting times of about 10 min per frequency point;
the step width 5v between frequency points was 1.5 MHz,
and each point was measured with and without frn as de-
scribed above. A sweep thus required about 12 h, and
several sweeps were added to improve statistics. With
these rf conditions, a weak indication of a NMR signal
was found near 480 MHz, but its identity was uncertain.
Moreover, in spite of the use of difference spectra with
and without fm, some residual heating effects were seen.
These are due to power resonances in the rf system; if a
relatively sharp peak in the rf power occurs as a function
of frequency, the averaged power with fm will not be pre-
cisely the same as the power at the center frequency. In

1.0 T

460
I

470
I

480
v(MHz)

I

&90
I

500

FIG. 6. Uncorrected data for the first subresonance in
TbTb; the counting-rate change with and without fm (in arb.

u. ; di8'erent spectra have different vertical scales) is plotted vs rf
center frequency for the applied fields shown. The errors given
are statistical; the lines are guides to the eye. The solid line in
the 1.0-T spectrum is the background due to nonresonant heat-
ing (see text), while the dashed lines indicate the expected posi-
tion and shape of the resonance; it is clearly not detectable at
this applied field. Data are from sample A 2.



11 028 %.D. BREWER et al. 38

input lines and coil to reduce power resonances. The sig-
nal at 480 MHz was verified, as shown in the raw
difference spectra of Fig. 6 for several applied fields B. A
strong applied field dependence of signal linewidth, posi-
tion, and amplitude was observed, as expected from the
above considerations. The structure seen at 1 T applied
field and shifted to lower frequency than the resonance
line has the typical shape expected from a narrow, asym-
metric power resonance near 478 MHz; it was clearly
visible in the data from the MnAu NO thermometer,
and is therefore due to nonresonant heating. The NMR
line at this applied field is probably too weak to be detect-
ed (dashed curve in Fig. 6). The background structure
was thus subtracted from all the spectra, giving the re-
sults shown in Figs. 7 and 8. The properties of these
corrected resonance curves, obtained from fits as shown
in the figures, are summarized in Table II and Fig. 9. (In
Tables II and III slight changes in the numerical values
compared to those reported in II are due to reanalysis in-
cluding more data as well as to the use of the frequencies

B=03T
A2

+2

470 480
v{MHz)

490

FIG. 8. A background-corrected NMR line for sample A2 at
the first subresonance frequency taken at higher resolution (fre-

quency step 1 MHz, fm bandwidth 3 MHz). The vertical scale
is the same as in Fig. 7.
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FIG. 7. The spectra of Fig. 6, corrected for the nonresonant
background. At the top of the figure, the spectrum from sample
F.3' (annealed) is also shown; it was acquired at a higher modu-
lation frequency and was not corrected for nonresonant heating
(which probably produces the bulge at the left of the NMR line;
it was shifted and flattened compared to that in Fig. 6 by modi-

fying the rf coils). The applied fields and sample numbers are
indicated; the vertical scale is the same for all spectra and gives
the percent change in counting rate (299- and 1272-keV y rays)
relative to the isotropic rate. The solid lines are least-square its
to a Gaussian line plus linear background, and the dashed verti-
cal lines show the fitted center frequencies (Table II).

from the annealed samples. } The integrated, normalized
relative signal strength R is found to decrease with in-
creasing B and is described well by Eq. (11),i.e., assuming
~& to have only a weak field dependence, with B,=0.42
T. The latter value is close to that expected for the
basal-plane anisotropy of Tb from the measured magnetic
anisotropy constants at 4.2 K.

The wide line and relatively weak signal seen at
B =0. 1 T are not surprising; at this applied field, the
samples are incompletely magnetized, so that there is a
spread of angles between the local quantization axes
(parallel to Bh&} and the external field B. This will result
in line broadening and a loss of NMR signal, effects
which have been observed in numerous NMR-ON experi-
ments. '" The position of this resonance is also uncer-
tain due to hysteresis effects, as indicated by the dashed
line in the lower portion of Fig. 9. An external field ap-
plied to a virgin sample is initially shielded by the demag-
netizing field, so that the resonance should follow the
dashed line up to B =B~ (which is estimated to be 0.34 T
from our sample geometry; it should be constant over the
central region containing the impurity nuclei). On reduc-
ing the applied field from the saturation value, as was
done for the 0.1 T measurement, depending on magnetic
hysteresis the resonance can lie anywhere between the
dashed and the solid lines.

The effects discussed in Ref. 11 for Gd host in the a-c
plane at low applied fields are inapplicable here. There, a
shift in the hyperfine frequencies in magnetically
unsaturated samples was expected because of the chang-
ing angle between the quadrupole field-gradient symme-
try axis and the magnetic hf field (quantization) axis, and
due to anisotropy of Bhf between the inequivalent c and a
axes. (In Gd, the easy axis of magnetization is the hexag-
onal c axis, but a conical distribution of the local magne-
tization vectors is present in incompletely magnetized
samples. ) In the case of Tb in the basal plane, by con-
trast, the 4f quadrupole axis follows the magnetic axis, as
discussed above, and the lattice quadrupole contribution
always remains perpendicular to both; moreover, no ap-
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preciable anisotropy in B„fis expected betweeen the near-

ly equivalent a and b axes.
The solid line in the lower part of Fig. 9 has the slope

corresponding to our value of the ' Tb nuclear dipole
moment, 4.548(18) MHz/T, and was adjusted to give the
best fit to the points at 0.3 and 0.6 T (weighting by the er-

rors shown). Its intercept with the dashed line (at B~)
gives the derived zero-field resonance frequency, 480.0(4)
MHz.

0.

10—

v2 resonance

Because of the small site-occupation factors of samples
A 2 and 82, the double-resonance experiment was not at-
tempted with these samples; instead, they were repolished
and, together with a new crystal slab (E), were again im-

planted at an increased accelerating voltage of 160 kV. It
was hoped that this higher voltage and consequent
greater implantation depth would increase the site-
occupation factor, as was indeed the case (Table I). Still
higher voltages are clearly desirable. Sample A3 has a
low-radioactive decay rate due to beam alignment
diSculties during the implantation, so only B3 and E3
were used for further experiments. Again combining the
spin-echo results on stable ' TbTb with the nuclear-
moment ratios reported by Easley et al. for ' Tb/' Tb,
we obtain a predicted value for the magnetic frequency

vl in ' TbTb equal to 1318(12.9) MHz. Together with

our measured value of v&, this led us to expect a quadru-

pole frequency vz of 167.7(2.6) MHz and vz equal to
815(21) MHz. About the same time, the preliminary re-
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FIG. 9. Properties of the v, NMR lines {compare Table II);
the circular points represent data from sample A 2 (unannealed),
the squares from sample E3' (annealed). Upper part: The inho-
mogeneous linewidth (FWHM), corrected for fm broadening.
The linewidth is not affected by annealing and is constant in
magnetically saturated samples; the reasons for the broadening
below 0.3 T are discussed in the text. Middle part: The relative
signal, as in Fig. 4, normalized to the case of a sample with f= I
to facilitate comparison of different samples. The shaded region
represents the calculated saturation signal in the temperature
range of the measurements. The dot-dashed line is the
enhancement-factor dependence and is fitted to the points for
sample A2 at 0.3 and 0.6 T. The reductions at 0.1 T and for the
annealed sample are discussed in the text. Lower part: Field
dependence of the resonance center frequencies. The solid lines
have the predicted slopes for ' Tb, 4.548 MHz/T (see below)
and are adjusted to the data points; they give the expected
dependence in a magnetically saturated sample. The dashed
lines show the extrapolation to zero applied field (solid points
with error bars}. The shift between annealed and unannealed
samples is discussed in the next section.

8 =0.8T
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830 850 t8&0

v, (vH5
FIG. 10. NMR-ON resonance lines (notation similar to Figs.

7 and 8) for the second subresonance at v2. These spectra were

obtained at the applied fields and for the samples shown; the
first subresonance was simultaneously saturated in all of the
spectra except the one labeled "single. " This curve shows the
lack of a detectable signal at v2 when the v& subresonance is not
saturated; the expected signal (cf. R2 in Fig. 4) is indicated as a
dashed line. The resonance conditions were otherwise identical
to those for the 83, 0.3 T curve.
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TABLE II. Resonance line characteristics.

Sample

A2
A2
E3'
A2

B3
E3'
B3
B3

0.1

0.3
0.3
0.6

0.3
0.3
0.6
0.8

v, (MHz)'

479.4(7)
479.9(2)'
485.5{3)
481.0(4)

842.0(3)
844.8(5)
843.7(5)
844.8{4)

I,„„(MHz)
v& subresonance

7.4(34)
3.4(9)'
3.2(7)
3.8(4)

v2 subresonance
3.4(5)
3.6(5)
4.1(5)
5.0(17)

0.95(42)
2.7(3)'
1.8(7)
1.4(2)

2.1(3)
4.1(5)
2.5(4)
5.4(18)

R (%)

4.0(18)
11.3(16)'
4.5(18)
5.8(8)

3.3(5)
10.3(12)
3.9(6)
8.4(28)

'Fitted center frequencies.
Linewidths (FWHM) corrected for modulation broadening.

'Relative resonance signals (see text) as measured.
dRelative resonance signals normalized to a sample with f = 1.0.
'Averages of lines measured with fm bandwidths of 3 and 4 MHz (Figs. 7 and 8).

suits of precision NO measurements on sample F became
available, and fits to their temperature dependence indi-
cated somewhat higher hyperfine interaction frequencies,
with v~ above 1400 MHz and v& near 188 MHz.

Therefore, we searched for the second subresonance in
the frequency region 780—880 MHz, using the arrange-
ment shown in Fig. 1. A saturation signal at v, was pro-
duced by rf generator 1 and a variable frequency in the
780—880-MHz range (with b, =4 MHz, vr =500 Hz,
5v =2 MHz) was applied by generator 2. Intensive
searching failed to detect the second subresonance, as
may be readily understood by referring to Fig. 5. When
vf was raised to about 2 kHz, a signal was detected near
840 MHz, as shown in Fig. 10. Here, no correction for
nonresonant heating background was necessary, and the
fits to the curves in Fig. 10 gave the resonance properties
summarized in Table II and in Fig. 11. The final zero-
field values for v, and v2 from the unannealed samples are
480.0(40) and 842.40(26) MHz, respectively. From these,
we can derive vl and vz independently, finding
1386.0(1.2) and 181.2(3) MHz (see Table III).

Finally, samples 83 and E3 were annealed as described
above, giving samples designated as 83' and E3', the first
two subresonances were detected in sample E3', leading
to the results shown in Figs. 7, 9, 10, and 11 and in
Tables II and III. Both these resonances were observed
with the same rf conditions as used for the v2 search. No
significant linewidth changes were seen on annealing; the
signal strength was considerably reduced at the v, reso-
nance (which may be a result of the higher modulation
frequency, see below) but was increased for vz. A rela-

tively large shift of the center frequency was seen at v,
(Fig. 9), while the shift at v2 was about half as large, indi-

cating that the quadrupole frequency (which enters v&

with a larger coefficient) was mainly responsible for the
observed shifts. Table III summarizes the zero-field reso-
nance frequencies and the derived hyperfine interaction
frequencies for all the exper&ments.

DISCUSSION

The resonance data obtained on the system ' TbTb
and described in the previous section demonstrate the

successful use of NMR-ON in the HL metals and illus-
trate the possibilities and limitations of the technique for
studies in this region of the periodic table. We shall first
discuss the characteristics of the resonance lines and try
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FIG. 11. Similar to Fig. 9 but for the NMR lines at v2 (Fig.

10 and Table II); the circles are for the unannealed sample B3,
the square from annealed sample E3'. Again, the linewidth was
constant as a function of applied field in saturated samples and
did not change on annealing. The relative signal strength is
here larger in the annealed sample than in the unannealed sam-
ples; also, it increases with increasing applied field. In the lower
part, the field dependence of the NMR center frequencies and
the extrapolation to zero field is shown. The shift between an-
nealed and unannealed samples is smaller here than at v&.
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TABLE III. Derived hyperfine frequencies and nuclear moment ratios.

Samples

82, A3
(unannealed)

E3'
(annealed)

PR

(bulk NO)

Case

E3'/M
E3'/S t

E3'/S2
NO/M'
ESR

v) (MHz)

480.00(40)

485.65(32)

r =g ( '"Tb) Ig (
' Tb)

2.254(5)
2.238(5)
2.312(7)
2.239(24)
2.377(13)

V2 (MHz)

842.40(26)

845.00(48)

Z =g('"Tb)rg('Tb)

0.375(3)
0.370(3)
0.384(5)
0.378(20)
0.48(8)

vM (MHz)

1386.0(12)

1384.0(17)

1393.8(81)

v, (MHz)

181.2(3)

179.7(4)

178.0(21)

'Averages for 18 y rays (Ref. 33).
Using the HFI frequencies from the annealed sample compared to the results of Ref. 20: M, main line;

S&, and S2, satellite lines from that work.
'Bulk NO (Ref. 33) compared to main line of Ref. 20.
ESR of Tb doped into a Nd ethylsulfate crystal (Ref. 55).

to understand them in light of the formalism developed
above. We then consider the comparison to other NMR
data, and attempt to draw some conclusions concerning
the general applicability of the method. Finally, we
derive nuclear moments for ' Tb and point out some
particular aspects of the system studied.

Linemidths. The inhomogeneous linewidths observed
in ferromagnetic samples with large electric quadrupole
interactions are, in principle, due both to local variations
in the magnetic HFI (transferred HFI from neighboring
impurity atoms and lattice defects, variations in the
demagnetizing field and the local magnetization with
respect to the applied field) and to a spread of quadrupole
interactions (local variations in lattice structure, e.g., due
to defects). As pointed out above, the major part of the
hyperfine interaction in lanthanoid-heavy-lanthanoid
systems is produced by the open 4f shells, which, being
well localized, are not expected to be sensitive to local en-
vironment effects. The spread in magnetic and electric
HFI's is therefore caused by variations in the
conduction-electron contributions to the hyperfine field
and the field gradient, and in the lattice contribution to
the latter, as well as by variations in the internal magnet-
ic field. We observe an essentially constant linewidth in
magnetically saturated samples, which is systematically
but not significantly larger at the vz subresonance (arrows
on the ordinate in Figs. 9 and 11). The fact that the
linewidths of the two subresonances are not significantly
diferent implies that a spread of quadrupolar frequencies
is not a major contributor to the linewidth, since the
quadrupole interaction enters v& with a coefficient of 5
but v2 with a coefficient of only 3 [Eq. (4)]. In fact, the
systematically wider lines at v2 suggest a negative correla-
tion between the magnetic and quadrupolar broadening
effects: this is supported by the spin-echo results of Sano
and Itoh on ' TbTb. Their central ( —,'~ —

—,') line

represents a purely magnetic splitting and shows a
linewidth of about 15 MHz in both zero and 1.7 T ap-
plied fields, corresponding to 0.48% of the line-center fre-

quency of 3120 MHz. However, the lines resulting from
the ( ——,

' ~——', ) and ( —,
' ~—,

'
) transitions, which contain in

addition the quadrupole frequency, are significantly nar-
rower than the central line, again indicating an anticorre-
lation of magnetic and quadrupolar broadening effects.
The corresponding magnetic linewidth in our case would
be 6.7 MHz, about 60% larger than actually observed.
This is not surprising, since we studied polished single-
crystal samples, which should have a considerably small-
er spread in internal fields than the powder samples of
Sano and Itoh.

The constancy of the linewidths before and after an-
nealing the samples is also consistent with this interpreta-
tion. Since a shift in the line centroids was observed,
which we can attribute to a change in the average
quadrupolar HFI, we might also expect a change in the
quadrupolar broadening on annealing, as seen, for exam-
ple, by Ebeling et al. " Any such change is, however, too
small to be observable in the present experiments.
Overall, the lines which we detected (width about 0.28%
of the magnetic HFI frequency) are rather narrow in
comparison to those usually found in 3d ferromagnetic
hosts. We attribute this to the careful sample prepara-
tion and use of single crystals in this work.

Center frequencies. The center frequencies of the reso-
nance lines were found to shift as expected with applied
magnetic field in saturated samples (Figs. 9 and 11). The
relatively large shifts seen on annealing the samples can
be associated with a small (not significant) shift in the
magnetic HFI frequency (Table III), amounting to
b,v~= —2.0(29) MHz or —0.14(20)%, and a larger,
significant shift in the electric quadrupole frequency,
4vp = —1.5(7) MHz or —0.83(39)%. If the latter is at-
tributed to the lattice- and conduction-electron part of
the field gradient q~, which was estimated by Bleaney to
correspond to about 3.5% of the total quadrupole split-
ting, we must assume an increase in qi of +24(11)%%uo on
annealing, presumably due to healing of lattice defects
left by the implantation. The annealed samples should be
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more representative of ideal, bulk material. This change
of nearly 25% in the average lattice and conduction-
electron field gradient is large but not out of the question,
given the high concentration of defects present in the
unannealed samples.

A direct comparison of our zero-field resonance fre-
quencies to those of Sano and Itoh is problematic for a
number of reasons, some of which have been discussed
previously. Their results were obtained on polycrystal-
line, powdered samples at temperatures above 1.35 K and
mostly in zero applied field; the resonant nuclei were
present at 100% concentration and resonance was detect-
ed by the rf signal from the precessing nuclear moments.
Our measurements, in contrast, were done on high-
purity, polished single crystals with a low concentration
(50—400 ppm) of resonant nuclei, at T (25 mK and in
magnetically saturated samples, using an entirely
different detection method (perturbation of the y-ray an-
isotropy). The spin-echo spectra of Sano and Itoh were
very broad, containing not only the wide, main resonance
lines, but also satellite lines (S, and Sz } which were shift-
ed by about —25 and +80 MHz, respectively, relative to
the ( —,

' —+ —
—,') main line. The lower satellite (S& ) was at-

tributed to plate-shaped particles with a different demag-
netizing field from the (predominantly) spheroidal ones,
while the origin of S2 remains unclear. A shift due to
neighboring lanthanoid or oxide impurities was ruled
out. The entire distribution covers a frequency range of
about 170 MHz at zero field and 80 MHz in 1,7 T applied
field.

The second part of Table III contains the calculated ra-
tios of magnetic dipole and electric quadrupole nuclear
moments for ' Tb/' Tb obtained by comparison of the
HFI frequencies from this work (annealed sample) with
those of Sano and Itoh; the comparison was made for
their main lines as well as for the two satellites. The table
also shows the HFI frequencies deduced from fits to the
temperature dependence of the NO from the bulk mea-
surements, as well as the moment ratios reported by Eas-
ley et al. ; the latter magnetic-moment ratio differs by
about 5% from that obtained in the present work com-
bined with Sano and Itoh's main line. This discrepancy
will be discussed in the concluding section.

Resonance signals. A major goal of this work was to
demonstrate the feasibility of NMR-ON studies of
lanthanoid —heavy-lanthanoid and actinoid —heavy-
lanthanoid systems, especially in view of possible future
applications in on-line implantation facilities. The reso-
nance signal strengths obtainable under realistic cryogen-
ic conditions with typical y-ray counting rates and rf
field amplitudes are thus of interest. In the spin-echo
spectra, the signal intensity remained nearly unchanged
on going from zero applied field to 1.7 T; the authors at-
tributed this to a cancellation of the effects of decreasing
enhancement factor and increasing magnetization on in-
creasing the applied field. Their polycrystalline powder
samples were probably only about 70% magnetically sa-
turated even at 1.7 T, while our samples were above 97'Fo
saturation at a11 fields used except 0.1 T. A similar argu-
ment thus does not apply to our results.

The behavior of the resonance signal on variation of

the applied field and on sample annealing is very different
for the two subresonances, as pointed out in the previous
section. At the v, resonance (+3~+2 transition), the
observed signals at 0.3 T essentially reached the calculat-
ed saturation value. (Due to the small site occupation
factors and modest counting rates, relatively long
measuring times were still required to observe the reso-
nance. This could be greatly improved by increasing f
through higher implantation voltages and by using higher
radioactive decay rates, which should be possible, espe-
cially with shorter-lived nuclides). The decrease in signal
on increasing the applied field above 0.3 T is explainable
in terms of variation of the enhancement factor and thus
of the saturation parameter [Eqs. (10) and (12)]. The
dashed curve in Fig. 9 is fitted to the B&(eff) dependence
alone, and yields an anisotropy field of 0.42 T. The corre-
sponding predicted signal at 1.0 T is shown in Fig. 6 for
comparison; it could not be observed. If the complete ex-
pression [Eq. (12)] is used, we have two free parameters,
the relaxation rate ratio a and the anisotropy field. A
good fit can be obtained using reasonable combinations of
values, e.g. , a =2, B,=0.32 T, or a = 1.5, B,=0.38 T; a
determination of both parameters would require more
data. An independent measurement of the field depen-
dence of the relaxation rate would be useful.

The signal at 0.3 T obtained from the annealed sample
was reduced to 40(15}%of the expected saturation sig-
nal. This is probably mostly due to the different rf condi-
tions used; in particular, the rf coil was reconstructed to
eliminate a power resonance and the amplitude B, in the
sample region, which was not remeasured, may have de-
creased even though the input power and overall heating
rate were unchanged. Also, a higher modulation frequen-
cy was used, and some dropoff due to the gaps in the rf
power spectrum may have occurred. Detailed experi-
ments with a second, slower modulaton frequency would
be desirable to investigate this point.

At the v2 resonance (+2~+I transition), where the
relaxation time is considerably shorter, it seems likely
that the signals are relaxation limited even at the higher
modulation frequency. The applied B& amplitude may
also have been lower, since it was adjusted to give toler-
able nonresonant heating at the higher v2 frequencies in
the 800-MHz region. Thus, the observed signals of about
25% saturation at 0.3 and 0.6 T are not unreasonable
(Fig. 11). Here, the probable increase in relaxation time
on increasing the applied field may offset the accompany-
ing loss of enhancement factor, since the relaxtion time
enters into both the modulation conditions (Fig. 5) and
the saturation parameter [Eq. (12)]. The rise in signal at
0.8 T is not explained, and may be an artifact. For this
subresonance, on annealing the samples, a considerable
improvement in signal strength was observed (to about
66% of calculated saturation}. In this case, the rf condi-
tions for the annealed and unannealed samples were iden-
tical, so the change is due to intrinsic properties of the
samples. If our hypothesis is correct and the signals are
relaxation limited at this subresonance, the increase in
signal is attributable to slower relaxation in the annealed
sample. It is conceivable that the presence of defects in
the implantation region provides a new relaxation chan-
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nel which is removed on annealing, although this seems
unlikely in view of the small differences in static HFI's
observed. Another, more likely possibility is that the
field dependence of the relaxation is affected by anneal-

ing, and the annealed sample is closer to the slower,
high-field limiting relaxation rate at the applied field of
0.3 T. Again, more detailed studies of the dependence of
NMR signal strength and relaxation rate on sample
preparation and applied field are required to clarify this
point. In any case, we have obtained satisfactory signals
at both the v& and the v2 subresonances with standard
NMR-ON experimental conditions, and improved sample
preparaton should permit a considerable reduction in
counting times. Experiments with on-line implanted im-

purities seem quite feasible.
Nuclear moments of ' Tb. The moment ratios in

Table III, combined with the known nuclear mo-
ments, ' of stable ' Tb, permit us to calculate the nu-
clear moments of the ' Tb 3 ground state; we obtain
p(3 )=1.790(7) nm (corrected for diamagnetism) and
Q(3 )=3.85(5) b. These may be compared with those
obtained from the ESR experiment of Easley et al.
Figure 12 summarizes the derived nuclear moments, us-
ing the ratios obtained from comparing the present HFI
frequencies (annealed sample) with the main line (M), the
low-frequency satellite (S, ), and the high-frequency satel-
lite (S2) from Ref. (20), as well as the HFI frequencies
from precision nuclear orientation on bulk samples [NO
(M) compared to the main line of Ref. (20)], and the ra-
tios of Ref. 55 [(ESR); the numbers differ slightly from
those in Ref. 55 since we have recalculated them from the
original data and used newer values of the ' Tb reference
moments].

The spread in values due to comparison with the
different spectral features of the spin-echo spectra is clear
from Fig. 12; it is comparable with the combined quoted
errors. The bulk NO experiments are in excellent agree-
ment with the present results, as seen also in Table III. A
significant disagreement with the ESR value for the mag-
netic dipole moment is found. (The quadrupole moment
was not determined independently in the ESR experiment
of Easley et al. ; it was found by combining the
magnetic-moment ratio with an NO result, and is thus
subject to the same systematic effects as the dipole mo-
ment determination. ) The reason for this disagreement is
not clear; the ESR experiments were diScult, involving
the detection of very weak signals from radioactive Tb
isotopes in the presence of a high concentration of stable

Tb, which produced broadened and dipole-split lines,
but examination of the original spectra reveals no prob-
able sources of error of the magnitude required to bring
our results into agreement. The ESR results have the ad-
vantage of being obtained simultaneously for several iso-
topes in the same sample (we have included the values for

Tb in Fig. 12 for comparison). A similar procedure,
implanting several radioactive nuclides simultaneously
and measuring moment ratios directly, would be very
desirable in future work with the present technique. We
may also consider the derived nuclear moment in light of
expectations from nuclear theory and systematics. The
3 ground state of ' Tb has the configuration

m( —,'+[411])+v(—,
' —[521]), K(n)=3( —). A calcula-

tion of the magnetic moment in the Nilsson model with
q=+6 was quoted in Ref. 55, giving +2.0 nm. Empiri-
cally, the moment of the pure n( ',

.+—[411])state in ' Tb
is 2.014 nm, while those of neighboring v( —', —[521])
states range from —0.259 to —0.44 nm, increasing with
increasing neutron number (all moments corrected for di-
amagnetism). Neglecting odd-particle correlations, we
would expect a value in the range 1.57—1.75 nm; our
quoted dipole moment is thus in the expected range.
From the measured spectroscopic quadrupole moment,
we calculate the intrinsic quadrupole moment of the 3
state to be 9.24(12) b. The only similar states in this re-
gion whose quadrupole moments are known are the 3+
states in ' ' Eu, with two fewer protons and four and
six fewer neutrons than Tb, respectively; their intrinsic
quadrupole moments are 7.58(84) and 9.36(12) b, also
similar to our value. Using the rotational-model formula,
we calculate the deformation parameter P for the 3
state in ' Tb to be 0.30, in excellent agreement with the
systematics value for N =95.58

160 Tb moments
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FIG. 12. Derived nuclear quadrupole moments (upper part)
and magnetic moments (lower part) for the 3 ground state of

Tb, showing the spread in values by comparing the present
HFI frequencies to different features of the spin-echo spectrum
of "TbTb: (M), main line; (S& ), low-frequency satellite; (S2),
high-frequency satellite. The comparison of bulk NO results
with the main spin-echo lines is also shown as NO(M). ESR re-
sults for Tb doped into Nd ethylsulfate (Ref. 55) are given for

Tb, and, for comparison, for the 3 ground state of '5 Tb.
Numerical values for the moments were quoted in II.
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CONCLUSIONS

The NMR-ON experiments described above clearly
demonstrate the feasibility of applying this technique to
lanthanoid impurities implanted in heavy-lanthanoid host
crystals. The use of the double-resonance method at low
temperatures gives reasonable signal-to-noise ratios for
the simultaneous observation of two subresonances and
thus permits the spectroscopic determination of both the

magnetic and the quadrupole HFI frequencies in such
systems. The small changes seen in the resonance fre-
quencies and linewidths on annealing the samples, as well
as the good agreement with bulk nuclear orientation re-
sults, which have very different sources of systematic er-
rors (primarily the temperature scale), provide strong evi-

dence that the derived HFI frequencies represent those of
substitutional, undisturbed impurities and that damage to
the host lattice, at least at the dose rates employed here
and with room-temperature annealing, is not serious. It
remains to be demonstrated whether the low-temperature
implantation required for on-line NMR-ON experiments
will be tolerable; experience with 3d-ferromagnetic hosts
indicates that this will be the case.

The HFI frequencies obtained for ' TbTb have per-
mitted a precise evaluation of many y-ray mixing ratios
in the decay scheme of this nuclide and open the possi-
bility of its use as an absolute NO thermometer in the
10-110-mK temperature range, of particular value in
high applied magnetic fields. Similar experiments on
other lanthanoid-heavy-lanthanoid systems will permit
the development of thermometers for higher and lower

temperature ranges and will facilitate nuclear-decay-
scheme studies.

A factor of major importance in the NMR-ON of these
systems is the sign of the quadrupole frequency vz and
the relative magnitudes of vp and vM. As shown by Eq.
(4), a relatively large and positiue quadrupole frequency is
needed to lower the frequencies of the first subresonances,
i.e., those connecting the only sublevels which are popu-
lated at the low temperatures required to produce appre-
ciable nuclear orientaion. Otherwise, the high frequen-
cies characteristic of the pure magnetic HFI, or even
higher frequencies due to addition of the magnetic and
electric HFI's, are to be expected. This would make the
observation of NMR-ON rather difficult (but not neces-
sarily impossible, since considerable rf heating can be
tolerated when a large magnetic HFI is present, and the
relatively shallow depth of implanted impurities under
the sample surface avoids problems due to the rf skin
depth, even at high resonance frequencies).

We wish to consider the extension of the double-
resonance NMR-ON technique demonstrated in this
work to other implanted lanthanoid (Ln) or actinoid (An)
ions in HL host crystals. In Table IV we have collected
data on the typical chemical, nuclear, and hyperfine in-
teractions properties of a series of lanthanoid ions im-
planted in a hypothetical HL host. Tb, Dy, Ho, and Er
are all suitable for this purpose, the main differences be-
ing in their magnetic properties and the ease of sample
magnetization. Tb and Dy are very similar, being basal
plane ferromagnets at low temperatures, which are easily

magnetized. ' Gd host may also be used, as demon-
strated in Ref. 11.

The second column of Table IU shows the similarities
of the electronegativities and atomic volumes along the
whole lanthanoid series, the exception being Eu, which is
divalent in the metallic state. Implantation of any of
these ions into Tb or Dy crystals, for example, should
present no problems, although it is likely that Eu would
enter the host lattice in the Eu + state, which has J=0
and consequently no direct hyperfine interactions.

The third column gives typical nuclear spins and mo-
ment for nuclides of the given element. The first entry is
usually for a stable or long-lived isotope, and the second
entry for radioactive, often very short-lived nuclide. The
fourth column is the magnetic HFI frequency vM divided

by the nuclear g factor and can be used to estimate v (in

MHz) by combining with the nuclear data. The last
column gives the quadrupole frequency shift (including
the contribution due to the lattice ions and conduction
electrons) for the first subresonance frequency, divided by
Q/4I. Multiplying by Q/4I from the nuclear-data
column (Q in b) gives the frequency shift b,v& (MHz), and

allows the first subresonance frequency v& to be estimated
from

v1 vM ~v1 ~

neglecting the effect of the applied field. The magnetic
HFI's are all large and positive, except for the S-state
ions Eu + and Gd + and the J=O ion Eu +; in the first
two cases, a modest, negative magnetic hf field due to
core polarization is present. The sign of the quadrupole
EFG oscillates along the series.

In several cases, application of double-resonance
NMR-ON will probably be difficult or impossible, be-
cause the magnetic HFI frequencies are too large and/or
the quadrupole frequencies are negative. This applies to
Pr, Pm, and Ho. Only if radioactive nuclides with much
smaller magnetic moments are employed would the
subresonance frequencies be in the range below about
1500 MHz which is readily accessible to NMR-ON.
(Some favorable isotopes of Pr and Pm may exist. ) Stable
Nd and Sm have small quadrupole frequencies, the order
of a few MHz, but these may be higher with some ra-
dioactive isotopes which have larger quadrupole mo-
ments. In any case, the magnetic HFI frequencies are
below 1000 MHz, so that double-resonance NMR-ON
should be feasible. The S-state ions of Eu and Gd lack
the large HFI's due to the open 4f shells, and their elec-
tric quadrupole HFI is dominated by the lattice contribu-
tion, of order+25 MHz in HL hosts. (We have assumed
that its symmetry axis is perpendicular to the quantiza-
tion axis and that it can still be treated as a perturbation
with respect to the magnetic interaction. This assump-
tion will depend on the relative size of the nuclear dipole
and quadrupole moments. ) On the other hand, since these
ions also experience only a small magnetic HFI, their
magnetic frequencies are of order 100 MHz, and double-
resonance experiments should be straightforward. The
relaxation times may be expected to be much longer than
in TbTb, which is an advantage for the observation of
NMR-ON but a disadvantage for on-line implantation.
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TABLE IV. Typical nuclear properties and hyperfine interactions of lanthanoid ions in HRE hosts.
The nuclear spins and moments are typical values; the first line is for stable or long-lived isotopes, the
second line for shorter-lived radioactive isotopes (from Ref. 57). The HFI constants are from Ref. 23;
the free-ion values of the magnetic HFI were reduced by 0.92 to allow for the metallic environment.
The quadrupole shifts were reduced by 0.85 in most cases, or more if necessary to give agreement with

experimental values (Ref. 23), and contain estimates of the quadrupole interactions due to the crystal
lattice and conduction electrons (treated as a perturbation), with symmetry axis perpendicular to the
quantization axis, estimated using (1—y „)=80 and a screening factor K =2 (see Ref. 23).

Ion

Pr'+

Nd +

Pm'+

Sm'+

Eu'+

Eu +

Gd'+

Tb3+

3+

Ho'+
Er'+

Tm'+
Yb3+

E, V„'

1.13, 20.8

1.14, 20.6

1.13, 22.4

1.17, 19.9

1.85, 28.9

1.20, 19.9

1.20, 19.2

1.22, 19.0
1.23, 18.7
1.24, 18.4

1.25, 18.4
1.25, 18.1

Nuclear properties
I, g (nm), Q (b)

2, +1.6, —0.06
2, +0.12, +0.03
—,—0.3, —0.6
2, +0.3, —2.0
—,+0.75, +0.7
5, +0.7, +1.9
—,—0.19, +0.05

2, +0.3, —1.3
5, +1.0, +2.9
3, +0.67, +3.9

2,
—0.22, +2.0

2,
—0.05, +3.6

—,+1.33, +1.43

3, +0.6, +3.8
2,

—0.2, +2.6
—,+1.2, +3.5
2,

—0.16, +2.8

4, +0.28, —2.2
3, +0.2, —1.3
—,—0.3, +2.8

4, +0.35, —2.3

vz~ (MHz/nm)

+2803

+3180

+3170

+2523

—267

0
—243

+2340

+4195
+5350
+5765

+5720
+4300

(4I/Q)hv, ' (MHz/b)

+ 1383

+695

—718

0
—84

+2840

+3044
+ 1272
—1575

—2488
—3400

'Electronegativity of element, atomic volume (cm3/mol).
Magnetic HFI frequency/nuclear g factor.

'Quadrupole frequency shift of first subresonance, divided by Q/4I (see text).

Tb and Dy are favorable cases, having large, positive
quadrupole HFI frequencies and moderate magnetic HFI
frequencies. Er and Yb are less favorable, since their
quadrupole frequencies are negative, although some nu-
clides are known with negative quadrupole moments,
which would give positive quadrupole frequencies.
Furthermore, the magnetic frequencies are of order 1000
MHz, so that the subresonance frequencies may be in an
acceptable range. Finally, the quadrupole interaction has
not been measured for Tm (the only stable isotope has
nuclear spin —,

' and thus no quadrupole motnent), but in-
terpolation indicates v~ of about +200 MHz for a quad-
rupole moment of —1.0 b; this would make double-
resonance NMR-ON feasible with the expected magnetic
HFI frequencies of about 1200 MHz. Similar remarks
apply to isotopes of Yb.

Table V contains the corresponding summary for the
actinoid series; here, data are more sparse and some ex-
trapolations have been made. The electronegativities and
atomic radii of these elements are fairly similar to those
in the lanthanoid series, especially for the heavier ac-
tioned ions above Am. The lighter actinoids behave
chemically more like d transition elements, with small

atomic volumes and several stable valence states. Never-
theless, they should fit reasonably well and can probably
be implanted sucessfully into HL crystals, although the
valencies of the implanted ions are hard to predict. This
probable ease of implantation is particularly true of Th,
Pa, and the transplutoniurn elements. The more extend-
ed 5f shells, compared to the 4f shells of the lanthanoid
ions, will make implanted actinoid impurities more sensi-
tive to local environment (hybridization eff'ects). As
Table V indicates, sufficiently large quadrupole frequen-
cies and moderate magnetic frequencies should permit
double-resonance NMR-ON experiments in many such
actinoid-heavy-lanthanoid systems. The small magnetic
moments and large quadrupole moments typical of many
actinoid nuclei are useful in this respect; particularly
favorable are U, Pu, Am, Cm, and Bk. Bk should be a
good candidate, similar to (isoelectronic) Tb. An in-
teresting case is Cm, which, if it implants in the 3+
state as is probable, will be an S-state ion, isoelectronic
with Gd +, and should exhibit a small magnetic HFI fre-
quency (about 60 MHz) and a quadrupole frequency vz
near 12 MHz due to the lattice-conduction electron con-
tribution. The resulting subresonance frequencies should
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TABLE V. Properties of actinoid ions in HRE hosts. Notation as in Table IV. The HFI interac-

tions are estimated from the free-ion data of Ref. S9, reduced as in Table IV to allow for the metallic
environment. Values for Pa +, Cm + (S-state ion, isoelectronic with Gd +), and Bk'+ are extrapolated.
The lattice-conduction electron contribution to the quadrupole HFI was estimated using

(1—y„)=160,K =2.0.

Ion

Pa
U3+

U4+

Np
Np+
Pu'+
Pu4+
Am'+

Arn4+

Crn'+
Bk'+

1.3, 18.0
1.38, 12.6

1.36, 11.6

1.28, 12.3

1.3, 17.8

1.3, 18.0
1.3, 18.5

Nuclear properties
I, g(nm), Q(b)

—', +0.15, —3.0
—', —0.1, +4.5

—', , +1.25, +4. 1

2,
—0.3, +5.6

~, +0.64, +4.9

—,+0.15, (+5.4)
—,+0.56, +5.8

v~/g (MHz/nrn)

(+2550)
+3660
+3440
+3960
+4410
+3362
+4630

0
+3385
( —324)

(+3120)

(4I/Q) b,v, (MHz/b)

(+ 1600)
+600

+2030
—980
+790

—1910
—1170

0
—2260
—168

(+2800)

be in the range of 100 MHz, and quadrupole relaxation
may play an important role in determining v &. By con-
trast, Np and Am are not good candidates, unless nuclear
states with very small magnetic moments can be found.

Finally, we emphasize again the importance of careful
cleaning of the sample crystals before implantation and of
the use of high-implantation voltages to give large-site-
occupation factors. With these precautions, on-line ap-
plications of the technique should be successful. Further-
more, in cases with fast nuclear relaxation, which will

generally be present for non-S-state lanthanoid and ac-
tinoid ions in HL hosts, a high modulation frequency vf

(5 kHz or more) should be used, with a second, lower
modulation frequency superposed to close the gaps in the
rf power spectrum.
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