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The existing theoretical model proposed by Hone, Jaccarino, Ngwe, and Pincus (HJNP) to treat
spin-spin relaxations in inhomogeneous lines is extended in order to ~»e it applicable to experimental
situations often encountered in real ferromagnetic systems. The transverse rehLxation of Eu""" in

ferromagnetic EuO and of Co~~ in ferromagnetic Co metal was studied by the spin~ho technique as
function of external magnetic 6eld Ho & 4aM at low temperatures. Nonexponential echo decays were

observed in all cases and the relaxation rates were found to be field dependent. The extended HJNP
model was successfully applied to account for the observations in EuO, verifying in a quantitative
@~oner the important role played by the indirect spin-spin (Suhl-N»natura) interaction in the
relaxation processes of this system. The ~&ysis also yields detailed information concerning the
character of the local distribution of the effective fields acting on Eu nuclei in EuO.

I. INTRODUCTION

Measurements of the transverse relaxation rates
of Co in ferromagnetic cobalt metal and Eu' in
ferromagnetic EuO, in external magnetic fields
Ho&4', were recently reported. ' These re-
laxation rates, deduced in the preliminary re-
ports ' from the tail ends of spin-echo decay
curves, were found to be dependent on external
magnetic field, as is expected for a relaxation
mechanism governed by the Suhl-Nakamura (SN)
interaction. ' The observed relaxation rates were
much smaller than those calculated for homoge-
neous spin systems, and the retardation was as-
cribed to a local distribution of the nuclear Zee-
man levels, in accord with a recent theoretical
treatment proposed by Hone, Jaccarino, Ngwe,
and Pincus' (HJNP).

While the functional field dependence of the re-
ported relaxation rates'~ appeared to be in rea-
sonable agreement with the original HJNP model,
no satisfactory account could be given at the time
for the nonexpoaential character of the spin-echo
decay curves. Subsequently, additional discrep-
ancies were observed upon comparing the experi-
mental ratio of the rates for the two Eu isotopes-
as deduced from the decay at the tail ends-to the
ratio predicted by the HJNP model. In the present
paper, an extension of the HJNP model is developed
and the extended model is then utilized to treat
in a quantitative manner all of the experimental
observations, for a wide range of external mag-
netic field and for both Eu"' and Eu" .

The paper is organized as follows: A review of
the SN interaction, in a manner appropriate for
fcc lattice, is presented in Sec. G. Also included
in Sec. II is a brief review of the HJNP model and
special attention is given to the difference between
the roles played by the SN and the dipolar inter-
actions in inhomogeneous spin systems. In Sec.
IG the theory is developed to adapt the basic HJNP

relaxation formula [Eq. (3.12) in Ref. 5] to some
real cases often encountered in practice. In Sec.
IV, the experimental observations are presented
and analyzed with the help of the extended HJNP
model, and conclusions are drawn concerning the
validity of the model and concerning the nature
of the local distribution of the nuclear Zeeman
levels in the samples that have been studied.

(2)

II. SPIN-SPIN INTERACTIONS

A. Suhl-Nakamura Interaction in fcc Ferromagnets

One can visualize the indirect SN interaction,
say between two nuclear spina in a magnetic medi-
um, by considering the following process: A nu-
clear spin-flip at site 1 creates a virtual magnon
through the transverse part of the nucleus-electron
interaction. The virtual magnon is then annihi-
lated by another nuclear spin-flip at site 2. The
net result would be a mutual spin-flip at sites 1
and 2, i.e. , an effective spin-spin interaction.
An outline of the formal derivation of the SN in-
teraction for the particular case of EuO is now
presented. The electronic spin Hamiltonian is
given by

X=+gPsS, ' Rg- 2 Q J(aS» 'Sa, (1)
i i& f

where ll& includes external magnetic field, demag-
netization, and local Lorentz magnetic fields at
site i, and to keep X in a simple form, it is as-
sumed ll, also includes the crystalline anisotropy
field. This approximation is further justified in
Sec. IGA. For EuO, which has the fcc structure,
only the exchange integrals between nearest
neighbors (nn) 8, and the next-nearest neighbors
(nnn) Ja, would be considered. Under equal
magnetic field ll, in all the sites, we obtain

SC=gpsli, ' QS( —2J'q Q S( S~
ntf

—2/a Z S, 'Sq .
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E~-g p.~H, + 2SJk (6)

where J=—J,+J~. Replacing the sum over k in Eq.
(5) by integration

where v, is the volume of the Brillouin zone, and

extending the integration to infinity, we obtain

where

1 QBoI)IJ—
2 Iffy

(7)

z=(ziH, /H, ) i, ggzH, =2ZSz, ,

and n=1, 2, 4, for sc, bcc, and fcc, respectively,
is the number of sites in the unit cell.

From Eg. (3), for Z, &3I~ and H, =O, the spin
waves have their maximum energy 32J~S, at
X[k=(2v, 0, 0)], while the approximated energy (6)
has its maximum 10m ZS at W[k= (2m, 2m, 0)]. Thus,
the quadratic approximation reduces the terms of
large 0 in Eq. (5). For r-l, where the oscilla-
tions do not suppress large-k contributions and for
J& =0.73K and J2=0.0975K as appropriate for
EuO, the real B;; are estimated to be about twice

At low temperatures the excitations of the system
are given by the spin-wave energiess

f-„=gpzHN + 2ScI, Z (I -8"'&)
lg

+2SZq Z (1-e' 'a) . (3)
1g

1, denotes the displacement vectors to the z, near-
est neighbors (12 for fcc) and 1~ to the zm next-
nearest neighbors (6 for fcc), in units of lattice
constant ao.

The hyperfine interaction of a nuclear spin I
with the electronic spin S is

X'=AI S. (4)

Following the SN calculations, ' this K is taken
as perturbation for the electronic system and
mixes states with one excited magnon into the
ground state. By expanding S in terms of spin-
wave-creation and annihilation operators, and by
taking the second-order correction to the energy
of the ground state, the effective Hamiltonian be-
tween the nuclear spins is found to be

%0 W

SA' r 1 g e «)It',gIg

where r;;, the displacement between two spins,
is given in ao units. For r&~ » 1, the oscillating
part excludes terms of large k and we may take
the quadratic approximation of small k,

the approximated 8&, given by Eq. (f). The ap-
proximation of integration to infinity which is also
justified because of the oscillating terms in Eq.
(5), is accurate up to 10%%d.

We define f;& by

f&,
= (1/4 an) e &~/r;, ,

which leads to

8„={2/t'/Zz, n)f.. .

(6)

This is the square of the rms width of a resonance
line in a homogeneous sample. The line is thus
"dynamically" broadened by the SN interaction and
its Fourier transform gives the shape of the echo-
envelope decay in spin-echo experiments. ' For ho-
mogeneous samples, this shape is approximated
by a Gaussian' with o = Tz = ff /(Mz )

B. Inhomogeneous Broadening

The original SN theory ' treated the homoge-
neous nuclear systems. Real ferromagnets and
antiferromagnets have microscopic broadening;
strains, impurities, and other imperfections cause
the static magnetic field to vary microscopically
from site to site. This broadening may prevent a
mutual spin flip of two nuclei, owing to energy con-
servation, if the difference between their Zeeman
energies is greater than the strength of the inter-
action between them. Such spins may be considered
"unlike spins" and terms of the kind I;I& should be
omitted in the sums of Mz and higher moments. '
This results in higher transverse relaxation times
of the spins. HJNP' developed a model which
treats these relaxations quantitatively. They as-
sumed (a) 55» [(3I(I+ I)]'~ 8„„,where 8„„is the
interaction between nearest neighbors and 5 is the
characteristic width of the microscopic distribution
g(&u) of the Zeeman energies [fg(+)dry =1]. (b)
There is no correlation between the difference in
the Zeeman energies of any two spins and their
relative position. This assumption means that for
each spin i, the energies of its neighbors in a given
jth shell are distributed according to g(~). Thus,
not all of these neighbors will be able to "spin flip"
with the ith spin. The interaction will be effective
only with the spins which are inanenergy range of
8;& from it. These are a fraction c& of all the
spins in the shell, where c;= 2g(ru)8&, /K. In the
simple model of diluted crystals, 8 c is taken as

where a is a geometrical factor a =2/z, for cubic
lattices.

It is convenient to characterize a spin-spin in-
teraction by the method of moments. Comparing
the operator form of X " and X ", the contribution
of X " to the second moment is

Mq" = p I(I+1)Z B~g; .
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Mg = cM2

p 2
' 2c

Mq = 5c M3 — Q B((B(()B()(
jwyaa4 j

(10)

the average of c( and g(- cg( in every sum, chang-
ing the moments M„ into M„,

ond moment, is not affected by the inhomogeneous
broadening, while the other $ part is reduced by
c, where c is the average fraction of the spins
which are not "detuned" by this broadening. In
order to study the line shape, K ' in E(l. (13) is
replaced by an effective Hamiltonian

2

8 - —5c c B~j&
3C,(( =g d (([3 I (I( c(+3—I ( I ( + 3 I ( I () ] . (15)

In the homogeneous sample (c = 1), 3 & M', /(M3} & 5
(Ref. 5) and the dynamic line shape is nearly Gaus-
sian, while for c «1, M,'/(M3)' » 1 and the dynamic
line shape is Lorentzian. This predicts an expo-
nential spin -echo decay . Taking the line shape as
truncated Lorentzian, its half -width at half -inten-
sity & is given by

[ '/ ]'"
In an improved model, HJNP used a better approxi-
mation: g(A( - $( c&A&, where A& is any term in
the calculated moments which is summed over 1at-
tice sites. With 1/T3 = n/g they found

sN &3g cg

Following the standard calculations of moments,
this Hamiltonian leads to

M,'(dip) =
~

M, (dip)
2 + c )

3 ]

2 c'l(lc ()(-[E d, c,3 )

M,'(dip)=3[M((d(c)) -I 33 ( 3 )(
1 2 +c

di((d(3 «3) +-
j1 j1P8j 5 3

((1+Re 3 /8 —cc+Cc'
)2I(I+ 1}[[ 9

x [—', I(I+ 1)]~(3/[6 3/2I(I+ 1)p( (12)

&,,
I

(i( i+ ()}'

The line -shape criterion

(16)

p 1 —3 cos 8jg
(r„((,)'

(13)

where y is the nuclear gyromagnetic ratio and 8 jz
is the angle between r j&

and the direction of the
magnetization . d j~ replaces 8j~ in the above cal-
cul ations to give

V 3 (( C((c ((d )

Tq j„eh
x d j&

s d j
s

x [—
' I(I+ 1)] /[1.4-0.3/I(I+ 1)] . (14)

There is, however, an operator difference between
X " and X ". While X " consists only of I jI&

parts, X ' includes terms of the I jI &
kind, which

contribute fraction & of the total Hamiltonian to the
moments's sums and do not disappear with the mi-
croscopic inhomogeneities. Thus the fraction $,
which is the contribution of these terms to the sec-

where c is the natural abundance of the observed
isotope .

HJNP treated the dipo 1ar interaction in a similar
way . X ' is given by

3C =Q d((( 3 I ( I( —
((I ( I f ((I ( I ()

j&g)

e = M4 (dip)/[M3(dip)]3,

which is about 2 for cubic dense crystals with
c = 1, stays almost unaltered while going to the
limit c «1, where e = 3, and the line shape remains
a Gaussian, narrowed by $.

In reexamining the method of moments for un-
like- spin broadening, Wal stedt conclude s that in-
cluding unlike -spin terms in the moments ' s sum
is incorrect if it results in M4/MI » 3 and the cor-
responding Lorentzian line shape is of the order of
less than the expected width from like -spin inter-
action alone. This criterion does not hold in our
case where the opposite situation occurs: The con-
tribution of the detuned spins change s the line shape
from Lorentzian (the treatment of HJNP for c «1)
to Gaussian [E(1. (16}].

When X " and X "are of the same order, both
interactions are added and X™,', + cX " replaces Eq.
(15) in the calculations. Under high inhomogeneous
broadening, however, the contribution of SN inter-
action is reduced and the moments are essentially
given by Eq. (16). A good example of these cal-
culations is the resonance of F in antif erromag-
netic MnFs; for pure crystal the second moment
is

M3 3 M[('(dip) + —,M, (dip-SN) + M3 (SN)
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+-, M$ (zz}+M$' (+~) .
This M2 sums the contributions of the dipolar in-
teraction, the SN interaction, and a cross term
between the two, I denotes the spins of one sublat-
tice, I are the spine of the other, and (zz), (++)
are the contributions of I& I&' and I', I&' or I, I&",
respectively. The rms linewidth MM$/(hy) is found
to be 2. 5 Oe, corresponding to a Gaussian relaxa-
tion with T$—- h/(M$)' =16 p, sec while the experi-
mental relaxation, measured by Butler et al. , '0

is exponential with T2= 29 p, sec. Under high in-
homogeneity, the detuning cancels in Eqs. (17) all
but the (zz) term and the first term (which is now
reduced by $). This leads to T$"= 3T$, which is
in good agreement with the experimental results.

III. TRANSVERSE RELAXATION INDUCKD BY
SUHI NAKA3NURA INTERACTION

A. Eu Nuclei in Ferromagnetic EuO

In order to observe SN transverse relaxations,
one has to find a system in which this interaction
is at least of the order of the dipolar interaction.
This is the situation for Co' in ferromagnetic co-
balt and Eu nuclei in ferromagnetic EuO. EuQ
in particular is a suitable material for such a
study. It is nearly an ideal Heisenberg ferromag-
net below Tc= 69.5 K"' andas willbeshownim-
mediately, for both Eu"' and Eu" in this system,
the inequality K "»3C ' holds. The following pa-
rameters are used in the calculations: A = h f$/S,
where S =+5 and f$ = 141 MHz is the NMR frequency
extrapolated from fields above saturation to zero
field (see Sec. IVC}; n=4, n=$, and z, =12 for
the fcc lattice; a, =5. 15 A H =408 kOe; J=0.653
K; I" =I"'= $,' y" /2z= 0.4683 kHz/Oe and y "/2v
= 1.049 kHz/Oe. The natural abundances are
e ' =0.5223 and c"'=0.477V. Substituting H, =29
kOe in Eq. (I) and multiplying Eq. (9) by c"5 for
Eu ' and by c's' for Eu" we obtain

M "(Eu" ) =4.7x10" erg

M$"(Eu '
) =1.1x10 5 erg

Similar calculations for the dipolar interaction for
a magnetization in the [110]direction give

M$"(Eu"$) = 1.6 x 10 "erg

M "(Eu"')-3.85x10 ' erg

M $(Eu15$ Eu152) 3 35 x I 0 4$ erg

M ( )=. o g

where M$"(Eu" -Eu"') is the part of the Eu"' sec-
ond moment which is contributed by its I&I& inter-
actions with Eu ', and M$ '(Eu -Eu ) is similar-
ly defined. Clearly, then, for the EuO system the
SN interaction is dominant and only under extreme-
ly severe inhomogenous broadening X "may have

any effect, even upon the fourth moment which is
given by'

(E 15$) M$N (E 15$)

M (E )Md™(E -E },(18)

where

M$N(Eu15$) 4[M$N(Eu15$)]$

Another convenient property of EuQ, for the pur-
pose of the present study, is the relatively small
crystalline anisotropy of this system. As men-
tioned earlier, '~ a new approach was adopted in
the present experiment to the study of the SN inter-
action. By applying a varying external magnetic
field H$ &4NM, the range of the SN interaction [I/z
in Eq. (I)] could be controlled, and the resulting
variation in the relaxation rates could be examined
experimentally. Since, for EuO, the anisotropy
field is much smaller than Ho, a simple linear re-
lation could be assumed to exist between Ho and H,
of Eqs. (6) and (7) (see further in Sec. IVC).

B. Nonexponent&al Decay

Before one can proceed in the SN interaction
study on the basis of the discussion in Secs. II and
III A, attention should be given to some of the non-
ideal realities encountered in actual ferromagnets.
A ferromagnetic sample may be homogeneous only
in an external magnetic field Ho ~ DM and provided
it has a shape of a perfect ellipsoid. In all other
cases there always exists a macroscopic inhomoge-
neity originating from different sites in domains
and domains walls in unsaturated samples, and
from different parts of a particle or different
shapes of particles in saturated particles. Since
a perfectly shaped elipsoidal sample of EuO is not
easy to come by, the effects of a macroscopic line
broadening given by G(ur) on the measurements,
must be examined. An obvious consequence of such
broadening is that transient NMR methods rather
than cw (continuous waves) method must be em-
ployed in the study of spin-spin interactions.

In the absence of a microscopic inhomogeneity,
however, the difficulty caused by G(~) is a trivial
one, and a transient study of the spin system at
any part of the G(&u) distribution should yield the
same results and can be analyzed in terms of the
original SN theory. ' At the other extreme, if the
spin system is subjected only to microscopic
broadening g(&o}, and assuming that the transient
study is performed with low enough H, (i.e. ,
yH, «5}, the analysis once again becomes simple
and one may apply directly the basic HJNP formula
[Eq. (12)], which predicts a single exponential echo
decay at any given ur, with a slope 1/T, proportion-
al to g(&u). Such a situation may be realized, in

principle, in antiferromagnets, where macroscopic
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1x exp —t
Tz « "0-")

I

(19)

Vthen D(d» f), G((d) varies very slowly with o& in
the range of frequencies where g((do —(d) e 0 and we
obtain a simplified decay function, given by

Az(t (do)+ g((do
~ a OO

1
xexp -I;

2 g(too au)

(20)

A second situation to be considered is that in
which a spin-echo experiment is performed at
some frequency (do, with yH, »5. As can be shown

easily, in such case the echo signal is caused by
spins from a rather wide frequency band, which
can be represented by some distribution function
E((do) with a characteristic width «d =2yH, »5
centered around (do. In order to find the shape of
the echo decay when D»5, we have to integrate
over E((do) and Eq. (19) becomes

broadening, caused in ferromagnets by shape an-
isotropy, is absent. In actual ferromagnets none
of the above extremes is likely to occur, and as a
rule the spin system will be subjected both to mac-
roscopic and microscopic inhomogeneities. Pack-
ets of spins from different parts of the sample
have different center frequencies & distributed ac-
cording to G((d), the macroscopic line with a char-
acteristic width D(d. Each packet, in turn, is dis-
tributed around co by the microscopic inhomo-
geneity according to g((d —(d) with a characteristic
width 5. Two experimental situations, which may
pertain to such a system, will now be examined in
a detailed manner.

First, assume that a spin-echo experiment is
performed on the system at a frequency &0 with
yH&«5. If D(d &5, the spins which are sampled
in the spin-echo experiment belong to many differ
erat spin packets. The situation is illustrated in
Fig. 1(a), in which the contribution from two dis-
tinct spin packets, centered at (d =(d, and (d =~2,
are detailed. Clearly, g((do —(d, ) Og((do —(dz) and
thus, even though the spins of both groups are
resonating at the same frequency ~0, they will re-
lax at a different distinct exponential rates
(1/Tz} („~„&and (1/Tz)«„„&, where (1/To)«„
is given by Eq. (12). The decay of the echo is ob-
tained by convoluting the contribution of each pack-
et, exp[- t(1/Tz) („„&],over all packets in propor-
tion to their G((d} and in proportion to g(o&o —(d)—
the fraction of the spins with frequency &0 that
each packet contributes to the echo signal. The
shape of the echo decay is thus given by

A, (r, ,)n f r (rr)(;(, —rr)
w 00

(a)
(b)

pOO )rr OO

A, (t)n) E((do) G(o&)g(o&o —(u)
m oc

1
X exp —g d(d d(do .

2 t(990-~)
(21)

Again, if D(d»t)o&»f), both G(o&) and E((do) may
be taken out of the integrations, and Eq. (21) is
reduced to

A, (t)a g(o&'}exp —t d(d',
m oo 2 r(99')

(22)

where (d =coo —co. This equation has the form of
Eq. (20) but has a different meaning. Here the rf
pulses equally excite all the spins in a certain
packet and every spin contributes to the decay ac-
cording to its place in the microscopic distribution
of frequencies. This situation is illustrated in
Fig. 1(b).

An intermediate situation, i.e. , yH&= 5, was
also considered and it was found that in such a
case the echo decay will be given again by a re-
laxation similar to Eq. (20) or (22) provided E and
G remain "well-behaved" distributions. Which of
the situations so far described is experimentally
preferable, depends somewhat on instrumentation,
etc. However, for most practical cases, the re-
gime of yH, »f'& [Fig. 1(b)] ispreferableasinthis
regime the largest fraction of spins will contribute
to the echo signal, resulting in an improved sig-
nal-to-noise ratio. Another advantage in using
yH&» f) is that Eq. (22) will then remain valid even
if G(o&) happens to be a noncontinuous distribution-
e.g. , in a system consisting of a small number of
particles —whereas if one studies such a system
with yH, & t), Eq. (20) may not be used and the ex-
plicit from of G will be required to calculate echo-
decay curves by Eq. (19).

FIG. 1. (a) For macroscopic broadening given by G(co),
the spins in two packets, distributed according to g(v —(d~)

and g(~ —co2), have different g(co) values at any particular
frequency (dp, which determine their different relaxation
rates at that frequency. (b) For a wide distribution F((a)p)
in the frequencies, which corresponds to high rf field,
all the spins in a given packet, such as g(cop —co~) or
g ((dp —Gt)2), are equally excited. Each spin has different
relaxation rates according to its place in the appropriate
g distribution.
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IV. EXPERIMENTAL PROCEDURE AND RESULTS

A. Eu Nuclei in EuO
Line Shape at 126MHz

The powder sample of EuO was prepared follow-
ing a procedure which is a variation of Shafer's
method. Europium metal was filed and filtered
through a 50-mesh sieve. It was then mixed with
Euz03 in a molar ratio of 2: 1, pressed into pellets
and placed in a tantalum boat in vacuum evapora-
tor. Under pressure of 10 ' torr the sample was
gradually heated to 1500 'C. After about 10 min,
when the vapors of the excess elemental europium
ceased to evaporate, the heating was stopped and
the sample was allowed to cool in vacuum. The
europium was 99. 99%%uo pure. The sample was x-ray
analyzed and the reflections show an fcc lattice
with ao= 5. 15 A. The quality of the sample was
further verified by measuring the Curie tempera-
ture. TC =69.5+0. 5 K was obtained, as expected
for pure EuO samples. "

The measurements of the decays were carried
out, using spin-echo technique, in the frequency
ranges of 115-135MHz for Eu '3 and 260-295 MHz
for Eu" . The rf pulses were produced by com-
mercial high-power pulsed oscillators driven by
a Tektronix logic system. In the lower frequen-
cies, the signal was detected by a commercial
vacuum-tube television tuner and in higher fre-
quencies by a converter' built in our laboratories.
The sample was wrapped by a single coil which
terminated a coaxial line and was matched by ca-
pacitors to the transmitter and to the detector. Ar

external magnetic field up to 60 kOe was achieved
by using a superconducting magnet, while for liq-
uid-hydrogen temperatures a Varian magnet with
fields up to 31 kOe was used.

In order to deduce the effective anisotropy field
H, acting on the Eu ions from the external field
Ho, the macroscopic line shape was also studied.
This line is shown for 126 MHz in Fig. 2. The
line is nearly Gaussian with derivative extrema
separation DH = 9 kOe. This is to be compared
with +SmM=8 kOe. The symmetry of the line in-
dicates that the particle shapes are distributed
randomly and the middle of the line, where the
echo decay was measured, corresponds to a demag-
netization field of approximately —2aM. Adding
the Lorentz local field++emM, we find H, =HO

Ho-4 kOe2

The experimental echo decays at different val-
ues of H, are plotted, with a logarithmic amplitude
scale in Figs. 3-5. The nonexponential decay in
all cases is evident in these plots. In order to
determine which of the regimes discussed in Sec.
IIIB is applicable, one has to examine the various
widths involved. As an upper limit on 5, one can
safely use the cw linewidth of domain-wall nuclei,
which yields 5 & 2mx 80 kHz. A typical H, value,

Q0

CL

E

o 1—
U

UJ Selow
Saturatlorf

o
20 A)M 30 40

E x terna t Field, kOe
50

FIG. 2. Macroscopic spin-echo line profile of Eu 3 in
EuO at 126 MHz. The profile is nearly Gaussian with fr

=4. 5 kOe.

at H, = 30 kOe, was K& = 200 Oe. This is already
the enhanced rf field actually seen by the Eu nu-
clei. For H, =30 kOe the expected enhancement
is H„,/H, = 10, where H„, is the hyperfine field dis-
cussed in Sec. IVC. Thus, Hg=2000e corre-
sponds to a direct field of about 20 Oe, produced
at the sample coil. Therefore ~w = 2y' SHE —2p
& 200 kHz. Finally, the macroscopic linewidth,
DH=9 kOe, yields Dco =2m&&4. 2 MHz. Thus, Dco
» &a»&5 and Eq. (22) is applicable.

The decay of Eu" at 2 ~ 2 K and in H, = 29 kOe is
shown in Fig. 4. By best fitting a g(~) distribution
to this decay using Eq. (22), it is found that a
Lorentzian g(~) with a width at half-intensity 5/2w
= 3 kHz (corresponding to a field width of 6. 5 Oe)
and cut off for l(d-~l&65, where cu is the center
of g(ru), is in good agreement with the experi-
mental results. In a remarkable contrast, no
Gaussian distribution of g(&u) could be fitted to the
experimental data, and as is shown in Fig. 4, even
the best fitted Gaussian is far from satisfying. No
attempt was made to test additional distribution
functions, and therefore one cannot rule out the
possibility that some other microscopic distribu-
tion function can yield a fit as good as that of the
Lorentzian g(&u) discussed above.

As defined, g(~) is the microscopic distribution
of the nuclear Zeeman energies. The microscopic
distribution in fields g(H) =yg(u) is the same for
Eu and Eu . Therefore, in the frameword of
the present model and taking into account the dif-
ferences in gyromagnetic ratios and natural abun-
dances of the two isotopes, the echo decays of
both Eu" and Eu"', for all H, values, should be
calculable without any adjustable parameter except
g(&u). Using a single Lorentzian g(&u) with 5 =2m
x 3 kHz as mentioned above, the echo-decay rates
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FIG. 3. Echo-decay curves of Eu' in EuO at 4. 2 K
in different applied magnetic fields. The rhombic points
represent the experimental results and the solid curves
are the computed, best-fitted decays, derived from the
theory of Sec. ID.

for both isotopes and for various H, values were
calculated by Eq. (22) and the calculated results
are plotted as solid curves in Figs. 3 and 5. The
remarkable agreement between the theoretical
predictions and the experimental results, obtained
by fitting a single unique g(&o), seems to confirm
the validity of the model discussed in Sec. III8 for
real ferromagnets.

B. Transverse Rehxation in Metalic Cobalt

The transverse relaxation rates 1/Tm for Co' in
fcc metallic cobalt were measured at 4.2 K in ex-

FIG. 5. Echo-decay curves of Eu' in EuO for two
field values. The solid curves are the theoretically cal-
culated decays (see Secs. IQ and IV for details).

ternal magnetic fields 18 (H, (60 kOe. ' The plot
of I/TI vs H, is given in Fig. 6. The relaxation
rates decrease with increasing external field, in-
dicating the existence of SN interaction between
Co'9 spins. The echo decays are again nonexpo-
nential (inset to Fig. 6) and Tz was deduced from
the slopes of the decay tails.

Ferromagnetic fcc cobalt has an effective first-
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FIG. 4. Echo decay of Eu' in EuO at 29 kOe. The
solid line is the "best-fitted" calculated decay for a
Lorentzian g(fd) and the broken line is the best-calculated
decay, assuming a Gaussain distribution for g(co).

FIG. 5. Experimental transverse relaxation rates of
Co in metallic cobalt in different applied magnetic fields.
The inset gives a decay curve for H, =21.3 kOe.
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neighbors exchange interaction with J= 130 K,
estimated from T~=1400 K. Using H, =22 MOe
(from gPH, = 2 JSz), a = 3.537 A, I=g, H, = 30 kOe,
and y/2w = 1.01 kHz/Oe, we obtain for the homoge-
neous crystal

M~(SN) =7x10 ' erg

Mz(dip) =1.2X10 ' erg for M ~~(110) .
A cross term Mz(dip-SN} similar to the cross
term in Eq. (17}does not exist here, because of
the cubic symmetry.

Clearly, Ml(SN) & Ma(dip} for the homogeneous
crystal and T~= ff/[ M~( SN) +M(dip)]' 3=12 psec.
The observed T~ is 140 p, sec, indicating an inho-
mogeneous broadening. The contribution to the
relaxation rate for c«1 of R "alone is T~(dip)
= ff/[+9M~(dip)] =46 psec [see Eq. (16)]. Even
this value, which is expected to be an upper limit
for T~, is shorter than the observed one. It is
therefore difficult to treat this case quantitatively,
by finding the proper g(&o}, as was done with EuO.
On the other hand, the following features stand
clear: (a) There is a field dependence of Tz, (b)
the decay is nonexponential.

C. Discussion

The g(&o) function for EuO was deduced in Sec.
IV A to be a Lorentzian with half-width at half-in-
tensity 6/2v = 3 KHz. This value of microscopic
broadening has to be consistent with the assump-
tions of HJNP model. First assumption was that
the inhomogeneous broadening is large enough to
cause "detuning" of spins. For Eu" the average
interaction between nearest neighbors is
[,'I(I+1)]'~~B+—h=2.6 kHz. This value is of the
order of 6/2v. For Eu"', B„is even larger by a
factor of y'5'/y"3 = 2. 26. The interaction, how-
ever, falls quickly for next-nearest neighbors (by
-50%%uq} and farther neighbors. Thus, it appears
that the assumption concerning the magnitude of 5
may be relaxed somewhat and it is sufficient that
86 ~ [s I(I+ 1)] B„. The experimental decay con-
firms the existence of the inhomogeneous broad-
ening by its shape (non-Gaussian} and by the re-
laxations which are much longer than Ta—- tf/
[M2"(Eu '~)] ~ =15 p, sec-the value for an homoge-
neous sample.

The second result to discuss is the Lorentzian
shape of g(~). The inhomogeneous broadening may
originate from nonmagnetic impurities such as
vacancies, Eu ' ions, Gd atoms, and the like.
This will result in a linewidth which is identical
to the linewidth of a sample with magnetic ions
Eu ' only in the sites of the above impurities. Ap-
plying the model of magnetically diluted sub-
stances, the inhomogeneous broadening for low
concentration of impurities —c' ~«1 is Lorentz-

ian, with

6 = 5. 3nc'~'y"'p/a' (23)

where n is the number of magnetic ions in a unit
cell and p =gpsS is their magnetic moment. Sub-
stituting in Eq. (23) the value obtained for 6 in Sec.
IVA, the concentration required, c' ', is found to
be 0.059%.

Another source for g(&u) could be local strains.
The change in ao, that is required to produce the
broadening, may be estimated by comparing A"3
measurements in fcc crystals of BaO, CaO, SrO,
and EuO. ~ A linear dependence of A upon ao,
with a slope dA+~/dao = 3. 5 X 103 Oe/A. was found, ~

from which one obtains, for OH=6. 5 Oe:

5ao 1 dA H

o +o d+o
(10)

V. CONCLUDING REMARKS

The model of HJNP, extended to treat real fer-
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FIG. 7. Plot of the field value needed for maximum
Eu echo amplitude at different transmitter frequencies
(see Fig. 2). The slope of the solid line agrees with the
Eu gyromagnetic ratio.

Another value to be discussed is the hyperfine
constant A that was used in the calculations. The
resonance frequency f versus the field Ha of the
center of the macroscopic line (see Fig. 2) is plot-
ted in Fig. 7. It fits the equation f= y(Hh, —H, )/2v
where H, =Ho 3mM and H„,=303 kOe. This hyper-
fine field, corresponding to 140.6 MHz, is to be
compared with 138.7 NHz-the zero-field cw fre-
quency found in domain walls, where the external
and demagnetization fields are screened. The dif-
ference between the two values, 1.9 MHz, could
be caused by the local Lorentz field HI. in the do-
main walls, where one might expect Hz, &+~M be-
cause of the variation of the spin direction through-
out the wall. The macroscopic variations of Hl,
may be the origin of the cw linewidth-80 kHz-
in a single crystal at zero field.
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romagnets with combined macroscopic and micro-
scopic broadenings, was shown to provide a satis-
factory understanding of the shape of the echo de-
cays for spin system where the SN interaction is
dominant. Such a system is the Eu nuclei in EuQ.
By a single parameter-the inhomogeneous broad-
ening-we were able to calculate the echo decay of
both Eu ' and Eu"3 in wide range of external mag-
netic fields. The dependence of these decays upon
external field is shown. to provide an effective
method to study the SN interaction in ferromag-
nets, where the line is macroscopically broadened
and the anisotropic field is essentially given by
the external field.

For spin systems where the dipolar interaction
is not negligible compared to the SN interaction,
the HJNP model is less applicable. A modifica-
tion of this model, which takes into account the
contributions of I&I& terms of the detuned spina is
in good agreement with the experiments of Butler
et al. , ' who studied the relaxations rates of F

in antiferromagnetic MnFz. This model, however,
predicts shorter T~ than observed for Co in me-
tallic cobalt although it explains the main features
of the echo decays.

We have one last remark concerning the tempera-
ture dependence of the echo decays, shown in Fig. 4.
While very little variations were observed in the de

cays at liquid-He temperatures, it is seen that the
decay becomes much faster at higher temperatures.
Neither X "nor X ~ are temperature dependent
to such an extent, and on the basis of a study of
T) of EuQ as function of temperature, ' the faster
echo decays for T & 5 K can be ascribed to the in-
fluence of spin-lattice processes through the Wal-
stedt mechanism. '~ The effect of this mechanism
on the echo decay was calculated to be insignificant
below T~ 5K, as was indeed verified experimen-
tally. It is not inconceivable, however, that the
Walstedt mechanism is responsible for the slight
deviations observed at the tail ends of the decays
in Fig. 3.
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