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A TEMPERATURE INDEPENDENT SPIN-LATTICE RELAXATION TIME
IN METALS AT VERY Low TEMPERATURES

o | | R
F. Bacon, J. A. BarclayT, W. D. Brewe;++,.D.,A. Shirley, and_J. E. Templeton

Department .of Chemistry and
Lawrence Radiation Laboratory
- University of California

Berkeley, California 9L720

April 1971

ARSTRACT
“The formalism of nucléar’Spin—lattice relaxation at low tgmperaturés
is developed, le@ding'to a new reiaxatiog time T]J ahd é straightfprwardvmethod
6f ihterpreting vefy low feﬁperature relaxation daté; Data for 60Co in Fe, Ni,

56

and Co hosts and for .- Co in Fe are summarized. The usé of NMR in oriented

nuclei for determining relaxation times is discussed, and some comments are

made on the role of frequency modulation in NMR experiments with oriented nuclei.



,Fl— B - UCRL-20L465

I. INTRODUCTION

Nuclear magnetic resonance in oriented nuclei (NMR/ON), in which

. resonance is detected through the distribution of nuclear radiations, was sug-

geétéd by_Bloembérggn‘andVTemmérl éﬁd firét observed in nuclei oriented by
thermal_equiiibrium methods by MétthiésAand Holl_iday,2 It was used to’study
relaxation in ferromagnetic metalé;3'a phenomendn that has aléo been studied by
nqﬁresénant methods. | |
In‘l96#_Cameron gz_glés suggested that, for nuclei relaxing in a metal
thfough inﬁefdction with conduction'eleétfdns; ﬁhe spiﬁélattice relaxation time
Tl Will approgéh a constant ﬁalué at temperaturés low enough that the magnetic .
quahtuﬁ”yH is larger than kT. Thié éfféct was observed by Brewer et al., who
fepoftéd it‘iﬂ'abbreviated form ip 1968.6 ‘These authors made a detailéd.iﬁter-
pfetation of" their relaxafion data in ferms of‘simple fate'eQuations; findihg_

multiexponential decay of the orientation pérameters.7’8 They found that Tl

was no longer a useful relaxation time at very low temperatures, however, and

their data in 60Co£g were interpreted in terms of a singlé'exponential decay
constant. |

VThe body of this paper.is divided into three parts. Section II contains
a detailed'aiscussion of fhe rate-equation approach to a relaxéfion'theory for
oriented nuclei3-with emphasis on the physical significance of the single-
exponenfial fit at-vefy_low temperatures. ‘Several applicatiéns to_experiméntal
data are given in Sec. IIT. Seétion IV contains a brief discussion of the extent
to which resqnént destruction of nuclear_orientation may be achieved through

frequency modulation.
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' II. RELAYATION THEORY
'The theory‘qf longitudinal, or spin;lattice; relé#ation of oriented-
.nucléi.is'diséﬁssed in this section. The effect of rélaxaﬁion on the time
evolution of stétistica;.tenSOrs‘in thé'high—femperétﬁre limif is reviewed-and
its modificatibns'for finite teﬁperatures is éonsidered. Fbr nuclei in metals
. , . ) |
relaxing thfough_Ag-f interactionsvwith éonduction electrpns, it is showh ﬁhat
.the éﬁaracterisfic'reiaxatidhrtime'in thejl§w¥£empéfature limit-is_témperatureQ
independent andfeQuél to'kC/th, where: C 'is the highjtemperatufe>K0rfingé |
cohétant (¢ é_TlT)'ahd Q is the Larmor frequenc&( | |
'The‘raté—equéfidh interbretation is'déscfibed below esséntiélly as it
wasﬂofiginally uséd'by Brewer giggl,6—8 wa Bthér dérivations are ndw afailable.
Using the Liouville—space‘formalism, Gabriel? developed a-geﬁeral theofy of
relaxation, wﬁich gives the results.discussed.beloﬁ'as a'spgcial case. More '
recehtly.Haffmaﬁn—Boutfdﬁ'énd Spanjéardlo’ll have also discuséed.this problem,
obtaining:the Same'reéulﬁs. Two other énalyses of expérimehtai meaSﬁremenfs——

60

in Cogg}g and in 6OCo§g,and 6000§i}3—-the'also been made. These later

theoretiéal'approachesg-ll'are more general than ours. They can easily treat

casesventailing transverse relaxation, for example. In application to the .pre-
sent problem,'however, only longitudinal relaxation is involved, and the three
approachés'give identical equations. Thus we shall retain the simpler formu-

6-8

lation of Brewer, et al.

A. Theruestion of Spin Temperature'in Ferromagnetic Metals

Spin Syétems relax differently when a spin temperature exists than when
one does not. Although both cases are treated below; it seems useful to discuss

first Whether spin.tempefatures are expected in NMR/ON experiments.
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Moriya's theoretical workl_ on relaxation in ferromagnetic metals showed

thaf the reléﬁioh Tl = T2 Should.hold,'iherebyiprecluding theaexistencé'of a

spin temperaturé T., but early measurements on stable isotopes indicated"

S,
T, < Ti; Therefore the first relaxation work with oriented nuclei was inter-
' 15

preted under the assumption that a Ty existed. In 1967 Walstedt'~ reported

spin-echo measurements on several stable nuclei which showed definitively that
Té ~ Tl’ and,subsequent ahalyéés6-8 have all been made with no spin-temperature

assumption. It has been pointed out that the observation of relaxation in

. orientéd nuclei could provide a definitive test of the existence of a spin tem-

perature in these sYstems.l6 ‘This follows because the simultaneous measurement

of thé’tiﬁeedepeﬁdence:ofjseVéfal.sﬁatistical'tensofs'wbuld.provide data that

. were extremeély sensitive to deviations of substate populations from a spin-

'témperature'diétributioh. Unfprtunately it is experimentally difficult to set

up initial'cohditiohs fhat aré both reliably known»and appfopriate fbr testing

the TS hypothesis. The experiments to‘déte_have been done under conditions that

6,7,13

were not cohducive to such tests, and the results could be fitted either

with or withouﬁ_assuming that a spin temperature exists. While it is veiy

'unlikely that the systems studied to date by nuclear orientétion can have épin

tempefatures, this question has not really been tested experimentally. It is
also probable that spin systems that gg_have spin temperatures will be studied -
by nuclear orientation in the future. For these two reasons an expression for

the pime—evo1utiqn of the spin~tgmper@ture is given below.
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'B. Trensition Probabilities. Analogy with Two-Level Radiative Systems.
Let us assume ﬁhat spin-lattice relaxation occurs via an interaction with

the conduétiqn-électrons,.of the form

AI:ST—_ASZIZ * 5'[S+;— f $-1+1 > . (1)
-and that first-order perturbation theory is applicable: : Here S.'is an effective
electron-spin‘opefator‘that can be related to either the orbital or S§in operator
of conduction eléétfoﬂs,'or to both. The discussion below is quite general,
requiring_only that the nuclei relax by exchanging energy with a degenerate Fermi

gas; via‘magnetic dipole transitions. If the nuclear.energy'levels are equally

spaced by hv and the m~=b—I ) state lies lowest, we may write for the transition

probabilities between states |m ) and |m + 1)

2

- 00

Wm’m+l . Bl(m . l,I+|m >|2 f f(E) [l - f(E_ h\))] de -
Wm;.!-].."-,m»= B](ml_I_lm.'+ 1 )’2_]' f(e) (1 - f(_e +‘h.\).)]. ae g : (2)

0

~Here B is a constant that contains various numerical factors including the
- density of states at the Fermi energy, and f(é) is the Fermi-Dirac distribution -

-

function,

(e -e)/xr. -1
£(€) = [e LT

Here L denotes thé.lattice. After evaluating the matrix eleménts and the

integrals we find .

[
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‘ . _ S
. SR _ _ L _
W 1 _. 3hv[;_(1 +.;)_ ,m(m + 1‘»)]_/[e‘ S - 1]
_ - . . exg |
Wh+l;m = Bhv[I(I‘+ 1) = m(m +1)]/[1 - e 7] 5 (3)
where xL‘= hv/kTL. It is easily shown; by choosing‘l = 1/2, substituting into Eq.

(3), and comparing with the rate equations in the high-temperature limit, that

‘B = (2kC)—l,'where C  is the high-temperature Korringa constant (TlT = C).

’The_appearance of the Bose-Einstein distribution function

X o o o ‘ N - . .

1/[e L_ 1] in W .41 Suggests that the above transition probabilities should
. . 2 ) PR : . )

possess an intereétiﬁg-analogy with the radiation problem. Of course this is

also expected because the states |m) and |m + 1) could be connected by the

"emission and absorption of photons. We can féwfite W as follows:

m+1,m

X

1 = (W/ZK0)I(T +1) - mla + 1)[L/(e ¥ - 1) + 1]

: ?\wﬁ,m+l 4_(hv/2gc)fi(l.+ 1) -'m(m +.i)] )

Thus the downward transition probabiiityvcontains two parts, a tem-

perature-dependent part-which.is equal to the upward probability (in analogy

‘to stimulated emission and absorption) and a temperature-independent part,

analogous to spontaneous emission. 'Here tempergture plays a role analogous to

the occupation of the radiation field in photon'pr¢cesses. The appearance of

'stimulated and sponfaneoﬁs transition probabilities is in fact a general property

of transitions whose quanta of excitation obey Bose statistics and are thus more

likely to enter states which are already occupied. That the quanta ekchanged in
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magnetic reléxation obey Bose sﬁatiétics.is élear not only from Egq. (3) but
from the fact fhat'a relaxatioh pfocess iS'accompéﬁied by a conduction electron
spin-flip, i.e. an "excitatibn"'of spin 1. This is.even more appérent in the
case 6f quadrupoie relékétion,-ih which?reléxation processes are accompanied by
emission @f absofptioh of laftice phonons-whiéh clearly obey Bose statistics..‘
'At.abéolute zero thef¢ ére no more latfice phdh§ns'to absorb but a huéleus can -

still relax by exciting a phonon; i.e., spontaneous emission remains.

C. Relaxation With a .Spin Temperature

vAt.higﬁ temperatures (kT >> nuclear substate level spacings) the familiar

'expressions
B=-F(B-=8)
Tl S
is approximately correct. Here B = —— and B, ==, where T, and T
: : , kTS. L kTL S S L

are the spin éndflattiée'tempefaturés;irespectiVely. ‘At lower ‘temperatures

this relation breaks down, and it is necessary to go back to the master equation,
P ='§[:(pn,wﬁm - gm.Wﬁn)  o ' - : (&)

- Here P ‘is a diagqnal element of the denéity matrix, and vWﬁn is the transi-
tion probability from state |m )kto'state [n'). Starting from Eq. (4), at least

l3il§.have-Quoted expressions forb'B,. Shirleyl6 gave an equation that

two papers
is not valid at very low temperatures. Spanjaard et al. gave an expression
that should be valid at all temperaturés; but their é' is given implicitly'in
several equatidns._ A derivation leading to an éxplicit_result in terms of

measurable quantities is given below.
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When 8 spin‘tempefature exists, it is easy to calculate'its time evolu-
tion'through'that of a thefmodyndmic property such as the internal energy, E,‘

of the spin system. Thus for a system of N spins

o I-1 | | | | |
dE . X ‘ - :
EEVﬁ'th }: [pm Wﬁ,mflvf,pm+l Wm+l,m] ' . (5)

m=-I

After substituting from Eq. (3), using the relation p = expm+l and rearranging,

we have

é[ X, X L o o |
— Z [1(I +1) -u(m + 1)1 o, (6)

N(hv)“[e ~ e
k[l - e "] me-l

& _
dt

where we have used the fact that the coefficient of Py vanishes in order to

extend the sum to m = I. Using the expressiohs for average values

2,

‘_Trp =_l,vTr(mp)v= (m ),.Tr(mgp) ={m“ ) , | | (7)

the sum may bererformed, to yield‘

[ e -

aE _Nw)le “-e Jipr+1)-(uf)- m)] . (8)

dt v X :

2kc[1 - e 7]

Cdmbiﬁing Eq. (8) with

aE _ 2 2 - | .

o - th{(m A D | ._ (9)

and‘using X = hvé, we have
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: X S .

s le U - ez +) —(n2) - (w)]

R Xy 2 2., :
C2kC[1 - e “1{m?° -<(m“ )]

In a system fef whiCh_hv,‘I,ﬁand C are knoﬁn,'and for which a given lattice
temperature exists, Eq. (10) is a useful differential equation‘relating the spin
temperature'to its time derivative. It may be solved numerically. In the high-

and low-tempersture limits, for x - x_ << 1, Eq.. (10) goes to

Lim g = = (B - RB)" o , _ v - (11a)
T, &> © T ' - : : '
 Lim B =i (B -B) - | | - (21p)
.T +,:0:v~ TU ._ L. _ |

L
where T = kC/th,fa:femperature;ihdependeht5relaxa£ion constant that'ie'dis+

cussed in part G of this section.

__D;f Relaxation Wiﬁh No.spinzTempefatufe'

For most'eiperimente'in whieh nucleaf radiatione'are used to:stﬁdy.
nuclear spin—ieﬁtiee.reiaiation, the active nuclei'are presenﬁ in such low
concentration.that-the& may be £akee'ae independent. Let ue agaiﬁ consider
nuclei in a metel; subject to_a‘relaxation inﬁeracfion of the_form :

2 15

5 _+I_ +_S_I+]'arising from conduction electrons. The time-evolution of the

set of 2I + 1 diagonal elements of the density matrix, {pm}, is sti;}vgivep by

Egs. (2) - (4), but without a spin-temperature constraint. Rather than dealing -

with thé,{gm}'ﬁhemselves, it is convenieht to define a new set of gquantities

v/
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{p,} that measure the deviation of the elements p_ from their equilibrium

: o -
vvg}ges pm,
Py = Qm'f P o » o _ S g (12)

‘Since :bm:= 0 at equilibrium, Egs. (4) and (12), may be combined to give
BT Z(:p_n W = Py ) o )

Upder,thé.%{fs;l; + S;I+] intéra¢ﬁioh only fraﬁsifidné to the states n =m *1
are.élldwed."ltvis-inétructive to regard ﬁm and.pm aé'components of (2I + 1)-
diﬁénsional.veétors with entries labeléa in the order m = I, I -1, ... =I (or'
we-cah uSevthéfcorfespondihg‘laﬁel X which rﬁns from zero to 2I). Then Eq.
(13) gan»be writ£en. . | -

p=Fb ., o ()

‘where F ig,a."tridiagonal" matrixjwithinonzero_elements .

' '-me ;‘_'-wm’m_l Wy =_v,'_-j,A__W.{I(I‘ +1) - m.(_m'--_ 1)1
, S Xy
' f'[I(I +1) - m(m'+'l)] e b,
| : L ‘ v .—XL . ’ '
Fum-1 T Yo-1,m =V [I(I._+_ 1) -min - 1)] e S - (15)
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o C X1 -1 ' -_xL- o
Here W = hv[2kC(1 - e )] . The factor e in the "upward" transitions
assures that détailéd balance obtains at equilibrium.

The general solution of Eq. (14) has the form:

p(t) = e 7. p(0) . _ : - (16)
= : . () oy ; :
If F has orthonormalized eigenvectors.  n . and corresponding eigenvalues
k, (A =0,1...2T), then the matrix U with cblumns'.;(x) diagonalizes F:

F q = K where Ko =580 -+ -

Using ﬁ: Eq. (16) can be rewritten as

30 =Fe® 30, an
or, in‘compoﬁent'form,
P oA R B » B
pm(ﬁ)‘= E::Umk e» , Ukmv_pm.(o)‘ . s . , (18)
’ A -om' .

It is instructive to disduss separately the solutions for the high~- and low-

temperature limits as well as thoSevfor'intermediate témperatures.

E. The High-Temperature Limit

Whén xp << 1, the F matrix is symmetric about both diagonals, and

is Hermitian. The eigénvectof matrix ? ié thus unitary. F has the form
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-
31-1  1-2I
1-2T 5I-4 3-31
‘ N S
3-31
R TN
FHT = =20 N (19)
. \
\
AN
\
S M3T-1 T
-I I
The.eigenvalues of FhT are all different. = They are given by
kxv=,_W;A(A +1) where A=0,1,2, ...2I . A (20)
The eigenﬁgctors have components
R O IR 2 SISO o |
= U = (-1) .(I -m I mlA.O)‘. s - o (21)
which are.cldsely felated to the familiar statistical tensofsl
=Y (WM @m0, o (22)
(0)

In fact for SIS (21 +vl)_l.(equalbpopulaﬁiohs"ét'equilibrium) and using

the symmetry properties of the'ClebSCh—Gdrdan coefficients, we have .

m

Combining Egs. (18) and (23), and left-multiplying by U —, we have
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These well—known_results-Wére'first,given, ih:soméwhat different form, by.
_Abraggm and POundlg in connection with the-effects of spin—lattice relaxation
on the angular correlation of Yy rays. Those authors found that their per-

. . : Lo : s o
turbation-facpor Illgg(t):decayed, under an‘AI-S interaction, with a single

. K.t .
‘exponential decay law, e , with (in our notation) - -
e =2 (B2 L e 1) ss 4 D - (214 D) W (MBI L (25)

. After subétitufing for:theﬁRécqh coefficieﬁf,W(ilki;II)fand-accounting,for con- .
dUctiog—elecﬁréﬁtstgtiStics by absbrﬁing extranuclear:factors ihvﬁhe constant W,
(Abraga@ aﬁd Pdund déaif Witﬁ sinélefpéramagnétic éféms), Eq.:(25)'peduces té'
Eq. (20). | N |
 --Thefe i$.n6fhing jnbthe.strucﬁure of U that erénds uniguély:on the

> = o : . i
AT-S interaction. .In fact - U will reduce a more general transition matrix

G, to its diagonal form FI'{;-
Gy = e S o ’(26) |

or 'coﬁrse Egs"; (18) end (24) will still »ho‘l_dv, —a,r.l:vd.vfl'fhe» 'pg's: wil; thefé_'fdi«é'
eaqh follow.sihgle exponentialldécéy, prévided that pertufbétién fheory ié.
applicable; Abragamvand Pound gavé an éxplicit.eipression for'thé_decay:cbnstant
‘afising fme rand§ml&.6riénted,‘axially;symmetric quédrupoie:perpurbations; for.
example.':Webnote that for a éysﬁem in which_bdﬁh Af-g ahd'quadrupélé felé#ation

was prgsent,-the‘transition matrices would simply add, and, from Eq. (26), so
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C Lo T R >
v Thus_the high-temperature expression for'AI-g

relaxations, obtained by combining Eq. (10) with Eq. (24):

pg(t) f'pg(Q)'e

Wthh is relevant to thls

WAL+ 1)t

s "fif. R . h-h_ (27)
paper, 1s only one 1nstance of a more general result
A spec1al case that is contalned in Eq. (27) is the- Korrlnga Law for A ='l
- -t/T . '
2Wt 1 1 : » :
() )

fh(E) = (o) &

~ "o

‘This expression is applicable in conventionalfNMR, in which the magnetization

-5
M

As the Jlattice temperature is lowered through the reglon b4

vas we shall see later, X

, . . / .
is studied, because M

F.

transforms as the first-rank tensor pé.

Intermedlate Temperatures

n,
L 1/1 (not,

0 l) the relaxatlon behavior changes dramatically.

The matrix F loses its symmetrles about both dlagonals, and takes the form

N,

-X
with Q =

T -1q o
Q-21Q

-I . IQ+2I-1 |
1-21  2IQ-Q+3I-3
: N
\
\
N\
N ?
S
Y
\\
- Nqeerq
1-21  2IQ-Q+I. -IQ
-I IQ

l8
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’ The elgenvalues are stlll all dlfferent but the elgenvectors E are

2()

now linear comblnatlons of ‘the encountered above in the hlgh—temperature
case, 'The statistical tensors are still the parameters of interest, however,
because itlis“they that determine the magnitudes of the observable radiation
distributions, which are given’byl
‘ 21 o _ : _ o ) |
w(e t) = E: po(t) A, (X ) Pk(cos 6) P o (30)
Tt is. stlll poss1ble to solve the relaxatlon equatlons for pO(t) FromvK. (22)

' po(t) =1 1ndependent of tlme. For A >fl,

T BTl o
Ay o\ 00 Y S _ ,
)= ) Hn® g LG
| - o
wherezo
' e mw
)\V}\(t) = Z (—l) + T . <I-mIml}\0 ) Umi e U]'_m (1 _:mv Im'l)\'O) . (32)

Four trensformations_arelrepresehteafinfthisieohation;_from a stetisticelltensor
‘ representation.(x') through thei‘m'. representation ihto:the diagonalﬂretresentae
tion (i) then through the m -representatlon 1nto (X). This equetion-displays
clearly the way in whlch the statlstlcal tensors lose thelr 51mple relatlonshlp
to the elgenvectors as the temperature is lowered.. As the lattlce temperature

approaches 1nf1n1ty the matrlx F becomes symmetrlcal the elements ﬁ;i and

<l

__l,_ become Clebsch—Gordan coeff1c1ents (Eq. (21)) and, after the orthogonallty
im

of the Clebsch-Gordan coeff1c1ents has been used tw1ce Eq. (32) becomes

€
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' - k.t : .

00 * . o1 , L

GA'A(t)' B dki-dk'i €. s v ' o . (33)
which, When'substifutedvintov(31), reduces to (24). At lower temperatures the
above stdtemehts no longer hold because. ﬁ;i #'32?? Thus Gi?x(f) can be

finite for A # A', and pg(t)e shows a multi-exponential dependence upon time,

po(t)=z R, e . | L (34)
. 4i=0 ' S : ' S .
The coefficieﬁts.
| 2Timim' = =1 | . 2 o
Ry = (-1) DUy U ST-m Im|d 04T - m' Im'[2'0 2 oy (35)

o _ mi
m,m',A"
clearly depend on both the initial conditions and on the transformation ﬁ that

' diagonalizeseeF,_ Using Egs. (30), (3&); and (35) it is possible to make a

multiexponential'fit_to experimental“felekaiion‘data._ Such an enalysis has been

S s T 12,21
made by Brewer, Shirley, and Templeton, by Barclay and Gabriel, ~ and
recently by Spanjaard g§_§£.13 Somewhet differentvpoints ef view abeut this
procedure have been taken in these studies, and it seems useful to describe
one of themT more fully here.

There are excellent physidal reasons for '"the" spin-lattice relaxation

time, Tl’

to be regarded as a fundamental quantity in convenfionalvNMR. ‘The most
eompelling single reason is probably the fact that observable quahtitiee relax

as exp (-t/Tl); i.e., T

1 is, under usual conditions, truly a relaxation time.

"Usual conditions", however, means both that the high-temperature appreximetion _
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is applicable‘ahd that oniy qpantities'whichftransform gs first-rank tensors
(i.e., thé'magnetiiation) are obserVed; " In thé'intermediéte—temperature range,
x. N 1/I the flrst condltlon no longer applles and for most nuclear oriéﬁtation

L
-experlments nelther cond;tlon applles. In thls range Tl as deflned ble

- -
W .(E - B )f
mn-m-. n

is no iongerba.diréétly'uséfﬁi:péraﬁeﬁér: no‘bbservable quantity relaxes as
exp (—t/T ). For'this reason Brewerg et ai.vabandoned T in favor of an.effec—
-tlve relaxatlon time Tl’ which they obtalned by force—flttlng their data w1th
a single exponentlal. Of course: there is no problem in deflnlng the parameter

T From Eqs. (4) and (36) we dbtain

1°

- 2kC v s |
R (37)

1

and its‘use therefore might tend to obscure the real physics of the relaxation i

‘The point,. however, is that T. is not very directly related to observables,
process. For‘éxampie, the upward and downward transition probabilities, W+ and
W_ are grossly different, as previously pointed out.  Brewer, et al. took this
into accoﬁnt.and kept the two separate, plotting (2W+)—l'and (2W_)fl in their

Fig. 1. The -explicit expression for these22 quantities‘are bbtainedﬂfrom Eq. (4):

.W'.= bve B ' o o 3 . . (38&)
2kC(1 -e ) | | |



AT- . UCRL-20465

W= — =W . | o o ~ (38Db)
oo ~ R |

Of course W+ and W can still be combined to yieidvthe parameter T1,_

Lowew, o w9

but it seems préferable to seek a different quantity that can .serve as a.more
useful_relaxafionvtime. Such a quantity is discussed in the'next.seqtibn.
-Brewér; et al. analyzed_their'data in two waysQ First, the radiation
intensity W(6 = 0,t) was followed as the nuclei relaxes to the lattice tem-
perature after resonant excitation, and the data were fitted to the function
T e R |
W(O,t) - -W(O;QQ) = [W(O,t = 0) --W(O,-GQ)] e B ) v o ()40)
to obtain thé'parameter Ti, an "effective"vspin4ldttice relaxation time.
Secondly, the relaxation thebry'outlined in Egs. (30) - (35) was applied to the

~ data to make a multi-exponential fit and yield Ti.T This latter procedure,

" however, seemed less satisfactory,'bécaﬁse it depends crucially on a knowledge

of the initial conditions, and the resultant T

1 was omitted from Fig. 1 of -

Brewer, gﬁ_gl.

G. The Low-Temperature Limit: A New Fundamental Spin-lattice Relaxation Time

Brewer, et al. obtained an unexpected result from their single-exponential
analysis: Ti approached constancy at a relatively high temperature. The "charac—

teristic temperature" T(l)

at which T, approaches constancy is, from Eq. (37)



18- ~ UCRL-20465

TS R T _ (41)
* For the'6QCQES éasé,_T(}) !

1

constanqy'was'ébout-an order of magﬁitude higher. -The‘réason:fof'thelféstef

m”hmk;"HoWéVer;_thé'fémperétuiébat which T éppfdached

approach of'T' than T, to constancy as theﬁtemperature is lowered is a com-

1 1
bination of two features of W, andfw_i--hamély, their inequality and their
different températurevdependences.6' A1l observable phenomena depend on the

density—matrix-eléments: pm, whose time derivatives 'bm vary as
-x_ =1 . . : ) .

(1 - e L) " x (the difference between W, and W_), rather than as their sum. Thus

theveffectivé~relaxation rate,approaches;iﬁs.lowétemperafure»limit much faster

than does T, - To illustrate this let us consider the time-variation of pg

ey - hvl. - - . R S
s _kC(1 --e :
;-Now_this:equaﬁion réaches its:}iﬁiting‘form
ey = - B, 3 )

kC . "I

:only at»absdlute zero-(xL‘+,w),a-Hdwever; for Py N,pI_i) a neat cancellation
of the factor (1 - e Ly in Eq. (42) occurs, and the limiting form (Eq. (L3)) is

approximately rgalized fé? ggx”value'of X - .B& cdnﬁ?ést,‘the "fate" l/Tl
.varies as the sum of W; and W;.(Eq, (39)). This'sum approaches qonstancy very
.slowly; and Ti_therefore.séems td be a singulérly,inapprdpriate parameter in'
terms_of:whigh one might'diécués the;épproach ofvrelaxation rates ﬁoltheir low-

temperature;limitihg valﬁés.
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'_.Af_veryflow temperatures x f* ©, @ * 0, and ‘?,'app:oaches the_limiting

L
form
I 0
-1 21-1 0
5 . .hy E L (ub)
LT T kC .
T 0
| I o
' The matrix “?LT’ is singular, and!thus non-diagonalizable. The roots
kx of its characteristic eqpation'lFLT - kA37 =0 may be used, howéver, to find

the lﬁniting values of the éigénvalﬁesvof the general:transition matrix F at
low temperatufes; These roots are simply the diagonal elements of FLT' Thus

the low-temperature limiting decay constants are, for intégral I: 0 (appearing

_Iﬁl.%}ll-(hv/kc) (each appearing twice).

onée),,I(hv/kC),-(2151)'(hv/k0), ...
The two_émallest nonzero rate gonsténté, havihgﬂthe-valueé_hVI/kC, will tend
toidétermine the rate ofLChanée of g;; ébsérvables asvthe lattice temperature
approaches Ab$olﬁte zero, ;moiided that‘éecﬁlar equilibriﬁm is esfablished;_ In
most practical expefimentalvsifuatibns the initial conditions will lead to
seculaf equilibiium réthef éuickly, and Ti as offainedifrom g.single—exponentiai
aﬁélysis will closely appfodch ifs 1ow-temperéturéviimiting value
Lim".'-TJ'_'zkc/h\)I , L | » E ' co (h'j)
T>0 : : : .
at a relati?ely high temperature. Oﬁ'coursé.it is important to knqw, in.a:_

givenlexpefimEnt, whether of not secular equilibrium has been established. This

-
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may be.done b& plotting Qnﬁ(e,t) against t for.each run, and,checking for
constancy in tne*slope.l.A final test‘ls provided by inspecting.the~values

‘of Ti,_as'obtained'trom least—squares;analysis; to see whether tbey do in fact
approach-constancy‘as T 'decreases. .We'emphasize.these precautions because
for certain sets of 1n1t1al condltlons careless data analy51s can lead to-
erroneous results; For example, in some cases Tl obtained from a s1ngle-‘
exponentlal flt can exhlblt a maximum before approachlng its llmltlng value.
Alternatively a multiexponential analysis may be made to:obtain the smallest

nonzero eigenvalue of F. However.the analysis is done, the final result is

_ the fundamental spin-lattice relaxation time .

e e

We shall‘call'Tu_the magnetlcfspin—lattiCe relaxation.time«f In the low-temperature
limit Tu plays a role which is similar to, but more general than, that of T, in

the hlgh temperature limit. The following properties of'Tu are of interest:
1. In the low—temperature 11m1t T becomes a true relaxatlon tlme for

all observables. “ Since L1m 0 =
e T

Lim (po(t) - p (eq)) = - l/T (p (t) - p (eq)) for all tensor ranks A. A
T > 0 0 : 0 0
similar relation also holds for any linear comblnatlon ‘of statlstlcal tensors,

Lin {;}:_AA (6 - pgw] - F [ZAx'wg(t)_ - pé(e,q_))] Y

T=>0 LA L

—(l/T ) p I+1’ 1t follows that

This result is independent'Of.whether or:not a spin temperature exists (see

(11)).
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.2;"TU is-temperatufe-independént; The relation

TUH_$ constant = Ck/u - ,_> - , ‘ ‘: o A o (h8)

is'aﬁaiogous tovtheAKorringa relation TlT = C, bﬁt ekpréSses the fact that the

relaxatiop raﬁe_depends on the magnetic, rather than théfmal; eﬁefgy. Eqﬁation
(h8)'sh0uldvhdldvtrue both for ordinary metals and for ferromagnetics, provided that

'H is the net field at the mucleus.

L 3. 'Tu'contains the same information that Ti'doeéQ Tt is clear that-

both contain the Korringa ¢onsténﬁ,‘C. Tt is perhaps less obvious that both
yield the nuclear spin. In fact both do, if combined with a suitable set of

auxiliary experiments.
. . '

4.',Finally, the approach of Tl:to constancy occurs at a'temperature

that is approximately-é factor of 2I higher than the temperature at which T,
approaches consfahcy.' This is illustrated in Fig. 1. The pfadtical conséquence
is that for the range of parameters cammonly encountered in nuclear orientation

experiments'Tl:eaéily'reaéhes a saturation value, provided that I is large,
while Tl barely shows any evidence of saturation. Of course Ti may not be equal

to‘Tu even after T

1

Invviéw of the above properties of Ti and Tu,_we advocéte analysis of

appears to have reached a saturation value.
veiy lbw—tempérafure'relaxation dafa in tefms of the relaxation time T“ rather

than the parameter Tl;

Figure“2 summarizes the raﬁe,equatioﬁ approéch to relaxation theory .

outlined in this section.
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IiI._ EXPERIMENTAL RESULTS

In thls sectlon we present the results of relaxatlon studles based on
the‘observatlon of radiation'patterns‘from nuclei orientedeat low temperatures.

In 1966 Templeton and Shlrley3 shoved-that‘a'substantial inerease in
the degree of NMR—disorientation of’ nuclei at low temperatures could be
obtained by frequency—modulating the applled rf power and that spln-lattlce
'relaxatlon could be observed by sw1tch1ng off the frequency modulatlon and
watching.thefangular distribution of emitted radiation decay back to its
equilibrium'value. The rf power level was maintained'constant'to insure a
constant latticé'temperature'TLlduringirelakation. The'method'is.summarized
in Fig. 3. | | |

.v_fhe relaxation.time is obtained by fitting.the decay_with.anvappropriate

function;~as'discussed in.Sect:II'” A£°high'lattice”ﬁénperaturés the decay is'a'
single exponential with a time constant which is simply related to the rank of
the tensor that describes the angular distribution being observed. At low tem- -

peratures‘T << th/2k the decay is also to good approxlmation a 31ngle exponentlal

L
with time constant:Tu. At intermediate tenperatures it is a sum of erponentlals
with various time'constants but as explained previously the relarationbrate is
controlled by the slowest rate constant after secular equilibrium is reached,
and thus the last part of the decay w1ll always be a reasonable approx1mat1on
to a s1ngle_exponent1al. The time-required.to reach secular equilibrium depends
"oh the initial.conditions pg( )l and thus"if the Whole‘curve'from t=ty onward

‘_1s fitted w:th a 51ngle exponential the resulting time constants T' will be

} rather sens1t1ve to 1n1t1al condltions, except at very high or very low tem=

peratures; -(Qf course the fullpmulti—exponential form, Eq. (34), may be used
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totfit'the decay and obta.in-Tl but this procedure‘is-aiSO‘sensitife to initial
conditions as may‘he Seen from.Eq.'(35)) The initiai conditions ere, in turn,
1nf1uenced by the dlstrlbutlon of source nuclei in the sample, the presence of
impurities, lattice defects, and surface irregularltles, the rf skin depth,

and theb rf uﬁcwer:level and modulation.:eMoreouer, the only knowiedge of initdal
vconditions in the Sample'comes‘from the'anisotropy neasurenent et t = to, which
is an integrsi neasurement of'averages over the Whole.ensemble of. decaying’nuclei
of the eboue'uériables.‘ Thus 1t is 1mportant for reliable relaxation measure-~
‘ments that l) the- 1n1t1al condltlons be kept as’ constant as poss1b1e throughout

-bthe experlments, and 2) that- the relaxatlon curves be fltted w1th 51ngle

exponentlal functlons, the startlng p01nt for flttlng belng t > tO and approachlng

t ='to only at very low temperatures.‘ The proper startlng p01nt for flttlng can

easily be found by varying the.starting points'and'checking for conSistency of
the resulting Ti'vaiﬁes. It 1s our experlence that flttlng with a multlexponentlal
function to;find:Tl is 11kely to glve erratlc results due to the lack of accurate

“knowledge of initial cond;tions. More important, T, is not a relaxatlon time,

1

in an operational sense, at very low temperatures.

HFigure 4 shows the experimental results for'6OCoEg obtained by the method
| . ‘ v

described above. The T' values are those given in Ref. 6; the T, values (from

o _ .
multiexponential fits) are prev1ously unpubllshed The large scatter in_T:L is
a result of varlatlons 1n initial conditions. The results may he.compered with

| . . I S
those of Spénjaard 33_515,13 vho used the method of rapid eddy current heating

of the sample to obtain relaxation curves.h_ From the slope of the Tl vs 1/T

‘curve:one'candevaluate the Korringa constant 'C; in Table I the value so obtained

is compared with a value estimated from Ti, using Ti A2 Tﬁ = kC/hvI, and with
the value given by Spanjaard, gt;gl.l3
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Figﬁre 5.shows similar results obtaiped‘by,Bacon‘and_Brewer for

56

'56ngg.{‘The sbur¢¢s were made.by'fhe reaction Fe(p,n)56Co on thin, poly; ,

crystalline Fé foilé. 'Aftef.irradiétion fhe foils were annealed and mounted

in the NMR/ON apparatus. The resonance, at 209.0 + 0.2 MHz, had a width (FWHM)
of 1.6 MHz ahdﬁa maximum of.about 55% of the anisotfopy'could be destroyed by
frequené& méduléted ‘rf  §QWér..‘W¢ ndte“that somewha£ highef rf power levels

are required for- this éxperiment than for 6000@3 because of the higher resonant

56 1 56

frequency and shorter relaxation time of ~ CoFe.. The T, values for CoFe in

1 £6 115 K™ do not reach a constant value.

the temperﬁtﬁré rangévfroﬁ l/T.=.3b K
Instead they Seem to show a méxi@um'aé described in Sec. Ii G. This effect
resulté'fromvthe fitting of thé enfire‘deé;y curve with a single exponential
functioﬁé the percentage of.anisotropy:destfdyed at t = t, vgries by more than

a factor of two for the dats shown in Fig. 5, being about 55% at 1/T = 30 K-

and only 26% at 1/T = 115 kL. The initial shape of thé”decay curves (before
secular equilibrium'is established) is quite sensitive to this pefcentage-l.
1]

1

of theféuive‘Shows that when the initial resonant destruction of orientation is

and the T. fits afe.acéordingly affected. Consideration of the detailed shape

large, a single exﬁonential fit to the whole curve will give an erroneously

large.value'of.mhe time constant; this accounts for the "hump" in the Ti values

!

in Fig. 5. Attémpts werebmade‘to obtain Tl af lower temperatures but the iow

rf power levels consistent with maintaining low sample temperatures were insuf-

ficient to prbdﬁce a reasonable degree of resonant destruction.
| : ‘

As before, the slope of the T, values can be used to calculate  C, the

1
result being 1.46 sec K. ‘This value may'be_compared-with.thegValué‘obtained;frém

the 6OCo'measurements by using
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C Y :
. Y60 : : Lo

T ;éé s 1.e. Cg = 1.1 or 1.6 sec °K
756 60 S ’ |

1 6 v 1.0 sec K.

Our value of T, gives an estimate of C

5
. o 60 1812
Figure 6 shows data for ° CoCo obtained by Barclay °° using single

crystalvfilmsvof cubic Co. Thése déta were anaiyzéd'fbf'Tl usihg Gabriel's
theory, as fepbrtedvin.Ref.;léb An attém§t Wa§ made to kéepvfhe iﬁitial éon—
ditions gonstant over the tempéfatufe }ahge-studied; this was feésibie'becaﬁse
ofv£he-felatively'low resonance ffequency of 125.1 MHz and gooa resonant destruc-
tioﬁ,obtainabié."fhe résuiting”Ti'cﬁrVe-becbmes cohstgnt near 1/T = 100 K‘l,
giving a limiting value for Tivof'es + 2 sec.

Finélly, we give the fesults for>feIaxétion of SOCo.in»singleQCrystal
nickel obfained by Bar¢lay.8‘ First attémpts.to find‘fhe résonanée in poly-
cfystalline.Ni foil failed; apparently Eecause of exceésive inhamogene6ﬁ$
bfbadening of the reéonancé liﬁé. ‘Later attémpts ﬁsing 6OCo'éctivity diffused
into a Ni.siﬁgle crystal or 6QCo-Ni uniaxially electroplafed onto a single
crystal Cu substrate gave reéonance lineé.at A - 69.08 * 0.05 MHz of Widths
from 0.6 to 1.2 MHz FWHM. Some_exﬁeriments ﬁifhithe plated foils showed anoma-
lies in the-magnétization curvés (magnétic "hardness" and switching of the easy
magnetizationvdirection) which werévprdbébly-dué to differeﬁtidl thermal con-
traction_of the Ni foil and»the Cu substrate on cooling. inybabout 15% of 
the anisétropy.could be destroyed at tolefabie rf b6wer>levéls. The Ti values

obtained are ‘shown in Fig. 7. These data show large scatter,-again'due to

unavoidable variations in initial conditions and to fitting the whole_decay



26- * UCRL-20465

3 is constant, we find

curve with & Single‘exponéntial functiéhh Assuming thath

Tl = 15 * é §ec.
' [}

'Thé values of Korfinga‘constants C and.magnetic”rgléxafion>timés Tl
obtained from-these'éxpérimenfs aré_sumﬁariZéd in Téble I énd cbmpéred with
results obtéiﬁéd by_pther workers. EXémination of thé lést:three colﬁﬁné of
Table I éhows the values of C _obtained in different.wﬁyé are in qualitatively
good agreeﬁehf.: A tfend.is’obvious: :feléxation rates for 60Co increase as the
host lattice ié éhanged from Fe to Co to_Ni.. From the resonént frequéncies élone
one would expeét“the-opposite trend. quwevef, féiaxatidn rateé depend oﬁ the
‘densiﬁy of states at the Férmi'énergy N(EF) as well_as on frequency. Thus;we

v conclude N(EF)NiT> N(EF)CO ?_N(E?)Fe' >We_also_n9te‘that the values of d_‘as
obtained from the éingle;exPonential fits.are in.épproximate agreement wiﬁh those
6btained by oﬁhér methods. Detaiiéd quaﬁtitative agreement among the vafious
valuesvof..CVIin<Téble I is not yét‘aVailable:' Further ﬁorkvis necessaryito,

vestablishiwhere the errors-lie in each case.

[
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'Iv; ON RESONANT DESTRUCTION oF'QRIEﬁTATIoﬁ AND;FREQﬁENCY MODULATION

| In this section we address'ourselves,briefiy.tovthe Questidn, "Why‘can
the nﬁéleér>orientation not be éompletely dest?éyed?".'lt_has beén shown in a
number of favprable NMR/ON.cases that the orientation could be nearly destfbyed
(i.e., perﬁapéVBO% destroyed), bu£ ¢heré'isvalways,sdﬁé“orientatioﬁ left even

25

in the.besf.cﬁsésf This problem haé béenB’Eh]of will be 'diécuéséd elsewhere
in the éontext of frequencyamddulatibnIﬁhenoﬁéna.b For this reason. an exteﬁsive
tfeatment ﬁoula be unwa?ranted here: - we shall simply lisﬁ aﬁd qommént on éeveral
problems tﬁat:érise in.tfying;fo desfréy nuéleér.ori;ntatién:fesdnantly; Most of
our rémarké apply td-the caSé-bf avwidé; inhomégéneouély—broédened resbnaﬁée line
must be fre@uén?j—modulatedrin érder to stérve anyvreso.nance‘..3 For éiarify
we shail réfer to this as fﬁe'"re§ohaﬂ£ ?egibn"; and to thé homOgenéoﬁs lines
of‘ﬁhich:itvis‘éompdéed'as "1ines“,‘ |

'First,'in succeééi#e sﬁeéps tﬁroﬁgh the&résoﬁant region, the effects
ofnthe.radidfrequeﬁcy fiéldbon.indiyidﬁal lineévﬁili add incoherently. Fof
'anyvsét'éf'eiperimental:cqnditiohé:aﬁéteady gtété isIQQickly established in
which oriéntation is'ré¥esfabliéhed'by:relaxation to the 1attiée at the same
rate that it is'destroyéd by tﬁe radiofre@uency fieid;. Nﬁmeriéal calculations
based on an approximate model (but ﬁsing‘a réalistic setAof péraﬁetefs) show
that‘onl& N565% Qestruction.of‘the 6rientation parameter B2'can Be.expected
at 0.002°K événffor-a favorable-éase in ﬁhiéh ﬁhé relaxation time is'iOO'sec
ana the radiofreqﬁency field strength 0.1 gauss.26

Next, in ofder to be effective; the'modulatioﬁ-frequency‘.vFM nmust be

neither tOO.‘lOW2h nor too high.8 If Vg is too low the nuclei have time to

re-orient substantially between sweeps. This result was predicted by Wilson,
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and it has 5één_§bservéd for 69Cq§g and‘6OCoE£;'asAshown'in_Fig. 8. Also
apparént fromifhis'figuré is & decreasé”in fesOnénce destruction of anisotropy
aﬁ high:fréquéncies. This result was pdstﬁlated as arisiné”frOm fhe fact fhat
as vﬁM inéfeases tﬁe FM $idebahd‘5pacing;e§enfually exceéds the effective
linewidth oflfheghomogenédﬁé:1ines. nSbme of these lines then fall betﬁeen
Sidebands;”ﬁhére they are not exéited by_fhévrédiofréquency field. To test
this e#plaﬁatidn a sepéraﬁe.éxperiment with 6OCOE§_was carried 6ﬁf;.in which
.tﬁe cérri¢r-fréquency‘ﬁasfmoduiated by g_sééond, audio fréquency  vFM2 = 20 Hz,
while holdiﬁgv VﬁMi éonstént at_Skaﬁ; The resulfs.aré shown in Fig.'9.“ As
expectéd;lreéonant déstrﬁéﬁibﬁ of'fhé aﬁiéétfbpyviﬁéreaées.with sz, the
bandwidfh.of'thevsecond quulation-siénai FMé. The”éfféét is.completély

restored wheh_ Av,_, exceeds v Restoration occurs faster at a highér Hl

2 FML®

amplitu@e'éiﬁce the intfinsic lines are more’powef—ﬁrqédened ih}this case.
Finélly, the intrinsic'linés aré not simply'Lorentzians, but show
multipole éfructure,18vif evén—raﬁk statisfical tensors suéﬁ as.B2 are studied
lthrough Y—ray'anisofropy measureménts. For ﬁhis reason a hardnéore value of
.aiignment exists even'at the resonant«freéuenéy.  Oﬁe would then eXpect that
any_attemp£ to'saturéte.thefresbnaht déstructibn”effect wouldﬁresultrin SOme__
of the intrinsic lines ekhibiting £he "hard—gore" responée function, thereby

yielding an incomplete destruction of the nuclear orientation. .
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. TableI
e v‘-fa Cfmﬁ Cfmmshme'CQHRrwmk)eRﬁ—‘
Case S Vo‘MHZ) ‘ ‘$l(seC) Ty (deg sec) .(deg—sec)d (deg-sec) erence
60, e coreyD . PV
"CoFe 165.7(2) 67(5)1»-:n 2.5 . 1.76(10) 2.6(2) 13
550539_ 1209.0(2) | a25 1.0 1.46(10) 1. or 1.6 (e)
®Ococo. 1251 . 23(2)  0.69 0.5(T) . 0.T5 (£)
Coomt - 69.08(5) 15() 025 - oso(s) 13

Average of low—temperature values in saturatlon range;
bErrors in last dlglt glven parenthetlcally

Us1ng c= th Tl/k’ Whlch approaches belng exact as Ti +_Tu.

dAs’l/T'+ 0, T,T > C. Errors given-are random only.
_ Calculated from C (v6o/v56) Ceor . |

Ref. 8, page 78' The value 0.75 was obtalned from NMR data on stable
Ceo f-(959/V60) C59‘

5.9Co,' using
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xi.FIGURE‘CAPTIOﬁS
1. Comparison of relakation ‘time Tl‘and Ti.' Diagram (a) at left'represents
relatlve rates of tran51t10ns between levels, show1ng‘"bottleneck" effect of
slower.rates.between topmost and bottommost pairs of levels, which leads to an
effective.relaxation time close to’Tu-at relatively high temperatures. Diagram
(b) at right shows temperature:behatiOr of'Ti and Tl’ illustratiné the saturation
(1) |

of the latter at’ a relatlvely high—temperature T . B& similar triangles one
p(u)

sees that —T_T = 2T.
2. Block diagram outlining rate-equation relaxation theory and showing relation-
ship of Korringa's Law to general theory.

3. Illustration of T measurement using NMR/ON with frequency modulation.

1

The,counting rate along the polarlzation axis is denoted as W(0). Subscripts

denote the values of W(0) when the nuclei'are-in thermal equilibrium with the

lattice’( (O) ), in a partially disoriented steady state (W(O)' ), or randomly

orlented (W(O . At time t the FM is turned on, cau51ng resonant destruction
of the nuclear orientation in the'inhomogeneously broadened line. At_t the

1
resonance 1s saturated, giving a steady state countlng rate W(O)SS At to

=

 the FM is turned. off and the nuclear spins relax back to equilibrium with the

Fig.

Fig.

!
lattice. All or part of this»relaxation curve can be fitted to obtain either

Tl or Tl. ‘

L. -Relaxation data for 60CoFe at low temperature. The multiexponential fit
T p01nts, 1nd1cated by c1rcles, are from Ref 6; the s1ngle exponential fit
T p01nts (triangles) are from Ref T ‘The dashed curve shows the expected o

hyperbolic tangent dependence of T The solid -curve is simply. an empirical

curve drawn through the Tl data.

5. Relaiation data for 560025._ The triangles indicate thevsingle—exponential

Ti fit and the circles the multiexponential fit. The dashed curve shows the

'hyperbolic'tangent_dependence expected for‘Tl.
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Fig(16. RelaXafion data’for.6OCoC0 ffom'Ref. l2r. Here'fhe circles; triangles,
and curves have the same meanings as 1n Flgs. h and 5.

1

.Fig. 7. Relaxatlon data for 6OCOE£ (51ngle crystal) ‘Only T'fislshown: an

averagevﬁalue of 15 * 3 seconds was inferred'from_theSe data.
Fig; 8. Fractional destruction of 1 - W(6), the'nuclear'orienﬁation "effect";
for 6.2 0, plotted against the modulation frequency. Filled circles

represent 6QCOE§J epen circles 506551; Solid curves cohnect points for:

which Tzie-= 95°K_l, and H, = 5.6 mOe; dashed curves connect points for
which T;ie = 2hO°K-l, and H,'= 1 mOe. In both sampleé the carrier frequegcy

was centered around resonance (v(6OCoEg) 166.0 MHz v(6OCoNi = 69. l MHz)).
Fig. 9. Fractional destruction of 1 ;-W(O) for §OCoFe with an applled rf
fleld of frequency 165 L MHZ, modulated to a bandwidth of 650 kHz by an-

applled modulatlon of frequency V.

FML f.5 kHz. The carrier frequency is

also modulated at an audio frequency of 20 Hz through a variable bandw1dth

vy, shown as abc1ssa.‘ For the top curve Hy (applled, peak-to-peak) 2.8 mOe,

and 1/T = 175°%C. In the bottom curve H) = 1 mOe, 1/T = 250°K".
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T, (T=0)=2kC/hv
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Fig. 1
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the -
United States Government. Neither the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor

any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents

that its use would not infringe privately owned rights.
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