
NUCLEAR-QUADRUPOLE INTERACTIONS IN. . . 2565

3G. Marest, I. Berkes, G. Bougnot, and R. Bernard,
Compt. Rend. 262B, 367 (1966).

P. da R. Andrade, A. Maciel, and J. D. Rogers,
Phys. Rev. 159, 196 (1967).

L. Mayer, E. Bodenstedt, and C. Gunther, Z. Physik.
177, 28 (1964).

P. da R. Andrade, A. Vasquez, J. D. Rogers, and
E. Fraga, Phys. Rev. B 1, 2912 (1970).

'J. Berthier, P. Boyer, and J. I. Vargas (private
communication) .

P. da R. Andrade, J. D. Rogers, and A. Vasquez,
Phys. Rev. 188, 571 (1969); P. da R. Andrade and J.
D. Rogers, Phys. Rev. B 3, 1052 (1971); Rev. Brasil
Fis. 1, 37 (1971).

E. Matthias, W. Schneider, and R. M. Steffen, Phys.
Letters 4, 41 (1963).

G. Shirane and R. Pepinsky, Phys. Rev. 91, 812
(1953).

~~M. Forker and J. D. Rogers, Nucl. Instr. Methods

96, 453 (1971).
P. da R. Andrade, J. Chem. Phys. 50, 5040 (1969).
P. H. Stelson and F. K. McGowan, Phys. Rev. 105,

1346 (1957).
~4F. Jona and G. Shirane, Ferroelectric Crystals,

International Series of Monographs on Solid State Physics
(Pergamon, Oxford, 1962), Chap. V.

~~R. Ingalls, Phys. Rev. 133, A787 (1964).
C. Townes and A. L. Schawlow, Microwave Spec-

troscopy {McGraw-Hill, New York, 1955), Chap. 9.
~'J. Owen and J. H. M. Thornley, Rept. Progr. Phys.

29, 675 (1966).
~ Joseph B. Mann, Los Alamos Scientific Laboratory

Report No. LA-3691 (unpublished).
~ P. O. Lowdin, Advan. Phys. 5, 1 (1956); R. R.

Sharma, J. Math. Phys. 9, 505 (1968).
Ralph W. G. Wyckoff, Crystal Stmctures (Inter-

science, New York, 1964), Vol. 2, Chap. 7.

PHYSIC AL REVIEW B VOLUME 6, NUMBER 7 1 OCTOBER 1972

Single-Passage Resonance Studies by P Emission and the Measurement of Spin-Lattice
Relaxation Times for Fe60 Co

J. A. Barclay, D. H. Chaplin, * C. G. Don, and G. V. H. Wilson*
Department of Physics, Monash University, Clayton, Victoria, 3168 Australia

(Received 3 September 1971)

p-particle measurements of the signal produced during single- and multiple-passage nu-
clear magnetic resonance of oriented Co nuclei in single crystals of iron are reported.
Comparison of the signals from p and y radiations shows that after single passages the
changes in the orientation parameters are describable in terms of a rotation through a
well-defined angle. This constitutes a known set of initial conditions for the subsequent
relaxation back to equilibrium so that accurate values of the spin-lattice relaxation time Tq
can be obtained. A nonresonant method of measuring T& accurately is also described and
is shown to give results in agreement with the single-passage technique. We obtain a value
K=1.75 +0.15 sec K for Fe Co. This differs from values previously reported from ex-
periments in which the initial conditions were not well known. Comparison of the p and y
signals after multiple passages show, as expected, that the changes in the orientation pa-
rameters are not then describable in terms of a single angle «rotation.

I. INTRODUCTION

The first observation of NMH on oriented nuclei
in ferromagnets was reported by Matthias and Hol-
liday. ' In this technique the resonance is detected
via the partial destruction of the anisotropic dis-
tribution of radiation emitted from statically ori-
ented radioactive nuclei. Although considerable
knowledge of the hyperfine parameters has been
obtained, a complete understanding of the mag-
nitude of the fractional reduction in radiation
anisotropy is lacking. The problem is complex
because the large inhomogeneous broadening in
ferromagnets necessitates frequency modulation. '
Also, at the very low temperatures necessary to
orient nuclei and at the relatively high frequencies
used, there are additional complications with eddy-

current heating and skin depth.
In a previous attempt to understand the problem,

a theoretical and experimental study of single-
passage NMR of Co in Fe detected via y radiation
was reported. This single-passage approach af-
fords a considerable theoretical simplification over
the continuous-modulation procedure. However,
even in this simpler case, a major discrepancy was
observed between the angle of rotation of the nu-
clear ensemble as deduced from the observed
single-passage signals and the angle of rotation
calculated theoretically. It was tentatively pos-
tulated that the discrepancy might be caused by the
effect of the nuclear polarization back onto the
electrons.

In this paper we are not concerned with the cause
of this discrepancy but rather with the application
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of single passages to the measurement of spin-
lattice relaxation times. In Sec. II we report
simultaneous measurements of the P — and y-radia-
tion anisotropy in a single-passage study of ~Co
in iron. This was performed to establish that the
ensemble is indeed rotated through a unique angle,
even though the rotation is much less than expected
theoretically. As this is the case, a single-pas-
sage experiment leaves the nuclear ensemble in a
known initial state so that accurate values of the
spin-lattice relaxation time T, may then be obtained
from the subsequent time dependence of the anisot-
ropies of the radiation. In Sec. III, in a study of
multiple-passage NMR, we show that the resulting
changes in the initial conditions are too complex
to be described by an effective single passage.
Finally, in Sec. IV we describe the T, measure-
ments obtained by the single-passage technique and
also by a nonresonant fast-cooling method.

II. SINGLE-PASSAGE MEASUREMENTS

A. Theory

The theory of single-passage NMR on oriented
nuclei has been given in an earlier paper. ' We
reproduce only the basic equations for y-ray anisot-
ropy and extend the description to include P -parti-
cle anisotropy.

Our system consists of an ensemble of Co nu-
clei in an iron single crystal in a static magnetic
field H with an oscillating magnetic field H, «Ho
perpendicular to Ho. The ensemble will initially
have axial symmetry, being substantially aligned
by hyperfine interaction, parallel to Ho. During
a single passage the applied rf field is swept uni-
formly through the resonant region, causing the
resultant magnetic field in the Larmor frame to be
inverted. If the motion of the nuclear ensemble
faithfully follows the effective field, i. e. , is
adiabatic, then the ensemble will be rotated by
180'. However, in general the motion will not be
adiabatic and the effect of the rf can be character-
ized by an adiabatic parameter A such that

A = tn', / (
— = y„' n'H ', l(nn nfl', l,

where the strength of the applied rf field H, enters
through cu, = —y„gH, with the enhancement factor
g being the ratio of the effective field on the nuclei
to the applied field Ho. The width of the frequency
sweep hf and the time of sweep t) are the two other
experimental variables. At some instant t during
a single passage the nuclear ensemble will lie at
an angle 8 with respect to Ho, and will achieve a
final angle 8& at the completion of the passage. As
was shown in Ref. 3, the ensemble motion is the
same as that of the magnetization, so the variation
of the final angle as a function of A can be calcu-
lated by solving the classical torque equation for

the magnetization m:

dm
=y„mxH .

dt

For A & 5 the motion is thus calculated to be adia-
batic while for A &0.001 almost no rotation of the
nuclear ensemble is expected. If the sweep time
is small in comparison with the nuclear spin-lat-
tice relaxation time then the normalized anisot-
ropy of the I3 -particle and y-ray intensity ob-
served in a detector at angle O~ to Ho can be de-
scribed by

W(8 ) = 1+ g B„(0)U„F„P„(cos8)P„(cosO~), (1)
V= 1 ~ 2) ~ ~ ~

where B„(0)are the equilibrium orientation pa-
rameters which depend on x =h&u/2&T U„and. F„
are angular momentum coupling pa, rameters of the
unobserved preceding radiation and the observed
radiation, respectively. The Legendre polynomial
P„(cosO) describes the angular dependence of the
intensity of emission about Ho. The time depen-
dence of the anisotropy is given solely by the
P„(cos8), where 8 is the classical rotation of the
ensemble at time t. Hence after a single passage
(1) shows that the final orientation parameters are
given by

B„=B,(0)P„(cos8&) .

If the signal S is defined as the fractional de-
struction of the radiation anisotropy then for a
single passage the P signal becomes

8~ =1 —P, (cos8) . (3)

For x & 0. 3, the y signal is given by

S,= 1 —P,(cos8), (4)

where parity conservation causes all the odd v

terms to be zero.
If x &0. 3, then higher-order terms must be con-

sider ed. For small adiabatic parameter s where
little or no rotation of the ensemble occurs, the y
signal remains small; however, for A =0.45 a ro-
tation of 8& =90' occurs and the corresponding ini-
tial signal expected is 1.5. For larger A the ini-
tial signal is smaller but will gradually increase as
the nuclear ensemble relaxes back through 90'.
In the earlier study of single-passage NMR the
observed y signal never exceeded 0. 5, suggesting
the degree of rotation experienced by the nuclear
ensemble is much less than predicted theoretical-
ly. This means that the description of the nuclei
as simply experiencing the resultant of the hyper-
fine field and the applied fields, including enhance-
ment, is incorrect for Co in iron at low tempera-
tures. If this description was applicable it follows
from Eq. (2) that the orientation parameters im-
mediately after a passage would be known from the
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classical theory. However, in Ref, 3 it was shown
that whatever the fields acting on the nuclei, the
orientation parameters after a single passage
should still be given by Eq. (2) but in terms of an
equivalent angle of rotation which must be deduced
by measurement. Although this angle is apparently
quite different from that given by the simple single-
passage theory it can still be determined by apply-
ing Eq. (3)» Eq. (4) to the signal immediately
after a passage.

The critical assumption is thus that after a single
passage the ensemble can be described in terms of
a unique final angle. If this is so, then it is the
first case of a resonant-nuclear-orientation ex-
periment in which the initial conditions necessary
for the accurate determination of spin-lattice re-
laxation times from the subsequent relaxation back
to the equilibrium parameters B„(0)are known. By
simultaneously determining the final angle of rotation
by using the P and y signals and Eqs. (3) and (4),
this important assumption can be readily tested.

B. Experimental

Single-crystal ion specimens in the form of a
0. 5-cm-diam 0. 01-cm-thick disk had about 2p. Ci
of exchange column purified Co activity evapo-
rated onto the highly polished face and furnaced in
a hydrogen atmosphere at 830'C for 6 min. All
undiffused activity was carefully removed before
use. The cobalt concentration in the iron surface
would be of the order of 0. 025 at. /o. The samples
were cooled via a copper fin system using adiabatic
demagnetization of a cerium-magnesium-nitrate
glycerol slurry. Using frequency modulation and

Hp = 0. 2 T, a strong resonance centered at 165.4
MHz was observed with a full width at half-height
at 800 kHz. The P-particle detector was a Au-Si
surface-barrier detector with a depletion layer of
100 p, and an active area of 25 mm . It was
mounted in the Dewar vacuum at room tempera-
ture, coaxial with Hp, about 0. 1 m from the
source. It was necessary to interpose two heat
shields consisting of 8&10 -m aluminized Mylar
between the P detector and the cooled sample.
The additional heat load from this minimal shield-
ing prevented the system from cooling below
0. 012 K and it warmed to 0. 03 K in about 4 h with
an rf field on the sample. Counting times were
restricted to the 2 h after cooling the sample. A
43-cm Ge (I i) detector was used to measure the
Z rays but because of the P detector housing it
had to be positioned at O~ = 19.5' a 0. 5 .

To minimize self-absorption of the P particles,
the source was mounted at -10 to Hp, with H,
in the plane of the sample. The static magnetic
field Hp had a focusing effect on the P particles
entering the collimated counter, and to improve
statistics all but the very-lowest-energy p par-

ticles were included in the counting window. For
the P particles of velocity v from ' Co nuclei'

In actual measurements one observes a distribu-
tion of energies (velocities) so the anisotropy is
given by an integral over the velocities. In addi-
tion, to obtain absolute P anisotropies, scatter-
ing, solid angle, absorption, and magnetic fie]d
deflection must be taken into account. The effec-
tive equilibrium P anisotropy at (3 = 0 is given by

8'(0)q = 1 —o.B~,
where

o.'= (-, )
~ ~

—cos8 dv dsd),2 iy21
C

with dg allowing for the scattering, absorption,
focusing, etc. The reduction factor ~ can be de-
termined by comparing the observed P anisot-
ropy with B, calculated by knowing the tempera-
ture from the y-ray anisotropy. We find n =0. 23
a 0.02 over our temperature range (1/T = 25
—80 K '). Providing o. is temperature indepen-
dent, a detailed knowledge of its value is not re-
quired since the signal is determined from a ra-
tio.

Figure 1 shows a typical P and y single-passage
relaxation curve. The actual data were taken by
choosing a frequency range to include the entire
width of the resonance, then sweeping'across it a
number of times, leaving sufficient time between
each sweep for equilibrium to be reestablished.
This was repeated at various II, amplitudes and
times of sweep. To avoid relaxation effects during
a passage, all times of sweep were kept short
(& 6 sec) compared to 1'&, although, as discussed
previously, it is the time of passage through a
spin packet which is important and this is of the
order of milliseconds. The signals were obtained
by least-squares fitting a single exponential to the
decay curves to give the amplitudes at the end of
the passage before relaxation. Table I shows the
experimental results. The theoretical results are
included for comparison. Both the P and y mea-
surements clearly disagree with the theoretical
value calculated using the simple model of single-
passage theory of Ref. 3. Apart from confirming
the existence of this discrepancy, the present rnea-
surements do not shed any further light on the
cause of the discrepancy which, as in Ref. 3, m3y
possibly be due to spin-spin and frequency pulling
effects as discussed by de rennes et al.

However, the purpose of these measurements is
to confirm the existence of a unique angle of rota-
tion for the nuclear ensemble and that this is true
is shown by the good agreement between the angles
of 6I&, as deduced from the P and y signals im-
mediately after the passages. This shows that the
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.2
FIG. 1. Experimental relaxation

curves for (X)demagnetization tech-
nique between 1/T of 9 to 58 K ~;

(O)y-ray single passage at 1/T of
73 K ~, (0)p-particle single passage
at 1/T of 73 K . The demagnetiza-
tion curve has been normalized to
the y-ray curve at t =0. The solid
lines are theoretical curves obtained
from Gabriel theory.
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description of the effect of such passages on the
orientation parameters may be expressed in terms
of a unique angle using Eq. (2). One observation
concerning 9f is that the P angle is consistently a
few degrees higher than the corresponding y angle.
A possible explanation is the self-absorption of the

P particles from nuclei inside the sample. Thus
the P measurements would average over nuclei
closer to the surface. However, this absorption is
only about 6%%uo if the nuclei were all 1 p. deep. For
our heat treatment, the expected mean diffusion
depth of ' Co is 0. 8 p,

' and since this is much less
than the skin depth, the distribution of the adiabatic
parameter and hence the angle 8 will be quite
small. Thus self-absorption of the P particles
would not then be a likely explanation. Further
consideration of the skin depth is given in the Ap-
pendix.

In spite of this small systematic difference, we
emphasize that the experimental values of 0& ob-
tained from the P and y measurements agree with-
in the error limits. Therefore 6& accurately de-
scribes the state of the ensemble immediately after
a single passage.

III. MULTIPLE-PASSAGE EXPERIMENTS

S„=l —Pa(cos&„)

for x —0. 3.
In our experiments the time for each of the con-

stituent passages was kept to 0. 5 sec. The adia-
batic parameter was then A = 0.4. In Fig. 2,
values of the effective experimental angle H„de-
duced from the p and y signals are plotted against
g. It is seen that there is a definite trend for the
angle deduced from the p measurements to in-

TABLE I. Experimental and theoretical p and y single-
passage signals and corresponding angles for various
adiabatic parameters A.

Theoretical
A Radiation Signal Angle

Experimental
Signal Angle

orientation parameters can still be written in terms
of an angle e„such that

B„=B,(0) P„(cos&„)

The p and y signals would then be

S~ = 1 —P, (cos8„)

and

When the rf is cycled so that the nuclei experi-
ence more than one resonant passage in a time
which is short compared with the relaxation times,
larger y and P signals are obtained. Hence it is
interesting to study the state of the ensemble after
multiple passages and to determine whether such
experiments can also lead to known initial condi-
tions in relaxation studies. The obvious means of
analysis is to test whether, after n passages, the

0.4
0.4
2.4
2.4
5.6
5.6
5.6
5.6

5.6
5.6

1.49 88'
0.97 88'
0.20 167'
1.94 167'
0.01 179'
1.99 179
0.01 179'
1.99 179
0.01 179'
1.99 179'

0.17+ 0.03
0.10+ 0.03
0.24 + 0.02
0.11 + 0.02
0.28 + 0.02
0.14+ 0.02
0.28+ 0.02
0.13+ 0.02
0.27 +0.04
0.09 +0.04

20+ 3'
26 +4'
24+ 2'
27+3'
25+2'
31 6 2
25 +2'
29+ 2'
24 +3
25 +4'
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FIG. 2. Dependence of the effective
final angle O„upon the number of pas-
sages n for y rays (k) and P particles
(0). The curves were calculated by
using Eq. (7) for y rays (full) and P
particles (dashed) determining 9& by
fitting at g =1.
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crease more rapidly with n than does that from the

y measurements. Hence, unlike single-passage
experiments, the orientation parameters after mul-
tiple passages are not expressible in terms of a
single angle. This result is simple to explain.
Because of the inhomogeneous broadening we must
consider separately the effects of the passages on
a collection of spin packets of nuclei each with a
different resonant frequency. Before the first
passage the nuclei in each packet are aligned par-
allel to H~ with no oscillatory magnetization com-
ponents in the perpendicular plane. Since all pack-
ets experience the same abiabatic parameter the
effect of the first passage is then the same for all
of them, resulting in a unique 8&. However each
packet now has an oscillatory perpendicular com-
ponent of magnetization and the effect of subse-
quent passages will now depend on the phase be-
tween this component and the rf field. Because of
the distribution of these phases there will not be a
unique 8„but a wide distribution of 8„values.

Allowing for this distribution of angles for yg ~2,
we can calculate theoretically how 8 should differ
for the P and y signals. Using a, simple theory in
which only the applied field, hyperfine field, and
enhanced rf field are considered we have shown'
that after averaging over all phases one obtains

B„=B„(0)tP„(cos&z)j"

Choosing 8& = 23 to agree with the single-passage
point, the signal values were calculated from Eq.
(7) and substituted in Eq. (8) to obtain effective
values of 8„which are indicated by the curves in
Fig. 2. The final angles and hence signals given
by this theory are larger than the observed signals.
This discrepancy supports our earlier suggestion

that there is an additional retarding field acting on
the nuclei.

IV. SPIN-LATTICE RELAXATION TIMES FOR Co IN Fe

Before discussing the use of single-passage
curves to determine Tj values it is convenient to
briefly review the necessary conditions required
by spin-lattice-relaxation theories for the measure-
ment of T&. The various methods used to mea-
sure Tj by nuclear orientation will then be consid-
ered and we show that so far only the single-pas-
sage technique and a fast demagnetizing nonreso-
nant method fulfill the conditions necessary for the
accurate determination of T, for Co in Fe.

The theory of spin-lattice relaxation for any rank
tensor has been developed in an elegant and general
manner by Gabriel" and the recipe for its use at
low temperatures given by Barclay and Gabriel.
An independent approach is given by Spanjaard and
Hartmann-Boutron' and used by Spanjaard et al. ,
while Bacon et al. "have given a simpler theoret-
ical picture. In each case the theory shows that
accurate measurements of Tj require a knowledge
of the initial and equilibrium conditions so that a
multiexponential fit to the experimental anisotroyy
relaxation data may be made.

For a system with cylindrical symmetry, the
time-dependent orientation parameter B„(t)can be
expressed, using the notation of Barclay and Ga-
briel, as

AB„(t)= B„(t)—B~()=Z„.G„„,hB,, (t = 0) i (8)

where Goo, (t) are relaxation factors and B„o is the
equilibrium value. They are given by

(8)
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The amplitude coefficients A"„„, can be explicitly
calculated from a knowledge of x= h~/2kT and the
initial conditions. The coefficient A„depends only
onx "

The two distinct approaches to T& measurement
on oriented nuclei in ferromagnets at temperatures
below 0. 1 K can then be classified as resonant and
nonresonant techniques. In a nonresonant tech-
nique suggested by Turrell" and independently by
Reid et al. ,

' the sample is cooled via a fin system
by demagnetized paramagnetic salt and then a po-
larizing field of several tenths T is rapidly applied.
The resulting growth in anisotropy is used to de-
termine T&. The original work assumed a spin
temperature and a single-exponential form in the
calculation of T, , In a reevaluation of this method,
Spanjaard et al. used a multiexponential fit to the
experimental data. In their analysis they do not
specify the assumed initial conditions. However,
Chaplin et al. "showed that when the thermal time
constant for the lattice was very short this tech-
nique could result in adiabatic magnetization of the
nuclei and hence exhibit no relaxation effects. In-
creasing the eddy-current heating or increasing the
thermal time constant led to significant relaxation
effects, but it was not possible to obtain accurate
T& values because the slower response then pre-
vents rapid establishment of an equilibrium lattice
temperature. Further work in which all experi-
mental parameters were carefully varied has shown
that between these two extremes a delicate balance
could be obtained in which a rapid approach of the
lattice temperature to equilibrium occurred but the

initial conditions for the relaxation of the nuclei
were not known. '

A more reliable nonresonant technique of mea-
suring T, is as follows. With the polarizing field
applied to the sample, the demagnetizing field on
the paramagnetic cooling salt is reduced almost to
zero where it is held, and the sample isallowed to
cool to some initial temperature T,. which can be
measured by the resulting anisotropy. When
equilibrium is reached, the field is rapidly re-
duced to zero, allowing the sample to relax down to
its final temperature T&. Since the initial and
final conditions are accurately known from the an-
isotropy measurements, T& can be deduced from
Eq. (8). The method assumes that the thermal
cooling time of the salt-fin-system sample is
very fast compared to T&. In practice this must
be monitored by a system with a very short Tj,
preferably cooled via the sample of interest.
Using Mn' in Cu for this purpose, we cooled the
lattice within 0. 5 sec and observed the Co in Fe
relaxation over several minutes as shown in Fig.
1. Gabriel's multiexponential theory was applied
to fit such curves and the value of T, deduced is
shown in Fig. 3 as a function of the lattice tem-
perature. A similar approach to monitor the lat-
tice temperature has been employed by Chilashvili
ef; al. ~ for the measurement of the much slower
relaxation of Fe Zn. Another nonresonant tech-
nique which permitted accurate T& measurements
to be made was the use by Stone et al. ' of the 40-
sec intermediate state in the decay of Cd' to
Ag' to obtain the initial conditions. However,

300

Oernagnetizat ion

~ Garnrna

Beta
~ S ~ s/

P II

200-

~ ~ ~ ~

4l

FIG. 3. Variation of T& with 1/T for
both single-passage and demagnetiza-
tion technique. The curve represents
a Korringa constant of 1.75 sec K.
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this method is limited to very special nuclear de-
cay systems, i e ~ ~i]'s= T

The first measurement of T& for Fe Co by a
resonance technique was by Templeton and Shirley,
followed by a more detailed study by Brewer et
g). "A single-exponential fit was made to the ob-
served relaxation curves when the rf power modu-
lation was removed, and the resulting relaxation
time Tj for Co in Fe showed a marked deviation
from the Korringa relation T&T= const at a tern-
perature-0. 013 K. Attempts to fit the data with
a multiexponential theory gave a wide scatter of
points mainly because the theory is sensitive to
the initial conditions which are not yet well defined
during modulation. Recently, Bacon eg gl. "have
proposed the introduction of a new "magnetic spin-
lattice relaxation time" T„which avoids the need
for known initial conditions. T, is measured by
using the tail of the decay curve where the rapidly
decaying terms of the multiexponential fit will have
vanished leaving only a single-exponential term.
However, this method requires extremely accurate
data in order to test whether or not the decay curve
is a single exponential.

As discussed in Sec. II, after a single passage
the initial condition of the nuclei before relaxation
can be accurately determined from the observed
signal. Therefore, we have used the single-pas-
sage decay curves to determine T, for Co in Fe.
For a given signal, Gabriel's theory was used to
determine the theoretical relaxation curve as a
function of t/T, . This theoretical curve, shown as
a solid line in Fig. 1, was then compared to the
experimental curve and the value of T& which pro-
duced the best fit was chosen. Checks were made
of the effect of changing the initial choice of signal,
the lattice temperature, or the initialstarting time.
The most sensitive quantity is the temperature,
while changes of the assumed initial angle by sev-
eral degrees still keep the deduced value of T,
well within the indicated error bars. The choice
of initial starting time is least sensitive. The con-
dition used in our analysis was the end of the sweep
time, when the signal was deduced by a least-
squares fit of a single exponential to the experi-
mental points. However, if an earlier time, say
the midpoint of the passage, is chosen as the start
of the decay then the corresponding signal is in-
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X
C3

FIG. 4. Component exponentials as
a function of t/T~ for the theoretical
(a) P single-passage decay and (b) y
single-passage decay shown in Fig. l.
The inserts indicate the ratio expressed
as a percentage, of (a) ~(( to ~)2
and (b) ~2~ to ~22 s a function of
tire.
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FIG. 5. Component exponentials as
a function of t/T& for the theoretical
demagnetization decay shown in Fig. 1.
The insert indicates the ratio, ex-
pressed as a percentage, of ~2& to
~22 as a function of t/Tg.
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creased slightly. The errors in the deduced T&

value due to this increase in the signal and to the
earlier time origin tend to cancel each other.

Figure 1 compares the experimental relaxation
curves obtained using the nonresonant demagne-
tizing method with the curves of single-passage
decay. Clearly the nonresonant method results in
a longer apparent decay time, even though the lat-
tice temperature is higher and therefore T& is
shorter than for the single-passage curves. The
explanation for the different apparent decay times
is illustrated by considering the amplitude of the
component exponentials of the theoretical curves
in Fig. 1. From Eqs. (8) and (9) we can write

K V

~ A„t(r(

= AB„)+ AB„+ ABv + ' ' '
Vo V3 (10)

These components LB„„are shown in Fig. 4 for the
P- (v = 1) and y-ray (v = 2) cases. As can be seen

from this figure the single-passage relaxation
curves cannot be considered as a single exponen-
tial until quite large values of t/Tq . Figure 5
shows the component exponentials for the nonres-
onant demagnetizing method; in this case the de-
cay curve becomes a single exponential faster.
The amplitude of the experimental signal and the
apparent decay times may be found by summing
AB„„over g, adding B„(equilibrium), and multiply-
ing by U„F„. The longer apparent decay time of
the nonresonant method is caused by the opposite
sign of aB» which tends to reduce AB2& initially.
On the other hand, in Fig. 4 the single-passage-
component curves add and thus tend to increase
the apparent decay constant. The explanation of
the different signs is straightforward. For the
nonresonant method the initial conditions sB„(f= 0)
are the difference between the B„.at two equilibrium
temperatures while for the single-passage method
b,B„(t=0)=B„(0)[P„(c e&)os—1). Thus, for the
nonresonant method, aB, & —~B3& AB3, while for
single passages, sB& & —~B2&.~B3.
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TABLE II. Nuclear-spin-lattice-relaxation Korringa
constants for I'e 6 Co by various authors. The method of
analysis is also shown.

Author (s)

Turrell
Reid et al.
Spanjaard et al.
TeInple ton and Shirley
Brewer et al.
Bacon et al.
Bacon et al.
This paper
This paper

Korringa
constant
(sec K)

1.0+ 0.3
1.0 + 0.1

2. 6
0.89 + 0.04

None

2. 5
l. 76
1.75 + 0.15
1,75 + 0.15

Method

Nonresonant single exp
Nonresonant single exp
Nonresonant mul tiexp
Resonant single exp
Resonant single exp
Resonant T„
Resonant initial slope
Demagnetization multiexp
Single-passage rnultiexp

Ref.

16
17
14

2

22
15
15

V. CONCLUSION

Our P measurements have confirmed the much
smaller rotation of the Co nuclei in the ferro-
magnetic host than expected on simple theoretical
grounds. The results give no further explanation
of this discrepancy; however, comparison of the

P and y signals has shown that the effect of a single
passage on the orientation parameters is describa-
ble in terms of a single angle of rotation, whereas
this is not so for multiple passages. Single-pas-
sage experiments and nonresonant fast-cooling ex-
periments both permit relaxation measurements
with known initial conditions. For Fe Co we ob-
tain K=1.75+0. 15 sec K.

These initial conditions clearly indicate that an
initial spin temperature can be assumed for the
fast-cooling method described here but cannot be
assumed for the single-passage method. In neither
case should a spin temperature be assumed during
relaxation of dilute alloys of I'e Co. ' The results
of P and y single-passage T, measurements are
shown in Fig. 3 along with the demagnetization-
method results. The good agreement between all
three methods with such different initial conditions
leads us to the conclusion that these methods are
correct. The data are fitted with' '

T~ = (2hÃ/yhH) tanhx

to obtain a value of the Korringa constant E= 1.75
+0.15 sec K. Published results for Co in Fe are
collected in Table II.
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APPENDIX

The usual definition of the skin depth 5 in SI units
23

5= (-,' w p, goo) 't

where is the frequency of the rf, o. is the conduc-
tivity, p. is the relative permeability, and p. 0 is
the permeability of free space. In calculating the
skin depth one must use the rf permeability p, for
a polarized Fe specimen. Johnson and Rado give
the real and imaginary parts of p at 200 MHz to be
-1 and -0, respectively, above 0, 2 T applied
field. Using the resistivity of 99. 98 at. % Fe = 10
Qm one finds at room temperature 6f'~2 = 0. 159,
with f in hertz and 5 in meters. This value differs
from that given in the American Institute of Physics
Handbook because they use the initial incremental
permeability rather than the fully magnetized rf
permeability. Assuming a resistivity temperature
ratio of 10 for our samples, 5= 3. 88 JU, at 165 MHz.
This number has been indirectly experimentally
verified as follows. Vife have observed that with
full modulation over the entire resonance line the
maximum signal obtainable is 0. 62+ 0. 02' in a
1-p, polycrystallineFe Co foil as well as in a
single-crystal source with the mean diffusion depth
of 0. 8 p. . However, using a 8. 5-p, polycrystalline
foil we obtain a saturation signal of 0. 35 using full
modulation. %e can use this to estimate an ex-
perimental 5 by evaluating

s(8. 5p, )/s(max)= 0. 35/0. 62= f e "t'd'x/J '
dx.

From this we obtain 5 = 7 p, , which suggests that
our assumed resistivity ratio of 10 is an upper
limit. This also means our Co nuclei are well
within the skin depth and therefore experience a
relatively unique H& .
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