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The spin-lattice relaxation of Co nuclei in an iron host has been studied in various applied magnetic

fields using the technique of nuclear magnetic resonance on oriented nuclei. In this method the nuclei

studied are those in the bulk of the domains. The measurements show that the relaxation rate is

dependent on the state of magnetization of the sample; the rate in 0.4 kOe is nearly five times faster

than that measured in 5.7 kOe. This result agrees with previous measurements using conventional

nuclear magnetic resonance, and demonstrates unambiguously the existence of a relaxation process in

multidomain transition-metal ferromagnets that has never been adequately explained by theory. The
resonance linewidths measured in the experiments show a dependence on the applied field. At high

fields, when the sample is magnetically saturated, the full width at half maximum is about 0.7 MHz,
while in the lowest field employed this width is only 0.2 MHz. An explanation in terms of
demagnetizing effects is offered.

INTRODUCTION

Ever since the first observation of nuclear-mag-
netic resonance (NMR) in ferromagnetic cobalt
metal, nuclear spin-lattice relaxation in magneti-
cally ordered transition metals and alloys has been
studied extensively. s's In unmagnetized multido-
main particles, the NMR signal is dominated by
the contribution from nuclei in domain walls be-
cause of the tremendous signal enhancement and
the relaxation of these nuclei is understood fairly
well. ' By applying a magnetic field so that the
sample is fully magnetized it is possible to study
the "bulk" nuclei allowing the measurement of
their relaxation aad, again, this relaxation rate
which we shall call (1/T, )„„,„has been the sub-
ject of numerous studies. ' '~

In the unmagnetized or partially magnetized
sample most of the volume is occupied by domains,
not walls, and so it is of interest to study the re-
laxation rate of nuclear spins soithin a domain in
the multidomain sample. Indeed there have been
a number of NMR studies '~ purporting to study
this relaxation rate, which we will call
(1/T, ) „,«~ „„and it is invariably found that the
ratio(1/T, ) „,«~ ~, [(1/T,)„,„„„,] ' isgreaterthan
unity with values ranging up to 5 in some cases.
This would indicate the presence of an additional
relaxation process in these systems. However,
the experiments are quite difficult to perform
since the signal from nuclei in domain walls must
be eliminated. In addition, there is some un-
certainty in interpreting the measurements as has
been pointed out recently. For example, inter-
play between wall enhancement and anisotropic
hyperfine interaction may easily lead to signals
originating in unexpected regions of a multidomain
sample. Only recently has a theoretical explana-
tion been offered' to treat (1/T, ) „,«d, «, and

this does not adequately explain the experimental
results. Because of the complications in the NMR
experiments, it would appear useful to support
these measurements by a study using a different
technique. Consequently, we have employed the
method of nuclear-magnetic resonance on oriented
nuclei (NMR/ON) to determine spin-lattice relaxa-
tion times for 6 Co nuclei in an iron host. The
usefulness of this technique in the present context
lies in the fact that all radioactive nuclei in the
specimen are observed with equal probability and,
as mentioned above, a very high fraction of these
are in domains. In fact, after the commencement
of our work we learned that a similar study has been
reported briefly by Kohzuki et al. ' However, the
lowest magnetic field applied in their experiment
was 1 kOe while our measurements are performed
down to 0.4 kOe. Also there are small differences
between our results and theirs, and these will be
discussed in a later section of this paper.

To discuss the NMR/ON technique it is necessary
to review briefly the subject of nuclear orientation.
For a system of radioactive nuclei, of moment p.

and spin I, oriented by a hyperfine field H„at a
low temperature T, the intensity of y rays emitted
at angle 8 to the quantization axis is given by"

W(8) = Z A„B„P„(cos8).

Here A„are parameters related to the radioactive
decay, h„are functions of the Boltzmann exponent
pH„/IkT, and are measures of the degree of ori-
entation, while P„are the Legendre polynomials.
W(8) is normalized to the "high" temperature
(-1 K) intensity. The largest effect is observed at
8 = 0, and it is useful to define a y-ray "anisotropy"

n = 1 —W(0).

For a polycrystalline ferromagnet, partially
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magnetized by an applied field H, the intensity
measured along the field direction is given by

[f(o)]„=Zf,. w(y, ),
where f, is the fraction of domains for which the
magnetic axis is at angle Q, to the direction of H.
We can define an anisotropy, measured in field H,

G„=1 —[I(0)]

For complete magnetic saturation, the full anisot-
ropy is observed when aH= n, but for incomplete
saturation (o„~&~n~.

If the oriented nuclear system is irradiated by
an rf field of frequency v = I»H„/hI, the magnetic
substate populations are altered and consequently
the y-ray intensity pattern is also changed, so
that a different anisotropy n„„is measured. The
first successful detection of NMR by this means
was achieved by Matthias and Holliday" and the
extension of the method to measure spin-lattice
relaxation times at low temperatures was per-
formed first by Templeton and Shirley. ' Most
NMR/ON experiments are performed using [I(0)]„.
However, the effect can of course be observed
with the reduced intensity [f(0)]s and this is the
basis of our experiment.

EXPERIMENTAL

TABLE I. Values of the resonant frequency v, partial
destruction of the &-ray anisotropy f, and FWHM line-
width observed for different applied fields. Also shown
is the modulation frequency used. The error in the
values of v and FWHM is 0. 05 MHz.

Applied
field

H(kOe)

6.70
2. 68
2. 01
0.94
0.67
0.54
0.40

Resonant
frequency

~(MHz)

162.01
164.61
164.97
165.56
165.64
165.68
165.70

Frequency
modulation

(MHz)

0, 1
0 ~ 2

0. 2

0 ~ 2

0. 2

0.2
0 ~ 1

Partial
destruction

0. 08
0.13
0.20
0.21
0.31
0.22
0.29

FWHM
(MHz)

0. 64
0 ~ 68
0. 62
0 ~ 38
0 ~ 30
0, 32
0, 24

0.30-

salt pill in a demagnetization cryostat. On de-
magnetization from a field of 40 kOe applied at
1.1 K, specimen temperatures of about 10 mK
were attained and maintained for-50 h. The speci-
men could be magnetized by a superconducting
coil which produced fields up to 10 kOe. A 5 &&5-in.
NaI counter detected y rays emitted along the field
axis (8 = 0 for the fully magnetized sample), this
direction being in the plane of the specimen plate.

The sample prepared for our experiment was
an iron plate of dimensions 0. 5XO. 5XO. 03 cm in-
to which was diffused 15 p.Ci of Co which had
been plated on the polished surface. The diffusion
depth was estimated as 0. 7 p. m which is less than
the skin depth for the radio-frequency fields em-
ployed (-1 pm). After diffusion the surface of the
plate was etched to remove any surface activity.

This sample plate was soldered on to a copper
cold finger connected to a chrome potassium alum
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FIG. 1. Normalized values of magnetization M and
&-ray anisotropy nz vs applied field. Mz is the satura-
tion magnetization.

FIG. 2. Resonance lines observed in different applied
fields H. The parameter f is a measure of the partial
destruction of the p-ray anisotropy. Note the decrease
in linewidth with decreasing field.
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I IG. 3. Typical relaxation measurement for two
fields. Six such measurements were made for each
value of H and the data averaged.

The rf field was produced by a Helmholtz pair of
one turn each which produced a field parallel to the

surface of the specimen plate and perpendicular
to the applied polarizing field.

After demagnetization the specimen temperature
could be estimated from the OCo y-ray anisotropy"
o, since A.„, p, , I, and H„are all known. A pre-
liminary measurement of II'(0) versus applied
field was taken and this could be compared with a
magnetic saturation curve previously obtained by
measuring the inductance of a coil wound around
the specimen plate. These results are shown in

Fig. 1. That these curves may not correspond
exactly has been demonstrated recently. "

The rf field amplitude used in the experiments
was 0. 005 Oe, a value selected by compromising
between a power high enough to effect a substan-
tial change in I(0) and one low enough to avoid ex-
cess eddy current heating in the specimen cold
finger. It should be noted that the domain nuclei
feel a field enhanced by a factor of approximately
H„/H or H„/H whichever is the smaller, where
H, is the anisotropy field.

The resonance was found by sweeping the fre-
quency of the rf field, which was also frequency

TABLE II. Values of the Korringa constant C com-
puted for various values of the magnetizing field H under
the two assumptions (a) and (b), where T, is spin
temperature. Also shown are the X values measuring
the "goodness" of the fits.

H
(kOe)

Number of
data points

fitted

(a) T, assumed

C(sec K) X

(b) T, not assumed

C (sec K) X

6.70
6.70
2. 68
2.68
2. 68
2. 01
1.34
1.21
1.07
0.94
0. 81
0.67
0.54
0.40

36
36
30
36
36
30
18
15

9
9
9
9
9
9

2. 58
2.23
2.15
2.14
2.21
1.91
1.13
1.01
0. 75
0.60
0.58
0.50
0.52
0.76

31
40

145
140

94
136
14
10
20
21
70
42
10
53

3.06 44
2. 64 60
2. 60 236
2.48 293
2.55 201
2.28 242
1.30 31
1.16 17
0.88 25
0.69 8
0.65 43
0.58 40
0.60 5
0.87 46

The resonance frequency v and the partial destruc-
tion f measured for different fields H are shown
in Table I. The resonance frequency extrapolated
to H = 0 was 165.8 + 0. 1 MHz in agreement with
the accepted value. The full width at half-maxi-
mum (FWHM) of the line in the highest applied
field, H=6. 8kOe, was 0. 7 MHz, but this width
was observed to depend strongly on H. Thus in
Fig. 2 are shown lines observed in various applied
fields. The FWHM at the lowest field used, H=0. 4
kOe, was 0. 2 MHz, much smaller than the values
normally measured. At fields lower than 0.4 kOe,
the value of n~ was too small to be useful. A

compilation of FWHM values for different fields is
also included in Table I.

The spin-lattice relaxation of the ~Co spins
was observed by switching off the rf field at reso-
nance and monitoring the p-ray intensity at 8 = 0
with a multichannel analyzer. This was set to
count in the multiscaling mode with a dwell time
of 5 sec. Typical measurements for two different
polarizing fields are shown in Fig. 3. For a
given value of H, six such measurements were
made and the data averaged.

Streever and Caplan~ have measured a trans-
verse relaxation time of about 5 msec for '9Co

nuclei in a l-at. % -Co-Fe alloy. However, it is
not clear whether the relaxation is dominated by
spin-spin interactions or spin-lattice interactions.
In any event their measurement allows us to place
a loaves limit of approximately 1 sec for the spin-
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stant C vs applied field H.
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spin relaxation time T~ for the Co nuclei in our
sample. Since T, 250 sec at 10mK it is uncer-
tain whether a common spin temperature can be
assumed for the Co spins in their relaxation.
Consequently, the relaxation data has been analyzed
in two ways: (a) assuming a spin temperature
existed and (b) assuming it did not. A discussion
of the low-temperature theory appropriate for
these two cases has been given by Bacon et al. '7

The analysis consists of fitting to the data a curve
calculated with two adjustable parameters, the
initial population distribution and the effective
"Korringa constant" C defined by

C T( tanh

where relaxation via the conduction electrons is
assumed. In the high-temperature limit kT» hv,
the expression for the Korringa constant reduces
to C = &,T. The initial population distribution in
the resonance experiments is determined by the
y-ray anisotropy aH „, and in these experiments
the best fit was obtained by assuming that all the
0Co spins in the sample were at the same initial

spin temperature.
A summary of the results of our analysis is

shown in Table II. It is evident that with assump-
tions (a) and (b) values of C that are a little dif-
ferent from each other are obtained. A )( analysis
shows that the former assumption yields a slightly
better fit to the data. The values of C obtained
with assumptions (a) and (b) for different applied
fields H are shown in Fig. 4.

TABLE III. Values of y C, where & is the gyromag-
netic ratio and C is the Korringa constant, obtained in
various experiments. The suffices a and b refer to the
assumptions (a) and (b) made in deducing the value of C
from the data.

Specimen Method
pc

Low fj,eld
(106K sec ~ Oe 2)

High field Ref.

"co
1 at. % in Fe

powdel

"co
1 at. Vo in Fe

foil
NMR 13 37

60co«1'.% in Fe NMR/ON
foil

10

magnetic ratio, for various cobalt nuclei in an
iron host are summarized in Table III. It can be
seen that there is good agreement between our
values and those measured in the NMR experi-
ments. ' It should be noted that in the NMR ex-
periment on a powder sample much higher fields
were required for magnetic saturation. Our high
field value of 2.45 +0. 11 sec K, using assumption
(a), also agrees well with the previously published
values of 2. 4 sec K'7 and 2. 6 sec K" for Co in
iron obtained by the NMR/ON technique. The
results of Kohzuki et al. ' appear less accurate
than our values. Their value of C =1.9+0.5 sec K
measured at 9 kOe is somewhat lower than our
high-field value, but just within the experimental

DISCUSSION

The results of experiments to determine the
field dependence of y T,T, where y is the gyro-

"co
(1 at. % in Fe NMR/ON

foil 8b 37'
This
work
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error. Their value of C=0.67+0. 06 secK mea-
sured at the lowest field employed (1 kOe) agrees
very well with our value of 0. 65 +0.05 sec K mea-
sured at the same field of 1 kOe. If a discrepancy
exists at higher fields, this could be due to an in-
complete penetration of the rf field into their
5-p.m-thick specimen foil, since the skin depth
is -1 p. m and the rf field enhancement factor is
-H„/H. Alternatively, the origin of any discrep-
ancy might lie in their method of analysis which
is not mentioned in their paper. Thus the use of
a single exponential function to fit the data would
lead to too small a value for C.

The high-field value of C =2. 4 sec K is in rea-
sonable agreement with the value of 2. 0 sec K
calculated by Kontani et al. assuming that the
dominant interaction for the relaxation process
is that between the nuclear spins and the orbital
moment. ' 'M (Here we have converted the value
calculated for ' Co to that for 80Co. )

It is evident that, for low fields, the relaxation
rate is indeed dependent on the field strength and
hence on the sample magnetization. Kontani
et al.' suggest that an interaction between the
nuclear spins and the conduction electrons via
spin waves, a process first suggested by Weger, 4

would be field dependent. However, they show
that such an interaction would have the form

T,T =D(1+H/B),

where B and D are constants, the former having
a value of approximately 20 kOe. Even if a lower
value of 8 were assumed, the form of the C-vs-H
curve in Fig. 4 is not in agreement with a linear
dependence on H over the whole range of H values.
Thus, although the proposed interaction may partly
contribute to the relaxation process, a complete
explanation of (1/T, ) „,«~ ~, is still lacking.
Other suggested processes involving a direct in-
teraction between the nuclear spins and the spin
waves' would appear to be too weak to account
for the observed relaxation rates. (It is important
to note here that for the low-temperature experi-
ments, even if T~-1 sec, spin-lattice relaxation
by spin diffusion to the rapidly relaxing spins in

the domain wall is not a significant contribution
to the total process. We estimate using a random-
walk spin diffusion model~' that spin-lattice re-
laxation by this process is several orders of mag-
nitude slower than the observed rate. )

The narrowness of the resonance lines observed
in our experiment merits some discussion. For

Co in iron, v= 166 MHz, so that the rf skin depth
is about 1 p. m. The active layer of the specimen
used in our experiments was 0. 7 p, m, and, typi-
cally, in all NMR/ON experiments, specimens
have a foil thickness or active-layer thickness of
about 1 p.m. Now even after polishing, surface
irregularities might be 2 0. 1 p. m, so that in the
conventional method using an applied field large
enough to produce magnetic saturation, i.e. ,
nH =n, there might be a distribution of demagne-
tizing fields over the sample. It is usually assumed
that the demagnetization factor has the value D= 0,
but let us assume that, in fact, there is a varia-
tion &D. The linewidth due to this effect would be

hv =y(AD)M,

where M is the magnetization. For ~D = 0. 3&,

the resulting linewidth is about 1 MHz. On reduc-
tion of the field, the demagnetizing energy would
be reduced by the formation of domains so that
this contribution to the linewidth would be much
reduced, as is observed.

CONCLUSIONS

Our experiment supports the results of NMR
experiments which show that there is a field-de-
pendent spin-lattice relaxation mechanism in 3d
ferromagnets, presumably associated with the
multidomain regime. Since this process has not
been explained satisfactorily, we feel that a syste-
matic studyof (1 /T) m«d ~m, in samples with
known domain geometry would be rewarding. Our
NMR/ON experiments also show that a significant
narrowing of the resonance line occurs on reducing
the applied field. This suggests that the high-
field linewidth may be dominated by the contribu-
tion due to a spread in demagnetizing fields over
the sample.
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