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NUCLEAR RELAXATION IN FERROMAGNETIC'COBAiT
" Berl David Shaw® .
‘ Departmenu of Physics, University of California, and
Inorganlc Materials Research Division, Lawrence Radiation ILaboratory, .
: Berkeley, California, 94720 -
ABSTRACT
Nﬁclear magnetic\spin-spin relaxation processes of 0059"have been
studled in magneulcally saturated particles of fee cobalt Thé tranévérse
. relaxatlon has been studled experlmentally by observ1ng the two-rf-pulse
spin echo cnvelope decay. This decay is 1n1t1ally osc1llatory with the
osclllathns damping in a time of order of thé.t:ansVerse relaxation time
Té into_éxponential decay. The.osciflatdryvbehavior is dependent on thP-
pulse_widtﬁs and the ‘relaxation time T T,; Adetermined from the exponcntlal '
decay raté, varies as the square root of the local_fleld. Theory is
pfeseﬁted which shows that the observed oscillatory behavior can be éx~
"plained'qdalitatively by éssuming that the dominant spin-spin interaction
is of the Suhl-Nakamura type with the fesona#cé 1ine broadened by micro-
| scoﬁic inhomogeneities. The period of the oscillations glves the rms |
migroscbbic inhomogeneous linewidth, 100 kHz. Using'the correlation fﬁnc- )
tion technique, the.felaxa*fon function has been derivéd for this system.
This theorj is 51mlldr to +hat of Kubo and Tomita for the exc nange NArrow-~
lng proylem,anu agrees well with the observed nonosc1llatory transverse»ﬁ
reiaxafiéﬁ. Frbm the derived relaxation fﬁnction and obsérvéd transvéfée
relaxatign results, ainmdel of the homogeneous line is deduced. Thelline
is assﬁmedvlorentzian with a cutoff of:thevorder of the second moﬁént of
the Suhl-ﬁakamdra inferaction.' Usiﬁh this model and tﬁe theory of qﬁéntumf

'statlstlcs of irreversible processes, a theory of spectral diffusion is
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derived, Spectral diffusion was studied experimentally by monitoring the
decay of the three-rf-pulse stimulated echo. The new theory presented

here agrees well with these experiméntal results.




~le ; UCRL~19077 Rev.

I. INTRODUCTION : ’ ' '

[=¥e . . 1
Since the discovery of the Co)9 resonance in ferromagnetic cobalt,

a considerable amount of work has been performed on this system. And

vet, even though from the beginning it was believed that the dominant “
spin-spin mechanism in moderate dc¢ magnetic fields was the Suhl-Nakamura

X . s o . . N\2

interaction (indirect virtual spin-wave coupling)” weakened by random
microscopic static inhomogeneities, it was not until a preliminary account

5

of this study' that direct experimental evidence was reported which supported
that conclusion. The purpose of this paper is to describe quantitatively
the spin-spin processes in magnetically saturated particles of cobalt,
in applied dc magnetic fields where the weakened Suhl-Nakamura interaction
is the dominant nuclear coupling mechanism.

In order to study the microscopic spin-spin processes in ferromagnetic

cobalt, a two-rf-pulse spin echo study was made on magnstically saturated

particles. The measurements were made in dec applied fields of moderate

.magnitude and will be déscribed in Séction Ii. " flong with £he experimental

results, new theoretical results are presented in this section to interpret

the experimental observations. An echo amplitude osciliatofy effect K

observed experimentally i1s shown to be caused by palr coherence between

nearest neighbor spins,in different local fields, coupled by the Suhl-
Nakamura interaction. The period of the oscillations gives a measure of
the rms microscopic inhomogeneous line width analogous to the earlier

§ TT, : ' ) ) . L” . - ) .
results of Hzhn and Maxwell for exchange coupled systems. Using the
correlation function technique a theory is derived similar to that of

Kubo and Tomita for exchange narrowing,5 that describes accurately the =

observed nonoscillatory relaxation process. .. In particular, the decay.
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law 1s shown to be initially paussian, procceding to exponential decay

at long times. This prediction is in agreement with the experimental rc-
sults. Also the derived analytic expression for the relaxation rate at ﬂ
long times has the observed dependence on the local dc magnetic field.
The change of decay law with time is shown to be a result. of the more
stringent requirement on energy conservation for mutual spin flips at
long times. This is a special application of the uncertainty principle.
Thus, the correlation function approach gives results which extend earlier i
theoretical results of Portis6 and Hone, Jaccarino, Ngwe, and Pincus.7 c
Analogous to the Anderscen model for exchange narrowing,8 a model of the
homogeneous line is deduced in this chapter. The spectral distribution %
of the homogencous line is taken to be lorentzian with a cut-off of order

of the second moment of the Suhl-Nakamura interaction. The experimental

data are used to make the choice of cuﬁ-off more prec’§c,

- Pbrti56 pointed out previously that macroscopic%spectral diffusion

is possible in a system where the inhomogeneity varies micfoscopically.

These considerations are made more quantitative in Section III. For the

case where the transverse relaxation time is much shorter than the longitudinal
relaxation time, a theory of spectral diffusion is derived using the

model of the homogeneous line deduced in Section II and recent developments

in the formulatibn of the theory of quantum statistics of irreversible

'processes.9’1o’ll

These results are compared with the experimental results . &
of the'three-pulse stimulated echo study presented in this section.12 |

It is thus demonstrated that the microscopic and macroscopic spin-spin

processes can be treated in a unified manner in this system.

i
'
i
I
i
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ferromagretic nuclear resonant (FNR) frequency for the two cases.’
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II. TRANSVERSE RELAXATION

A. Experimentél Resuitsv

&
’ -

The familiar two-pulse spin echo techniqdelB'was used to stuay a
cobalt metal sample consisting of Johnson-Matthey cobalt sponge. These
micronsized particles, which are fec and mulﬁidemain in zero dc field,
were-stﬁdied at 77°K in dc applied magnetic fields between 5 and 10 kOe.
Multidomain paft{cles become magnetically saturated in de fields in '
excess of the particle demagnetizing fields. However for tﬁe range of
applied fields utilized in this study, nof all of the perticles in ehe
sample were eatdrated. Since there is a distribution of perticle shapes,
and g random orientation of the particles with respect £5 the '
dc magﬁetie field, the sdmple has a dietribution of partieles ﬁith'demég;
netizing factors varying between‘O and hﬁ; Thus fields in excess of
L = 18 kOe are required to saturate the entire sample. However at
these flelde, the dipole spin- spln interaction becomes comparable to
the Suhl-Nakamura 1nteractlon,l) and . it is the aim here to study the latter
_intefaction under as unambiguous conditions as poss1ble. In order to
separaﬁe.the signal.from.eingle domain particles from that of multidomain
particies, adyantage was taken of the different»fieid dependence of.the
‘ ‘ 15 If |
the tufniﬁg anéle of the pulses’is small, as is the case in this study;
1t 1s p0331ble to dlstlngulsh two 51gnals. 'One haS'large amplitudeéat
low dec fields, strong. amplltude dependence on fleld and very weak fre-
quency dependence on field as illustrated in Fig. 1. Th;S's1gnal charac- f
terizes the multidomain material. The second signal iS'extreﬁeiy bread o
and of cen 1der¢*ly smaller amplltude ﬁ'lew fields;~tﬁe_aﬁplitude varies

less strongly with field; and the resonant frequency varies much more
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strongly, approaching a linear dependence on the applied field at large
fields as seen in Fig. 1. Thisvsignal characterizes the single domain

15

material. The resonant frequency decreases with increasing field
because the hypertfine field at the cobalt nucleus is negative. The
broadﬁess of the single domain signal is associéted with the distribution
of demagnetizing factors. The width of the line is approximately 18 Mz
corresponding to the local field spread of 18 kOe. All measurements were
made on the single domain signal at small pulse turning angles.

The rf'field was applied perpendicular to the dc magnetie field in
order to take advantage of the added enhancement of the rf signal by
domain rotation. The enhancement factor is estimated to vary between LO
and 20 for dc fields values from 5 to 10 kOe respectively. The half width
of the echo envelope T*, varied from 0.75 to 1.5 usec for these fields.

2

Therefore, the width of the excited spectrum was of the order of

(l/QF)(E/T;) Z L00-200 kHz. Thus, a narrow portion of the single domain
spectrum was sampled at each field value. .

The first pulse of the two-pulse spin echo sequence was adjusted
for maximum signal and this pulse will be assumed to be a 90° pulse.
The results of monitcring the spin echo amplitude for 90°-f pulée sequences
at fixed frequency, 215.9 MHz, for values of B = 90°, 135°, and 180°
are shown in Fig. 2. The time 7 is the separation between the first and
second pulse, an& fhe second pulse and the centef«cf the echo. For
B = 180°;’the time behavior;at moderately short tiﬁés is esseﬁtially‘a
‘gaussianAdecay-tfansforming into exponential decay at long times. The
exponential decay behavior was‘observed out to lOQ_usec. For 1 less
than about 2 psec (27 < 4 psec) receiver saturation due to the large

pulses and interference between the spin echo and free induction decay

I Y 4

.

bt
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15 obscures the dependence of the echo amplitude timé behayiof on
the homogeneous broadening pfocesses.l6 These effeéts may contribdte to
the decrease of the B = 180° curve at 2t = 4 usee. For B# 180°, there
is é much more noticeable spin echo amplitudé cscillatory effect super-
imposed‘bn thé B = 180° curve at short times. The period of these oscilla-~
tions in Tt is approximately 7 usec * 10%. This corresponds to a frequency
of 140 kHz”i 10%. These.oscillations damp out in a time of order of the
spin—spin relaxation ﬁiﬁe, Té = 28.3 usec, determined from the slope of
the exponential curve. Té does not depend on B within the experimental
accuracy of 10%.

The‘frequency dependencé of the echo decay is shown in Fig. 3 for’
a'90°%-90° pulse sequence, The oscillatory behavior ié.less apparent at
lbwer freqﬁencies where the enhancement factor is smaller and thus the

signal is smaller. The interpretation of the results at 21 = & usec is
. : N

also made more difficult by the increase in T2

at lower frequencies be-
cause of the decreasc in enhancement factor. The relaxation time, Té,
monotonically increases with decreasing frequency. The increase in T2

indicates that the spin-spin coupling is weakened by the increass of™ -

the loéai field. Tn Fig. &4, T22 is plotted versus the resonance frequency.5

Thevdata are fit well by a straight line that extrapolates to a frequency
of 221.5 MHz for T22 = Q; This is 4.6 MHz above the zero field multi-
domain resonance. Ih the following séctions these results are shéwn to be
difect evidencé thatxthe Suhl -Nakamura, interaction,.W§akened by micrd-'
scopic inhomogenéities, is the dominént homogeneoué broadening mechanism

for the rahge of apnlied dc¢ fields of 5-10 kOe.
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B. Microscopic Theory

1. The Hamiltonian of the System

The hamiltonian,lﬂ, of the N particle system consists of two terms:

the zeeman energy,lﬂ , and the spin-spin interaction term,lﬂ
z

Hayr
. . 7. + -
H=d v Hg = - h2ael, +>f 2 Ay Iy L
2im
2 o “iker 17 (1)
A w . e wfm
A = ° s .
im T g E_

S is the effective electronic spin; k is the spin-wave wave-number; Ek
is the unperturbed (by nuclear effects) spin-wave energy for the wavej
number &; @, is taken to be the center frequencj of the regpnant spins;
®, is the frequency of the nuclear spin located at the 1'th site; Lom

is the vector between the 1'th and m'th sites and Iz’+’- are the nuclear
angular mémentum operators having the usual meaning. Although Azm is
frequency dependent, it does not vary,appreciably for the width of the
spectrum excited experimentally, or for the range of fregquencies
_(appfoximately'l/Tg) over which spins of different frequency interact.

The N'spins_are assumed to be within the microscopic range of the Suhl-
Nakamﬁra_interaction, and their frequenciles arevassdmed to be randomly
distributed ébout wb with the spreéd described by the normalized distribu-
tion function g(a»mb). Ek is derived in reference 18 for an isclated

~

single domain particle and may be written.
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~ ~

, 2 )12 A2 2 2 ]
= ! f t 271
Ek [weHlocb+ Veﬂé +_ﬂ% a &v] [VeHloc +_7eHé + W, 5k + w, sin Gk

- k .

' L . - L2 .

H = Hy-NM;  cos e13 “TH
mﬂ :IhtyeM 75

Ve is the electronig magnetogyric value; N” is the particle demagnetiging

3

faétor;rai is the electronic exchange frequency; A7 is the volume of a
primitive unit cell; and Ha is the anisotropy field assumed dirccted along

the applied field i, For cobalt, H =1 kOe. For a particle immersed

in a permeable medium, there are additional contributions to Hioc from

the caVity in which the particle sits-and from the outer suriace of the
sample. This total local field, Hloc’ is also the additional field that
nuclei in single domain particles experience compared to nuclei in multi-

domain particle—s.lj Thus the shift in frequency, w, , of the single

loc
domain FNR signél compared to the zero field multidomain FINR frequency;
216.9 MHz, is a measure gf_Hlbcf Also wloc=.7HiOC,'where v=27x1,011 MHz/kOe

9

is the magnetogyric value for Co””, Since the distribution of particle de-

O’is the relevant

mgnetizing factors is. not known, H oo

rathérvthan H

parameter for analyzing the data.

2 .. o ¥ ' 4 AE 2 - s T Ap ' |
» Fo? 9,§miQ, bk'—-ﬁ[yetﬂloc + yeHa + 4@8 k=], - this l;ddé to thg ‘ !

~

familiar result

-H w

o R
2 ._[ VE(Hloc%Ha) ] rfm
e ! .

. 0 2 R -
A, = —_— ‘ .
-‘,.zm’ 8’)TSQ)E .1 s - _ =
vy o) S o
For —= loc 2 ~ 1070 < 1, this result is valid for all values
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1/2
Of'rlm‘7 The quantity‘[§—(§——fﬁfj] 3, approximately equal to 50@ in
: €' loc ‘a

cobalt, is the range of the Suhl-Nakamura interaction. However, it can

be seen from the functional dependence of.EP on GP that the Qy =0

~ ~ ~

approximation does not account for the dipole contribution to the spin-
wave energy. This contribution is important for values of Hioc + Ha of

. ' )

the same order as the average value of %;M singek. For an approximation

~

that takes account of the dipole energy, E, is rewritten

X
S L% 2 2.2
E}’.5 = ﬁ,{w%(Hioc+Hé) + 5 osin” 6, + @, Bk (2)
w
M .2 5 b
for (Hloc + H) ~é-;—e--(sln 6§7>ave =5 M.
The average value (sin2 6.7 -2 is substituted for @ing 6, in E
’ klave = 3 7. 77 . ” k k

to obtain Alm and the second moment of the Suhl-Nakamura iﬁtéraction,

W e
SN Y
fw.” A - [ Yooy 3 M)] - lm
A -=e—9 2 e wg .
fm BUSQE Ttm - (3)

2

P A Y o[ /e
- A mo )| 2 T D I
N TV(I)(BI) i 5 :‘[(I 5 )] @ [Exi’] [ ) LmM]

2 3

Caef\)
]

g ~ 3

YE(Hloc+Ha+ 5

For § = .85; I = 7/2; ay = 1.36x10%;

the calculated valuec of (w is 7 psec. In this study, H

)t -
SN -loc &

T : i .
and 3~-M = 6 kOe. Thus, the neglect of higher order dipolar effects will

- . o -1
produce an estimated error of %5% or less. The average of (E, ) = over ek"
. ,' N - Iy

~ . ~

as opposed to the average of EP as was presented Here, does not -

= lO); w, = 5.9x1015/se¢

H Z2-6 kOe

33

[

-
’
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significantly changeé these results.l6 It is c¢lear that the average over
Ok'whichlleudn to a spherically cymmetric interaction is nct o true repre -
sentation of the Suhl-Nakamura interaction. - The interaction actually has
a longer range in the z direction than in the transverse plane. However

the description of the interaction presented here is ade@uate to describe

‘the results of this study.

2. Mbdulation of the Spin Echo Amplitude

In order to describe the dynamics of the spin echo oscillastory effect,

the contribution to the echo from a nearest neighbor pair for a %;~- B'

pulée sequencevis calcuwlated. The nearest neighbor Hamiltoniun,

- Loz + . e
sz = hijl - h“blé + Al? (Il 12 + Il 12> i3 used to derive the

equation of motion of the angular momentum operdtors.

+
aIl - e T 2145 21
ot T T h 5 hb :
o1- 2iA
1 - 12 _z_-~
_ , )
St oL + 55— L5 (%)

Z o
aIl A

+ _- -+
Y e e §11 Lh-hL 5 } ’

il

-With:similar results for 12. The'spins are assdmed to be initialiy
 aligned-along FheIZ'axis, and a pulse applled along the x- ax1s 1otateu
the splns to the negatlve y-axis. Thus, 2 (0) =0  ; s (O) = - I

» v _ 1,¢ e 1,2,

;'Ii_é(O)_= 0. The magnltude of the nearest neighbor interaction.

llei

SﬂSwh = (450 “SEQ)E@
. ?l 1&' . l6“ o). . ‘
or o = (65 usec)™™; is ca ]culated from’ Eq (g) For the case
: .. s A . ‘ . B
of microscopiﬂ inh omogcneous nroadtnlng, lm -a?! > e ‘ J vThus'

for. the len Lnat the ou01llqtorv behav1or ig observed

+
V
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: A
2A121 L Ao I

1i v
L Jéﬁ!mlﬁbé|

=2 millisec ,

the second term in the equation of motion four the transverse conmponent

of angular momentum can be ncglected. Then, | v
-iw. t im, t
ooy s 1 - ~ 1
Il(t) =-1i1e . Il(t) =iIe
-iw t
+ o) - i
L(t) =-iTI e (t) =iIe iayt

Substituting these equations into the eguation of motion for the z component

of angular momentum, the solution at the time of the second pulse is

bn, 10 . |
1%(1) = 12 sin” (w,-w,) = = - I°(1) (5)
1 la, ) T2 T . >

This oscillatory behavior of the‘z‘component of angular momentum is the

origiﬁ of the observed modul ation of the echo émplitude. If a 90° pulse

is applied at 7, this component of magnetization will be rotated into tﬁe
transverse plane. For the times considered here, the individual trans-

verse angular momentum component simply rotates in‘the plane at the
frequency‘determihed by the static field which each spin experiences.
Immediatély after the 90° pulse, fhe contribution to the magnetization in

the transverse plane is zero since the two spins give opposite cocntribu- o
tions. However, the spins rotate at different frequencies, and thi;
will add an oscillatory contribution to the echo. This signal gives
the observed dependence on pulse width; for exampie, 1t gives zero
contribution to the echo for & = 180°. The prediction that the Suhl-

Nakamura interaction will nol give a modulution effect for a 90°-150°
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pulse sequence is consistent with the earlier results of Stearns. Note

that fqr either A

10 = 0, or W, = 0, or if one spin is not resonated,
x . el

I+(O) = 0, the modulation does not occur. This is analogous to the

result of Hahn and Maxwell,21L for exchange1coﬁpled spin pairs. Hahnli has

shown thaﬁ the non—OsCillatory’echo amplitude is.proportionai to sin2>8/2;
It is now shown how this echo amplitude dependence_on B

is modified by the effect of pair coherence. Consider the

refereﬁce,‘frame that rotates at: the ff pulée frequency,

Wy Both rf pulses are assumea to oceur along the x-axis in this frame,

then the echo sigﬁal occurs along the pésitive y—axis'at time 2r. TFor

W, > a@”AIé < 0, B <7, the pair poherence contributes

2inp Ii(T)[COS(Q%—&b)T - cos(w;-w,)7] to the magnetization along the

positive y-axis at 2t. ‘Thus the echo amplitude E(27) may be written,

L*,Alz I

" - - —_— - _—
L(QI ) 21 sin sSin B %‘—(-——-—Tr s1in ((DQ (Dl) 5 Sll’l((l)] +(J.)2 LDO)Q

Pojm

Pairs of spins such that W, = 2wy do not contribute to the modulation

of the echo. Since the oscillatory term is only affected by the magnitude
of the fréquency differenée, the rms of thé frequencj terms is taken in
order to give physical interpretation to the'measured modulation period.
The rms stanéard.deviation-of g(a»ub) is represented by o and since
<(dﬁ—¢é)2)_# ((wl+ub¥2wb)2)'= 202 thé final result is written

MAlE.‘I .rhw Noor ] (6)

B(2t)= 21 ,isin2 g -|sin B] —=—=— sin 5
: Ve n g

NEY
o |
100 kHz #10% as a measure of the

. - , -1
The period of the oscillations in T 1s given by (< ) .+ Therefore

~

the observed results give é%
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microscopic inhomogeneity 1inewidth. This result is in quélitative agree-
ment witﬁ results reported in reference 12 where an estimate of 140 kHz
was given. The ratio of the oscillation amplitude to the ccho amplitude
is

A\ 1 )

2 —— | = =30 db.

g Jéc

These results are consistent with the observations plotted in Figs. 2 and

3. The pair coherence is expected to be rapidly damped since the Suhl-
Nakamura interaction i1s long range and many spins are in communiczation.

The oscillations should thus damp out in a time of order T Z 30 psec as

2
observed. This justifies the earlier approximatiocns which were basged

on the coherence being observed for a time short compared to the nearest

neighbor spin-spin relaxation time.
g ¥ ]

5. Spin-Spin Relaxation Theory

The non-oscillatory decay of the spin echo am@litude describes the
homogeneous broadening processes.13 The decay function is given by the '
fourier transform of the homogeneous line and éan be calculated from the.
correlationvfunction (I;(t) IE(O)).QO The high temperature approximation
is valid for the work considefed here and simplifies the calculation
congiderably. For examble, nuclear spin waveveffects, which wculd cause
spacial'corrslation between nuclear spins located at different sites,'
have no effect on the results reported here. The terms that would lead
to such effects are ngglected in the following calculation. ‘The equation
of motion of (I;(t) I;(O)) is calculated from the equation of motion of

I;(t). The latter equations are written
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. |
812 oI -2 5 4 %7
S A B im m
m%l
Z
aIz

The equation for I is solved and substituted into the equation for Ié
to give
3T, ()
L . A, 21 2, +
—57 = -mzlz(t) -5 2 A II(O_) Im(t)

mf-4

2 » | ¢ i 1 - i '. ' . t
3 J‘fz mH Fim A[‘j/ gfg(t ) -Im(t- ) - nte) l;;(t )§
o . o g

Ig(t) at' .

This equation is multiplied by‘I;(O) and the ensemble average 1is tgken.
The first te;m'on the right of the equality sign gives a zeeﬁan energy
dfiving term. Ih the high temperature approximation.the second term leéds
to a product term, (r" (t))(I (0) 1 (O)), and gives zero contribution since
- the trace of the angular momentum operator is zero. leerbe, the corre~
: latlon of the four product terms leads to a prqduct of pair carrelatlon‘
mncmons, [<I (t1) 1 (0>><I (t') 1, (t)) - <I (£') T ,(0)) <* (1) 1, (t))]a
with the negative term, which 1nvolves double spin flip processes, g1v1ng
zero céﬁfribution since the hamiltonian has no terms thét will support |

such procesqes To eliminate the zeeman driving term, the relaxatlon -

function ¢(t) is defined by the equatlon '
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+ - + - -iw,t
(T} (8) 1;(0)) = (1;(0) 1;(0)) £t (4).
f ¥3 y) £ wl
¢ has the following general properties: ¢ (t) = ¢ (-+); ¢ (0) = 1,9
end is given directly by the decay of the spin echo amplitude.l Ignoring

1 1 .
"a frequency pulling term of order T and interchanging the operation
2

of differentiation with the ensemble average, the following equation of

motioén for ¢w (t) is derived:

!
3 (t) 2 £
—_—(gﬁ - -3 (D () :, f—ﬁ—él— Jg O, (81) 8, (81-0)
(7)
cos (o, ~,)(t-t")] at’
where
(1,(0) T;(0)) = £(1) (w),

From the uncertainty principle, energy conservation is not a critical

consideration at sufficiently small times. In this limit, let ¢ (t1) =

b (t-t') = 1 and ™, = o, in Eq. v(7), then
j.
| -mgN 2 "”21\1 2 /2
¢(t) =1-—73 = - (8)

for o o

2 I Ay

og = 3 (D) (T41) = —4

: 5 Y. %

Thus the relaxation is initially guassian as it is in a concentrated

homogeneous system. This result is consistent with the theoretical find-

ings of Klauder and Anderson who predict "lorentzian diffusion’ in a cancen-
| 21 . . ;

trated homogeneous systemn, and it agrees with the results of Hore,

7

Jaccarino, Ngwe and Pincus' who predict gaussian decay for the Suhl-

Nokamura interaction, in a concentrated homogenecus system, from moment
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analysis. Also, Eq. (8) is consistent with the short‘time experimental

obsezvationé plotted in Figs. 2 and'i.
To consider.the long time behaviqr, it‘is necessary to assume that

the’microséopic inhomogeneitybis random andvuse the distribution function

g(aﬁ-ab) to average fréguency over position ig Eq. (7)f This procedurei
was First suggested in reference 6 and should be a good approximation
sincé each spin interacts with some (30)5 other neighboring spins. If
the average is. taken in Eq. (7), then the sum over position can be made,
and if T is substituted fér't-t', Eq. (7) becomes

s t |
e 2 . :
et L e (0 g 0 ey ) st

As t approéches @, the trigonometric term oscillates rapidly Tor wﬁiwl

giving zero contribution to the integral. Since $pins interact only

with othér épins of the same freqﬁency, the spin system becom:s essen-
tially diluted in this iimit. In the limit of extreme micrwcopic in-
homogeneous broadening (extreme dilution), it is reasonable o expect

the decay to be exponehntial; particularly, in the light of our experi-

mental results in Figs. 2 and 3. In this limit, &(t -1) ¢(1) = ¢(t), ard

Eq. 9 becanes

| . o , .
_l____'a_é_: %Nqﬁw[(t) {um . %“f_mf g(wj-coo) cgs (wJ, -(Dl)’f drdwj;:

= - gy g(wz‘wb) ng(t)’ B | (10)."

C
=
[
T
-
©
—
faal
~
H

R 1 2
w, ‘ e 75;@5;7, where Egﬁgzy— = ROy g(wzﬂbo)

This solution is consistent with the second crder iteration solution of

16

Fa. (9) in the long time limit.
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This theory contains the essential feztures of the observed relaxation
meas urements, it predicts gaussian decay at short times and lorentzian

. . 1
decay at long times. The relaxation time at long times is given by f_(E_)z

2

T e g(0) =~f%/2 wSNg/c for g(mamb) assumed gaussian. Taking the

observed value for T2 = 28.5;xsec, measured at 215.9 MHz, and the measured

value for b/?ﬂ = 100 kHz, (o )"--l = 7.5 psec is calculated. This 1is

SH

within all estimated experimental uncertainty equal to the value of 7

usec calculated above. Also, the expression for T, predicts the linear

2
2 -4 /e
g + H  + it .
o o< (DSN o HlOC P:’l /3 M
loc

) . 2 : .
The value of Ny for which T2 = 0 gives the value of the quantity

' 2
dependence of T

5 on the local field, giving T

Ha + HW/B M., The predicted valus of 5-7 kCe corresponding respectively -
to Ha being antiparallel and.?arallel té the magnetization is reasonably
close to the measured value of 4.6 kOe. Again this agreement is within
all estimated uncertainty. HNote that the Gk = 0 approximation would
predict én intercept of Ha’= 1 kOe which is far in error of the observed

results.

O 'Concgggiggi
A guantitative description of the homogeﬁeous line has been made.
The hdmogeneous spectrun distribution is fhe fourier transform of the
relaxation function and is thus lorehtizian.near the center of the line,
with the linewidth given by Tg-l, and gaussian in the wings. The
gaussian beﬁavior occurs for spins at a distance of order cf the second
moment of,thé'Suhl;Nakamura interaction from the center of the lire.

For simplicity, the line is consider to be lorentzian with a cutorf at

[dy] .
an : .
u..)I\. . . . . . . . . PRI
- This value is determined from the dzta in Figs. 2 and 3, since it is
+ 3 - o] -1 - 3 : . . v . .
at time (wom/g) = 15 usec thuat the exponential decay becomes a fair
: 2N .

approximation of the actual relaxation process. The homogenecus packet'

Lo 22 . . - ' '
of’ spins is essentially independent of other packets since different
A . : i

{

s
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packets experience different stafic fields. Since spins interct only
with spins in the same packet, spectral diffusion'must éccur within the
homogenebﬁsAline. Thus, the relaiation function oontainé the microsccpic‘
physics for the macroscopic diffusion process.  This is shovn formlly -
in the next section where a theory of spectral diffusion is derived,

and compared with experimental results.
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III. SPECTRAL DIFFUSION

. A, Experimental Results

Spectral diffuszion may be studied by monitoring the three pulse

2 aArter a pair of 90° pulses separated by a time T,

stimuiated echo.
a spin system will have a periodic variation of the z component. of angular
momentuﬁ proportional té (Iz(w))L cos @D%qo)T. (Iz(w)>L is the z componernt
of the angular momentum density function (Izhn))L = CZiaDIi)L, where

the summation is over all spins tlat have ffequency'ah and the ensemble
average 1s over the eguilibrium density matrix. This medulation will be
destroyed by spectral diffusion as well as other longitudinal relaxation

processes. However, since only the spectral diffusion relaxation rate is

dependentvon T, the spectral diffusion effect can be distinguished from

other longitudinal relaxation processes.l2 Following a third 90° pulse at

time T, a spin echo signal occurs at time T+T whose amplitude depends on
the remaining periodic variation of the z con@onent of angular momentum.15
In Fig.'S,-the'ldg-of the stimulated echo signai at 215.9 MHz is p]Ptted
versus T for 7 = 2, 9, and 13.8 usec. The decay is initially non- -
exponential, proceeding to exponential decay af‘long times. The raté

of decay is T dependent at both longz and short times with the rate of
decay at short times roughly twice the rate at long times. BPecause of
the T dependence, the non-exponential behavior is assoéiated with the
spectral diffusion relaxation Process.

| Within the noise limitation of the experimental apparatus, the
‘dlowest relaxation rate was mezsured from the slope of the erponentiai

2 ., .
curve for several T values and plotted versus T in Fig. 6. The over-

all accuracy is estimated to be within 20%. Initially the decay rate is

Q
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prOportionalbto T2as expected from previousvresﬁlﬁs.l2 From the slope of
the curve near T2=O, D= 3.77 10-5(psec)_5- = _185/T25 is determined as
a ldwér limit for the diffusion constant of the éystem.- For large T the re-
laxatipﬁ rate increases-mbre slowly then Te. In Fig. 7, the relaxation rate
for.sevefdl values of the local field is pldtted vérsus 12. It is seen
that féf-this rangé of field valués,vthevdiffusion process is essentially
independent‘of field. The'slight tendency for the points of the 213.9 MHz
cﬁrves'to gi#e larger reiaxation rates is probably associated with the |
increased.difficulty in determining the smallest relaxation rate, be-
cause Qf'a smaller signal to noise ratio at this frequency.

The relaxation rate determined by extrapolating to 12=O in Figs. 6
and 7T gives»a value of-Tl =A9§O pusec for thg nonspectral diffusion velaxa-

59

tion prdcesses. This value is'approxinately 0.3 times the intrinsic Co

23 bl o
5 This sug-

‘sinéle domain longitudinal relaxation time of 3200 usec.
gests>tﬁat the spins observed in.the rf skin depth by the_stimulated echo
técﬁniqué may be relaxed by fluctuating fields from neighboring unéaturated
particles in a manner similar to the wayVSpinsvaré relaxed in the wings

of Bloch wdlls.

B. Macroscopic Theory

- Since T, << T,, quasi-equilibrium considerations are appropriate for

2 1

describing the spectral diffusion relaxation process. In a time of order
T2 after the spin system has been disturbed from its equilibrium state,
local eguilibrium is established in the subsystems of the spin packet.
Then, the state of a subsystem is characterized by its zeeman enerzy

3 ;’ ~4 3 + : 5 Z + £ -

density function, (H (®)) = - fiw (I%(w)) where @ refers to homogeneous
frequercies, arnd the ensemble average is taken over the non-equilibrium
density mitrix. The spin temperature iz well defined for each subsystem

N T e e e TR AL R R
alTthough''tte “wmrinvus spin terperatiures have d slowly varying time
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dependeney, quasi-equiiibriu_m. From quasi-therﬁ;o_dynafhical theory, the ‘!
deviation of the zeeman energy deﬁsity cur.»rents from their equilibrium vall;e
(J(w))- (J(w)) and the derivatives of the entropy 95/3 (’H(m)) can be repi'e— _
semted by & linear expansion in the parameters (H(w)) - (H(a))) L Th‘ere{
fore, the mutuel linear dependence of the quantltles — .

C (3e))-(3(w)), ana 2 Py |
may bersfwrit{;en: ‘

@) - ), = B 2 Mee) -y (11)
’ : L (D' ’ ' i'

r 1

here KﬁL. is the reciprocal lattice temperature and K is the Boltzmann
constarnt, and L(cn,cn") are the kinetic coefficients. i From therm’odynamicsv

and 'the spin temperature assumption, Bu/B(H(w’ ) mav be rewritten BS/B(H(w')) =
KBB(&')/&D' Lw!' where KB(w') is the reciprocal spin temperature of the

spins -of frequency w'. In the case studled here, there is no macroscopic

-spectral current flow in the equilibrium state and (J(m)) is set equal '

to zero. (J(w)) satisfies the coritinuity equation "B/at (‘H(w)) = -B/da) (I(a‘)
Thus a genera' spectra.l diffusion equatlon is wrltten in the limit of a-
contlnuous frequency distribution _
S d d jr°° 1 agém') N ' ;
=t (Hw)) = = o()L (w,0") BL o @m . (12) : |

The_theory of " quantum statistics of irreversible processes gives the

follo{»}ing prescription 9_’10 for determining the kinetic coef:ficients : i
B 0 Lo : o l". : .

L (w') = _,{; L an / et (H(w) It + iﬁx))'L at- L
. -0 : . ) . . ;
R lim s—»+0 L N

. | (13)
= B f ™ (3(0) 3(o*,1)), at .

(o]
lims = 40 , ' .
The currént operator is determined fram the equation of motion of H(®) and

~ the continuity equation. Consider, : 4 S : B !
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a@) _Lane) | Lo M
""%L T T gem T Ot -

L S R
- lim 33 A.{I"I 1t 1 ,
2 e Ty

then:" lem j!

ey =-f" oz 2 Ay { R, 1; }.dd)‘, 3(-e) =
: . -0 fan' jti _
L | | (14)
~ When fhe‘current openator is substituted into Eq3'(15)'end the high
temperafnre approkihation ié made, the-correlationffuncﬁion is givenvby B
~the resniféicf the'microscbpic £heery in Section IIB. The infegral ~over
time is essentially the fourier transform of the square of the relmxation
: functien; and tne.varioue frequency integrals are simﬁlified because:ofthe‘
critericn* . thaﬁ no correlation exist between SpinS'et'different sites,
plecing a delta function-criterionlOn the intermediate frequencies.l
‘ The only eerious approximatien that is necessary to evaluate I(a%af)‘is the
_assumptlon that: the relaxatlon functlon is purely exponentlal It Willl
 be shown later that this has serlous consequences 1n llmltlng ‘the descrlp—
: tlon of the spectral dlffu31on process. However W1th the ch01ce of the
frequency cutoff made in Sectlon 11, the long tlme diffu31on process 1snh

’ st111 descrlbea quantltatxvely. Wlth thls approx1mat10n 1n mlnd L(a» ')

", -,

Ly

is substltuted in Eq. (12) to glve ' :L _;1¢f':';jf;ffT

2 [2/5(1)(I+1)] | >.: | = A‘
‘ ' lem' Jtl 13 _ R
T ((D d)a) ' |
— B(m) - 6 (w) o (15)
S : 1 + (“’*°J> T (“%0>) ' SR
where® | | T . |
SR ~_;;l__—;' _ 4c 1 '”+'  -1_-  N F -
Te(m',mjr)._ T@) o Tye)

The spectral dlffu51on proceos is drlven by the dlfference 1nfep1n

temperature across the spln packet whlch explalns the T dependence }f H

: of the relaxatlon rate. At this p01nt, 1t is agaln aQSUmed that theg'”l .
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microscopic inhomogeneity is spacially random and that frequency can be

averaged over position. Substituting for I , Ng(urab), and using_g(mj-wb)
iew :
to average frequency over the j'th position, the summation over j can

. : >
be made. The lcrentzian is more sharply peaked than g(wj—ab) so that ;
N i
C l
g@b -y ) will be set equal to g(w -, ) in the intcgral over .. Also, ol
for the same ~reason, T, (w ®, ) is set equal to T, (ahaﬁ = T, (w)/2. However, f
J
it is necessary to remember at this point that.the assumption of exponential b
decay is only good for the lorentzian linewidth limited to |w-wb| gthN/2. J
. ’ i
In order to relate the theory to the experimental results, the following k
relations, _ | \
B(w)l: cos (a>a>)1 B(w )(coherent excitation is assumed which does
not dffect the final rcsults), ;
<I (@) - 1/3 ) D(m Ble), o |
and finally from section II: R | R
o B 2 - Y
S : Aijﬂ : T \
Cmay W (D) 3 e ()
are,uéed with the above‘considerations-to give thé fihal results:  < .ﬁ
o " : T, ]
R (‘ . e | o . . ‘
o 2. l-cos (mtqm,)T R 3
a 5 N (D'Hl) N/ i ) N/ o o
S5t (T (wy)) = -l,/ﬂf e _ : dij(I (wy))
- soegy2 Mo )<T( /2) I
0 TSN s ‘ |
| (16)‘~»*

Thu° the spectral dlffus1on decay 1s predlcted to be cxponentlal

3

w1+h a relaxatlon rate glven by
| gt 2 H 1 - cos (u>—a>)1 SR ;é' o .ﬂ,
-__...Tl - 1—/7r'%» f SN/ J - dw QT
*8 w-m$J2 1+(w-w) V2) J" SR

To explaln the dlsagreement between thls result and the experlmental

results in Fig. 5, conulder Eq. ‘17) 1n the random walk 11m1t L‘<<>T2;

)ET,Q and ‘?7I

In this limit l-cos(wi—wo)r 1/2 (a>—ub
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452——- = D T% where
S
-1
(. T (@) - 4 tan (T, (0,) w_. /4]
D = E/TT SN 2V 0 2V0 SN . (18)

Tgi(mo)
The spectral diffusion.relaxation rate id directly proportional to the cut-~
off in this limit. This result shows the limitation of the simple cutoff
model. In acluality, the line is gnussian in the wiﬁgs, which would thus lead
to é distribution of relaxétion rates. However, in thé_derivation, the
functional form of the relaxation function was too complex to handle iﬁ
closed form. Even so, fhe choice of cutoff should give a lower limit
for the dijfusion constant, and thus, the simplified model should describe
the long time spectral diffusion process.

In Fig. 6, the numerical integration of Eq.(17) is represented by
the full line. The theoretical curve was adjusted to fit at T2=O._ It
is seen that the agreement with data for all 1 is quite good. For
comﬁarison; the dashed line gives the predicted spectral diffusion

2
-t /278
e ©/213 .

relaxation rate for a gaussian relaxation function ¢(.) =

42/T2
9/T2 [1 - e 7" /%2) which

For this relaxation function, 1/Tq (gaussian) = =

. - -2 ?
is to be compared with Eq. (17) which gives 1/TS_ = 2/T2 [1-e /T2 ]
in the limit TGEN/Q — ®, Both functions lead to = meximum relaxation rate

of 2/T however the gaussian relaxation function leads to saturation

o}
much more rapidly than do the observed experimental results. Also Eq...
(18) predicts a diffusion constant,.D = .5/T23, in qualitative agree-

ment with the cbserved value, -85/T25, while 1/T gives

2(gaussian)
D = 2/’1‘23 which is close to the value observed for the short time
diffusion process. Using 19.(18) and the values of T2 determined in

Fig. 3, D is calculated to decrease cnly &b in going from 215.9 to 213%.9 Miz.
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The increase in the mmerator and denominator essentially campensate for

each other in agreement with the results of Fig. 7. Considerirg the

uncertainty in choosing the cutoff, and the cbvious oversimplificat ion '?t
ofvthe actual experimental situaticn, this agreement between theory and
experiment is quite remarkable. The simple model of the homogeneous

line, lorentzian of width Tg-l and cutoff mSN/Q; gives a simple physical

picture of the spectral diffusion problem.
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IV. APPARATUS

The main considerations in designing and building the transient study
apparatusl6 were detection sensitivity ana mirimizing the adverse effect the
large rf pulses have on the detection syétem, (see block diagram in Fig. &).
A random phase pulsed oscillator of the Arenberg PG 650 design, which
delivered approximately 20 watts bf peak power at 200 MHz when inductively
coupled to the series tuned sample network, waé used to resorate the 0059
sample{ The nuclear imduction signal.was detected by a wide band converter
which'cbnsisted of a two stage grouhded grid preamplifier and 2 pentode
mixer and cathode- follower stage. The low Q value of 10-15 for the pre-
amplifier ctages and the mixer stages prevented excessive ringing folloy-
»ing the large rf pulses. The converter was linear over the 30 4B signal
range studied and had a measured sensitivity greater than 3 microvolts;

The IF amplifier was mosf vulnerable to saturation and since it was pre-
ceded - by an attenuator, saturation was more of a probiem at small signals.
Diogde gates were placed after the local oscillator and after the converté;
and we%e closed during the pulse excitation in order to minimize saturation
- in thg:IF amplifier. Although diode gatés have limited effectiveness in
the_BO MHz - 200 MHz frequency range, measurements could be muade as close
aé lyseé after an rf pulse at.large signals. A precision atteﬁuator was
used to méﬁntain a constant nuclear induction signal at the IF detector

: input, §o thatl the measurements were independent of the detector response.
Sincé ghe smallest increment of attenuation was 1 4B, it was necessary 

to extrapolate for signal changes less than this amount. .
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FPIGURE CAPTIONS

59

Resonance frequency of Co”” as a function of applied field in
cobalt sponge.
Log of the epin echo amplitude versus time for several turning
angles.
. . [} ©

Log of the echo amplitude versus time and frequency for a 20 -90
pulse sequence.
The zquore of transverse relaxation time versus frequency.
Log of the stimulated echo amplitude versusg T and 7.

. . . . 2 .
Longitudinal relaxation rate versus T at 215.9 Miz.

s . 2
Longitudinal relaxation rate versus T and frequency.

Block diagram of the apparatus.
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respect to the accuracy, completeness, or usefulness of the informa-
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apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or
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resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
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