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The nuclear magnetic resonance of Er' ' in erbium iron garnet (Erlo) has been studied at 4.2'K
using both single crystals and polycrysta&»ne powders. The zero-field spectrum obtained with the
powder samples shows the existence of two types of rare-earth sites that would be expected when the

magnetization is along a (100& direction. The two types of sites are found to have hyperfine fields of
about 5.74 X 10 and 2.87 X 10' 6, while the absolute magnitudes of the quadrupole coupling
constants, P = eQV ~/4I(2I —1)h, for the two sites are found to be 17 and 1 MHz, respectively.
With an exteriial field of a few kilogauss applied along a (100) direction of the single crystal, the
Er' ' spectrum is found to be similar to the zero-field powder spectrum, in agreement with the fact
that & 100) is an easy direction of magnetization in ErIG. With the external field oriented along a
(111) direction of the crystal, the observed spectrum is found to be quite different from the (100)

spectrum and more difficult to interpret in detail. Hyperfine fields and quadrupole coupling constants
are discussed and compared with those expected from other studies. Nuclear relaxation times at the
various sites have been measured and interpreted in terms of a relaxation mechanism involving the slow
relaxation of the rarer ion.

I. INTRODUCTION

Nuclear-magnetic-resonance (NMR) studies in
the rare-earth iron garnets are of interest because
they can give very detailed information concerning
the magnetic properties and hyperfine interactions
of the magnetic ions. Erbium iron garnet (ErIG)
is of particular interest because magnetic studies
and optical studies~ have shown that while both
(111)and (100) directions are relatively easy di-
rections of magnetization at 4. 2 'K, a (100) direc-
tion is easiest. This was confirmed in a previous
communication, where we reported briefly on the
zero-field NMR of both Er ' and Fe'~ in polycrys-
talline ErIG. In the present study we have ex-
tended our previous zero-field studies. By using
single crystals and externally applied fields we
have been able to study the Er ' NMR spectrum
with the magnetization aligned along both (111)and
(100) directions. From these studies and the re-
sults of Mossbauer studies, which have also been
carried out on ErIQ, we have been able to obtain
detailed information concerning the magnetic hy-
perfine fields and electric field gradients associ-
ated with the Er'3 ions. We have also carried out
measurements of the Er relaxation times. From
these studies we have been able to obtain informa-
tion concerning the details of the Er'3 relaxation in
ErIG.

A brief discussion of the hyperfine parameters is
given in Sec. II. Experimental techniques are dis-
cussed and results of the spectral NMR studies are
given in Sec. GI. A discussion of the Er hyperfine
field parameters is given in Sec. IV. The relaxa-
tion time studies are discussed in Sec. V.

II. HYPERFINE INTERACTIONS

A. Anisotropic Hyperfine Field

Hyperfine fields at rare-earth nuclei have been
discussed by several authors. The major contri-
bution to the internal field comes from the 4f elec-
trons and can be written

a„,= 2p,N (r-').„(Z.&.

A similar expression can be written for the mag-
netic moments,

(2)

The factors N and A. have been tabulated' for the
various rare-earth ions. For Er', N=0. 78 and

From (1) and (2) there should be a good
proportionality between the ground-state magnetic
moment and hyperfine field.

The rare-earth ions in the iron garnets reside at
sites which are known to possess a local orthorhom-
bic symmetry, The local orthorhombic axes of
these sites take on six orientations with respect to
the crystal axes, resulting in general in six mag-
netically inequivalent rare-earth sites. 7 For one
of the sites the orthorhombic z axis can be chosen
to lie along a cubic (001) direction, while the x and

y axes lie along (110) and (110) directions. The
other orthorhombic sites can be generated by tak-
ing the orthorhombic axes to be along equivalent
directions.

For the case where the Fe magnetization MF,
lies along a cubic (100) direction, two types of
rare-earth sites, c& and c~, arise with relative
site populations of 2:4. If we let (n„n„, n, ) be
the direction cosines between MF, and the ortho-
rhombic axes, then for sites c, the direction co-
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For an arbitrary orientation of the rare-earth
moment one can define an effective quadrupole in-
teraction parameter as

eQ V,gg

4I(2I —1)h
' (3)

V«, the effective electric field gradient, can be
written as the sum of a 4f contribution V& and a
contribution from the external lattice charges,

I I
~et' = ~4f+ ~CfLt

The electric field gradient arising from the 4f
electrons can be written, assuming J to be a good
quantum number, as

V'4&= —eo(y )„,(3Z,. -J'(J+ I)) (1 —R}

In (4) and (5) the prime denotes the quantities must
be evaluated for an arbitrary orientation of the
rare-earth moment along the direction z'. For the
Er ion the matrix element' n is f575.

The lattice contribution can be written

V(ae = a V«[3h, —1+q(ha —h„}].

In (6), V„ is the electric field gradient along the
orthorhombic z axis (which coincides with a crys-
tal (100) axis} and h„h„and h, are the direction
cosines between z' and the orthorhombic axes.

We can express V„ in terms of the crystal field
parameter Va = Aa (+ as

(7}

In (7), oa and y„are shielding parameters.

III. EXPERIMENTAL

A. Equipment and Measuring Technique

sines are (0, 0, 1), while for sites ca they are ( —,',
~-,', 0). For the case where the Fe magnetization
lies along a cubic (111)direction, two types of
rare-earth sites, e, ' and e~', arise with relative
site populations of 3:3, and with direction cosines
(~-,a, 0, ~ —,'}and (0, +, ~—,').

For the case of a Kramers doublet, explicit ex-
pressions for the ground-state magnetic moments
(in zero field) can be obtained.

B. Electric Field Gradient

at frequencies of up to nearly 2000 MHz. Double-
stub tuners were used in both input and output lines
of the cavity.

Both polycrystalline and single-crystal samples
of ErIG were studied. The polycrystalline sample
consisted of about 15 g of finely divided powder
which was sealed in a glass tube. The single-crys-
tal sample, which weighed about 10 g, was roughly
spherical in shape. It was mounted so that it could
be rotated about a (110) axis which was parallel to
the rf field and perpendicular to the external dc
field. All measurements were carried out at 4. 2

K with an exposed-tip Dewar vessel, the tip of
which fitted into the cavity. An external dc field
H, of several kilogauss wg, s used in the single-
crystal studies to drive out domain walls and orient
the magnetization along one of the easy directions.
Spectral studies were made for a given crystal ori-
entation by plotting spin-echo amplitudes as a func-
tion of frequency.

In addition to the spectral measurements of spin-
echo intensity, relaxation time studies were car-
ried out and will be discussed more fully in Sec. V.

B. Results

The zero-field Er' ' spectrum obtained with the
powder sample at 4. 2'K is shown in Fig. 1. Since
the easy direction of magnetization for ErIG is
(100), we expect the spectrum obtained with the
crystal oriented so that H„, is along (100) to be the
same as the zero-field spectrum. This was found
to be the case. The spectrum obtained with H„,
along (100) was basically the same as the zero-field
spectrum except that the various lines were found
to be shifted from their zero-field frequencies as
shown in Table I.

The direct effect of the external field on the nu-
clear moment would only be expected to shift the
frequency by about 1 MHz. The larger observed
shifts may indicate slightly field-dependent magnet-
ic moments. The lines between 350 and 375 MHz
were not all observed with an external field, prob-
ably being too weak. The line at 346 MHz shifted
to a slightly lower frequency at 4. 5 kG. This is a
contrast to the remaining lines, which shifted to
higher frequencies.

The spectrum observed at 4. 2 'K with an applied

The spin-echo equipment employed a high-power
pulsed oscillator (Applied Microwave Lab PGIK},
receivers, and calibration oscillators to cover the
required frequency range. For the resonant ele-
ment two types of cavities were used, the rectan-
gular quarter-wave cavity described previously,
and a cylindrical quarter-wave coaxial cavity. The
cylindrical cavity, which was tuned by varying the
length of the reentrant stub, had a higher Q than
the rectangular cavity and could be made to operate
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FIG. 1. ErIG zero-field spectrum at 4. 2'K.
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TABLE I. Resonance frequencies for the various (100)
lines in zero field and for applied fields of 4. 5 and 8. 0
kG.

Field
{kG) Line frequency {MHz)

0 346 384 489 590 692 791 899 988
4. 5 343 386 491 593 693 795 893 995
8. 0 ' ' ' 386 495 596 697 796

field of 8 kG along, a (111)direction of the crystal
is shown in Fig. 2.

IV. DISCUSSION

A. Hyperfine Field Parameters

Since for Er'" I= 2, we expect the NMR of each
site to show the usual seven-line quadrupole split-
ting pattern, with a splitting between lines given by
4, where b = I 6P,«l and P,«was defined previous-
ly.

Hu'fner et ul. ' have studied the hyperfine struc-
ture of Er in ErIG using the Mossbauer tech-
nique. They fitted their zero-field spectrum as-
suming two types of rare-earth sites with relative
site populations of 3:3, corresponding to M~, being
along (111). Since in zero field Mr, lies along
(100), their spectrum should have been fitted with
a 2:4 relative site population. In any case, we
might expect the Mo'ssbauer hyperfine data to be
approximately correct. The Mossbauer results
indicate hyperfine fields at the two types of sites
of (5.55+0. 5)x 106 and (3. 90+0. 2)x108 G with
quadrupole coupling constants P of (1.75+0. 35)
x10 ~ and (0. 25+0. 35)x10 ~ eV, respectively.

Now consider the Er NMR spectrum of Fig. 1.
Taking the nuclear moment of Er' ' to be —0. 56 p,„
we expect (from the Mossbauer results) to observe
two seven-line patterns centered at 670 +60 and
470+ 24 MHz. Taking Q of the Er excited state
to be —2. 1 + 0. 2 b' and Q of Er ' to be + 3.0
+ 0. 4 b, we expect a splitting b, between adjacent
lines of 104 and 15 MHz for the respective sites.
If we take the line at 692 MHz to be the center of
one seven-line pattern corresponding to the site
with the higher hyperfine field we see that the cor-
responding splitting between adjacent lines, which
is about 100 MHz, would be in good agreement with
the Mossbauer result. The group of lines extend. —

ing from 346 to 375 MHz would then have to be at-
tributed to the other site.

Khoi~~ has also studied the zero-field Er NMR
in ErIG at 4. 2'K. He finds lines at nearly the
same frequencies as we do but did not observe the
lines from 346-3V5 MHz. He concludes rather
that the lines from the site with the lower hyperfine
field coincide with the line at 489 MHz. Although
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FIG. 2. ErIG spectrum with an external field of 8 kG
along the (111) direction at 4. 2'K.

this interpretation would agree better with the
Mossbauer results, it could not explain the lines
from 346-375 MHz. Furthermore, with an applied
field, al.l the lines including the one at 489 MHz had

a width of about 2 MHz. Consequently, it seems
likely that the lines between 346 and 375 MHz do
belong to the site with the lower hyperfine field.

Using (1) and (2) and taking as was done in Ref.
4 (r )„,= 72x10 cm, we can calculate effective
magnetic moments at the two (100) sites of about
6. 6p, ~ and 3.4p, ~. These magnetic moments can be
compared with magnetic moments of 6. 9p~ and
4. 8p~ obtained for the two types of (100) sites from
optical studies. Because of the numerous factors
effecting the intensities it would be difficult from
the NMR to say which group of lines correspond to
site e, . The optical studies, however, indicate
that the (100) site with the larger moment corre-
sponds to site c&.

For the case of Mr, along (111) the optical
studies give moments of 5. 3p, ~ and 4. Vp~. From
this we would expect the (111) hyperfine fields to
be about 4. 6&&10 and 4. 1xl06 G, corresponding to
frequencies of 556 and 499 MHz. A detailed inter-
pretation of the (111) spectrum of Fig. 2 is diffi-
cult. One site appears to have a line splitting of
about 40 MHz. The center of gravity of the whole
distribution is in approximate agreement with what
one would expect from the optical moments.

From the experimentally observed ground-state
moments one should be able to derive a set of prin-
ciple moments (p„g„, and p.,) for the orthorhom-
bic sites. The expressions' for the ground-state
moments involve rare-earth-iron exchange para-
meters which are not known precisely. Taking p.,
=6. 9p,~, and moments of 4. 3p, ~ and 5. 2p, ~ corre-
sponding to the other two orthorhombic axes, would

give approximate agreement with the optical mo-
ments provided reasonable exchange parameters
were assumed.
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8. Electric Field Gradients

In this section we will discuss contributions to
the electric field gradients. From (5) one can cal-
culate a free-ion value for P,z of about —18 MHz.
Because of the crystal fields, P4& will be reduced
from the free-ion value. Khoi has calculated P&
for the two (100) sites c& and c2 to be —S. 7 and
—2. 7 MHz, respectively. Taking P„ggg to be about
—7 MHz and using (6) would give lattice contribu-
tions to P at the two (100) sites of —7 and 3. 5 MHz.
The net P,«would then be about —17 MHz for site
cq and +1 MHz for site cz. The values of P,«would
be in agreement with NMR studies and the sign of
P «would be consistent with the Mossbauer studies

For the (111) sites the 4f contribution to P can
be estimated to be about —4 MHz. Assuming

i'll

= 1 and using (6) would give lattice contributions
for the (111)sites of w2 MHz. The net P,« for the
two sites would then be —6 and —2 MHz. These
values of P would correspond to splittings between
adjacent lines of 36 and 12 MHz and would be con-
sistent with an observed splitting for one site of
40 MHz.

Using (3) and (7) one can calculate Va from the
value of P„,«. Taking for (1 —y„)/(I —oz) a value
of 280 (as was done in Ref. 8) and for (r ) a value
of 0. 19x10 ' cm, we obtain Vz =113 cm . It is
of interest to compare this with values of Vz ob-
tained from optical studies. ' We must recall that
our value of V2 is referred to the orthorhombic
axis which lies along a (100) direction. The crys-
tal field parameters for ErGaQ referred to the
same axis would be Vz= 62 cm ' and rl = Vz/Va= + ~.
We see that the value of V2 obtained from the qua-
drupole splitting is about a factor of 2 larger than
that obtained from the optical studies. Whether
this reflects a real difference in the value of Va

for ErIQ and ErQaG or simply reflects some un-
certainty in the shielding parameters is not clear.

V. RELAXATION TIMES

W.„.= g(f+m) (I~m+1). (8)

In Sec. V C we will develop a detailed expression
for W. From general considerations we would ex-

A. Preliminary Discussion

The Er ' relaxation is complicated by the qua-
drupolar splitting. The relaxation of a quadrupolar-
split spectrum has been discussed by several au-
thors. ' ' We will assume a model in which the
Er "nuclei are relaxed by a fluctuating component
of the hyperfine field perpendicular to the quantiza-
tion direction. For this case the relaxation will be
magnetic dipolar and the transition probability for
transitions between adjacent nuclear levels will be
given by an expression of the form

pect W to depend on the square of the hyperfine
field and also on a correlation factor given by v(1
+ ru r ) ', where v is the correlation time associated
with the fluctuating field and &u/2v is the nuclear-
resonance frequency. We will show in Sec. VC
that co 7 «1. For this case W depends on the fre-
quency of the central transition through the hyper-
fine field but is the same for each transition.

The case where W can be considered to be the
same for each transition has been discussed in
Ref. 14.

Following Ref. 14 one can define population dif-
ferences a„between various levels by the relation
a (t) =n (t) —n q(t), where the quantity n (t) is the
departure of the fractional relative population of
the mth state from its thermal equilibrium value.
The population differences are given as a sum of
exponentials:

a (t) = Za, e "".
(S)

For a spin-+~ system ),&/ W= 2, 6, 12, 20, 32, 42,
and 56. The g

&
depend on the particular transition

and on the initial conditions, In general, the relax-
ation will be nonexponential and only at long times
will it proceed with the characteristic time T, = 1/
2W that would be expected for a spin--,' system.

1. Stimulated Echo Method

In the absence of spin diffusion the stimulated
echo decay measures the longitudinal relaxation.
The initial conditions correspond to the inversion
of a single transition la (0)= —2p, a z(0)=a, g(0)
= p, all other a„=0]. For I =-l explicit expres-
sions for the decay curves have been given in Ref.
14. Corresponding expressions for I =~ can be
easily obtained by using the matrices given in Ref.
15. Stimulated echo decay curves corresponding
to excitation of the various transitions are plotted
in Fig. 3. Note that at long times the decay pro-
ceeds at a rate T, = I/2W that would be expected
for a spin-~ system.

2. Saturation Method

With the saturation method one monitors the re-
covery of the magnetization following a series of
closely spaced saturating pulses. Two cases have
been discussed by Narath. With a relatively
short saturating comb one assumes that a given
transition is saturated but that the populations of
the other levels do not have time to adjust accord-
ingly. In this case (case C of Ref. 15) the magne-
tization recovery [I —m(f)/m(~)] is the same as the
stimulated echo decay. With longer saturating
combs (case B of Ref. 15) one assumes that a given
transition is saturated and that the other levels have
time to adjust accordingly. For this case the initial
conditions are just a (0) = p, all others zero. The
recovery curves are nonexponential as for the short
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TABLE II. Relaxation times for the lines corresponding to Mze along |,'100) in zero field
and for H~=4. 5 kG.

Line frequency
(MHz)

T~(initial)
(psec)

T2(initial)
(@sec)

Site

C2

H, =o
(powder)

988
889
791
692
590
489
384

H~=4. 5 kG
(crystal)

995
893
795
693
593
491
386

H 4=0
(powder)

220
130

95
65

115
130
170

Hmt 4. 5 kG
(crystal)

300
150
125
120
130
155
330

200

H t= 0
(powder)

24
24
20
20
20
32
26

H~t=4. 5 kG

(crystal)

37
43
42
50

saturating comb, but a relatively larger amount of
long-time component is obtained.

B. Er'6' Relaxation Times

L Relaxation Times with the Magnetization along &100&

Relaxation time studies were carried out for the
various (100) lines. Studies were made both in ze-
ro field using the powder sample and with an ap-
plied field of 4. 5 kG using the single crysta, l..

I.O

K

i O.I

K

laxation times T, (initial) obtained from the initial
slopes of the stimulated echo decay curves are
listed in Table II a?Ong with values of T2 obtained
from the echo decay. The stimulated echo decays
were nearly independent of the exciting pulse sep-
aration, indicating that spin diffusion was small.
We see that for site c~ the relaxation times are
nearly the same for corresponding lines on either
side of the central —,'~-,' transition. This is in
agreement with the calculated relaxation curves.
By fitting the initial stimulated echo decays to the
curves of Pig. 3 we obtain a Tz for site cq of about
2. 8 rnsec for H„,= 4. 5 kG, and about 2 msec in ze-
ro field. We also obtained T& for this site by the
saturation method from the slope at l.ong times.
At 4. 5 kG we obtained a T& of about 6 msec. The
discrepancy between the two methods may be due
in part to the effects of spin diffusion.

For site c&, using the line at 346 MHz, we ob-
tained a T& from the saturation method of about 5
msec at 4. 5 kG. This can be compared with a
T& of about 4. 5 msec that would be estimated from
the initial stimulated echo decay.

For the central transition of site c& we alsoob-
tained with the single crystal the field dependence
of T, (initial) and Tz. This is plotted in Fig. 4.

2. Relaxation Times with the Magnetization along &~11&

I

2

I I I

O. l 0.2 0.3 0.4 0.5 0.6 0.7
TIME IN UNITS OF (2W

FIG. 3. Stimulated echo decay curves expected for the
various transitions of an I=

2 system. Decay curves
for transitions on either side of the central one are the
same.

Less detailed relaxation time studies were made
for the (111) lines because of the more complex
spectra. With an applied field of 5. 6 kG T~ varied
between about 6 and 9 psec. T,(initial} was about
44 p, sec for the line at 660 MHz, while for the
other (111)lines T, was of the order of Tz. This sug-
gests that the line at 660 MHz may be from a dif-
ferent (111)site than the other lines.

TI obtained by saturating the line at around 500
MHz was about 50 psec (with an applied field of
4. 5 kG}, while Tz was about 9 psec for the same
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perfine interaction. The fluctuating effective field
at the rare-earth nucleus can then be written as

H'=H*+iH'= Z(A "~iA"")5JI

Using (11) to carry through the calculation of Tq

[as far as Eq. (5) of Ref. 16] one finds the result-
ing expression the same as for the Fe5~ case, ex-
cept that terms involving the indirect Fe" coupling
via spin waves are absent and the quantities involv-
ing the anisotropic Fe-rare-earth interaction must
be replaced by the corresponding quantities involv-
ing the anisotropic hyperfine interaction. Making
these changes in Eq. (1) of Ref. IV one obtains,
for T„

He„t (kG)

FIG. 4. Field dependence of T~ (initial) and T2 for the
central transition of site c~.

line. No saturation study of the line at 660 MHz

was carried out, but from T,(initial) we can esti-
mate Tj to be of the order of 1 msec.

Estimated values of T, for different sites for
both (100) and (111) orientations are summarized
in Table III.

C. DISCUSSION

The Fe" relaxation in rare-earth-doped YIG has
been discussed in detail by Hartmann-Boutron'6
and involves the indirect coupling of the Fe' nucle-
us to the rare-earth ion. The Fe" relaxation in
Yb-doped YIG has been shown ' to be in agreement
with the predictions of a slow-relaxation theory' '
for the rare-earth ion. In the slow-relaxation the-
ory, because of the anisotropic rare-earth-iron
exchange interaction, the slowly relaxing rare-
earth ion can create a fluctuating transverse field
which acts on the iron spin. This transverse field
excites spin waves which eventually relax the Fe
nuclei.

Consider now the rare-earth-nuclear relaxation.
There should be a related direct interaction in
which the relaxing rare-earth ion creates a trans-
verse fluctuating hyperfine field at the nucleus of
the same atom. The calculation of the rare-earth
relaxation time from such an interaction can be
carried through by analogy with the corresponding
Fe ' relaxation.

By analogy with Eq. (1) of'Ref. 16 one can ex-
press the direct interaction between the rare earth
and nuclear spins as

= E[yH„~]a a a sech (E/2KaT). (12)
T~ ™

g 1+(or

E(c,) =0,

E(ca)= 8 y, fm)
f,' '. -

for QF, along (111),

)'
E(c,') = ~ ~ 2~)

8 -A')'
E{ca)= 6

(1Sa)

(ISb)

(14a)

(14b)

In (13) and (14) the parameters f„characterize
the anisotropic hyperfine interaction. The para-
meter f„=v„/v, etc. , where v„, v„and v, are the
principal values of v along the orthorhombic axes.

TABLE III. Values of T& obtained for the various sites
with an applied field of about 5 kG.

Orientation Site (kG)
Ti

(msec)

In (12), H„, is the hyperfine field (averaged over
the different sites), y is the nuclear gyromagnetic
ratio, 7 is the rare-earth relaxation time, and
&u/2w is the resonance frequency. E is the exchange
energy splitting of the rare-earth ion and the secha
term becomes zero when the lower Kramers dou-
blet becomes fully populated. The dimensionless
factor E determines the amount of transverse hy-
perfine field and will be different for different sites.
For the case when Qr, is along (111) or (100) the
factors E can be written in rather simple forms

For MF, along (100),

R=ZA 'I'J~. (10)
(100) Cg

C2

4. 5
4. 5

2. 8 —6
~ 5

In (10), I and J are the nuclear and rare-earth spin
operators, and the A ' describe the anisotropic hy-

or c2
c2 ol c(

5.6
4, 5

1.0
0. 05



3144 R. L. STREEVER AND P. J. CAPLAN

We have used (12) to evaluate T& for the different
sites. In evaluating the quantities E we have taken
v, = 690 MHz, v„=400 MHz, and v„=300 MHz.

The Er'3 relaxation time 7 in Er-substituted YIG
has been found to be 10 "sec at 55 K. At 4. 2'K
it can be estimated to be about 3x10 ' sec. As-
suming v to have the same value in ErIG would give
~y«1. It has been assumed that ~ has the same
value for the different sites.

The relaxation times are particularly sensitive
to the exchange splittings E. We have taken for E
an average value of 25 cm ' which we assume to
be the same for each site. While this is not cor-
rect it should at least provide an order of magni-
tude estimate of T&. With these assumptions Tj
differs for each site only through the factor I . For
site cz, F is zero and so there is no contribution to
T& from this mechanism. For site c& we obtain T&

=0.44 msec, while for the two (111)sites we ob-
tain T&'s of 0.06 and 0.03 msec. Consequently,
there appears to be at least rough order-of-mag-
nitude agreement between the calculated T&'s and
the experimental values of Table III. More pre-
cise values of E are needed for a better test of
theory and experiment.

Besides the direct relaxation mechanism just
discussed there should be an indirect one in which
the rare-earth nuclei is relaxed by rare-earth
ions on neighboring sites. Such a mechanism
should be important for site c„ for which the di-
rect mechanism should not be effective. The indi-

rect relaxation mechanism would be field depen-
dent as in the case of the Fe' indirect relaxation
and this may explain the dependence of T& on field
shown in Fig. 4.

Finally we will briefly consider the transverse
relaxation. As a consequence of the quadrupole
splitting, T2 will be much less than T~. According
to Walstedt ' we expect the transverse relaxation
to be exponential with a T~ contribution which is
related to T, by the expression Tz/Tz= (I+ ,') . -
This factor is 16 for a spin-$ system. We find
that the factors T,/16T2 vary between about 0. 2
and 5 for the different sites, indicating that there
may be in some cases an additional contribution to
T~ other than the Walstedt contribution. Such an
additional contribution to T& could arise from in-
direct nuclear-spin-spin interactions.

VI. CONCLUSION

From both the static and dynamic NMR studies
we have been able to derive detailed information
about the rare-earth ions in ErIG which we have
correlated with results of other studies. The
over -all agreement between theory and experiment
appears to be rather good as far as the static NMR
studies are concerned. In the case of the relaxa-
tion time studies lack of precise values of the rare-
earth exchange splittings limit the accuracy with
which the theoretical relaxation times can be cal-
culated but rough agreement between theory and
experiment is obtained.
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