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N u c l e a r M a g n e t i c Resonance S a t u r a t i o n and 

R a p i d Passage E x p e r i m e n t s i n N o n - M e t a l l i c S o l i d s 

Wayne Roger J a n z e n 

S u p e r v i s o r : P r o f e s s o r B a s i l A . D u n e l l 

a b s t r a c t 

N u c l e a r m a g n e t i c r e s o n a n c e l o c k - i n a b s o r p t i o n mode and 

d i s p e r s i o n mode s p e c t r a o f p o l y c r y s t a l l i n e samples o f CaF 2 » 

p o t a s s i u m c a p r o a t e (KOg), and l i t h i u m s t e a r a t e (LiC-^g) have 

been o b t a i n e d a t v a r i o u s l e v e l s o f s a t u r a t i o n . The l i n e w i d t h s 

n a r r o w and the l i n e shapes change i n b o t h the a b s o r p t i o n and 

d i s p e r s i o n mode s p e c t r a on s a t u r a t i o n . T h i s b e h a v i o u r i s n o t 

p r e d i c t e d by p r e v i o u s t h e o r i e s o f s a t u r a t i o n , but i s p r e d i c t e d 

by the new m a g n e t i c r e s o n a n c e s a t u r a t i o n t h e o r y o f P r o v o t o r o v . 

The e f f e c t s o f m o d u l a t i o n s a t u r a t i o n have a l s o been d e m o n s t r a t e d . 

They a r e i n agreement w i t h Goldman's e x t e n s i o n o f P r o v o t o r o v 

t h e o r y t o i n c l u d e the a u d i o m o d u l a t i o n f i e l d . 

An I m p o r t a n t p r e d i c t i o n o f P r o v o t o r o v - G o l d m a n t h e o r y i s 

t h a t s a t u r a t i o n n a r r o w i n g and m o d u l a t i o n s a t u r a t i o n do n o t 

a f f e c t the s i g n a l a t the c e n t r e o f r e s o n a n c e ( w i t h i n c e r t a i n 

l i m i t i n g c o n d i t i o n s ) and so the s i g n a l s a t t h i s p o i n t a r e 

e x p e c t e d t o s a t u r a t e w i t h the n o r m a l s a t u r a t i o n f a c t o r : Z(O) = 

[ 1 + Y 2 H 1
2 T 1 f ( O j / 2 ] " 1 , where ^ i s the r f f i e l d a m p l i t u d e , 

f(A) i s the a b s o r p t i o n l i n e shape f u n c t i o n n o r m a l i z e d t o 2TT, 

and A i s i n r a d / s e c . T h e r e f o r e the p r o g r e s s i v e s a t u r a t i o n o f 

t h e l o c k - i n d i s p e r s i o n s i g n a l , u , ( 0 ) , h a s been s t u d i e d i n the 
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CaFgt K C 6 » a n d L i ( 3 l 8 s a m P l e s a t room temperature. The res u l t s 

v e r i f y the above prediction and y i e l d the spin l a t t i c e relax

ation times (T-ĵ ) of the samples. The CaF 2 r e s u l t of 0.385 

- 0.03 sec compares well with 0.45 - 0.05 sec, the value found 

by adiabatic rapid passage. 

A modified Linder signal decay technique has also been 

used to measure values i n KCg and LiC^g. The innovation 

being that the signal u-j^O) was used instead of the l o c k - i n 

maximum absorption s i g n a l . The res u l t s are i n good agreement 

with the progressive saturation r e s u l t s . It i s concluded that 

one i s f i n a l l y i n a po s i t i o n to measure correct T^ values l n 

so l i d s by CW techniques. 

A technique f o r recording the true shapes of rapid 

passage signals has been developed. Using the shape of the 

rapid passage signal as a c r i t e r i o n of whether or not the 

passage was also adiabatic, i t was found that the Bloch 

adiabatic condition, dH Q/dt « YH-̂  , i s also applicable to 

s o l i d s . The inequality, however, must be larger f o r s o l i d s 

than for l i q u i d s . 

The width at h a l f i t s peak height of an adiabatic rapid 

12(112 +HL )J 8 

where H L = <(AH >̂/3, i s c a l l e d the l o c a l magnetic f i e l d , 

and <̂ AH y i s the Van Vleck second moment. ARP signals were 

used to f i n d l o c a l f i e l d and second moment values i n poiy

e r y s t a l l i n e and single c r y s t a l forms of CaF 2 and also i n 

poi y e r y s t a l l i n e L i C 1 g , a l l at room temperature. The res u l t s 

are i n excellent agreement with theory and CW measurements. 
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I t Is b e l i e v e d t h a t t h i s i s the f i r s t t ime t h i s method has 

been u s e d . 

The ARP t e c h n i q u e was a l s o u s e d t o measure v a l u e s . 

A symmetric sweep method was u s e d f o r the above samples and a 

two p a s s method ( e q u i v a l e n t t o the 1T- ff/2 sequence u s e d i n 

p u l s e s p e c t r o m e t r y ) was u s e d f o r a v e r y pure c r y s t a l o f 

m a l e i c a n h y d r i d e . A v a l u e o f 76 min was f o u n d f o r t h i s sample 

a t room t e m p e r a t u r e . T h i s i s a p a r t i c u l a r l y good example o f 

the u s e f u l n e s s o f the ARP t e c h n i q u e s i n c e i t i s d i f f i c u l t t o 

measure s u c h a l o n g by the u s u a l p u l s e method. 

Normal and s a t u r a t i o n n a r r o w e d l o c k - i n a b s o r p t i o n s p e c t r a 

o f L i C ^ g have been o b t a i n e d o v e r the t e m p e r a t u r e range 25° t o 

1 9 3 ° 0 . There a r e two phase t r a n s i t i o n s i n t h i s r e g i o n . They 

were r e v e a l e d by b o t h the n o r m a l and s a t u r a t i o n n a r r o w e d 

s p e c t r a . 
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chapter 1. 

SATURATION I. 

SATURATION THEORIES 

I. BLOEMBERGEN, PURCELL, and POUND THEORY 

A. I n t r o d u c t i o n 

The BPP / l / t h e o r y of n u c l e a r magnetic resonance s a t u r a t i o n 

i n s o l i d s i s based on the f o l l o w i n g three assumptions which are 

n i c e l y set out i n R e d f i e l d /2/. 

(1) The f i r s t i s t h a t the e f f e c t of the s p i n l a t t i c e I n t e r a c t i o n 

i s to r e l a x the s p i n s t o t h e i r e q u i l i b r i u m s t a t e w i t h a time con

st a n t T 1 < 

(2) The second i s th a t the s p i n s i n t e r a c t s t r o n g l y with one 

another. Then any energy absorbed at one frequency o f the d i 

p o l a r broadened resonance l i n e i s q u i c k l y t r a n s f e r r e d t o a l l the 

sp i n s whether or not they are i n a l o c a l f i e l d e x a c t l y c o r r e 

sponding t o the resonance value f o r the a p p l i e d r a d i o - f r e q u e n c y 

f i e l d . T h i s appears t o be j u s t i f i e d because o f the p o s s i b i l i t y 

of mutual s p i n f l i p s between neighbouring n u c l e i brought about 

by the d i p o l a r i n t e r a c t i o n . 

(3) The t h i r d assumption i s t h a t the complex r f magnetic 
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s u s c e p t i b i l i t y X = X ' - I X " i s proportional to the difference 

i n population of the nuclear spin l e v e l s and i s not affected by 

the presence of the r f f i e l d except v i a the spin l e v e l popula

ti o n s , which are. When the spin system becomes saturated, the 

populations of the nuclear spin l e v e l s become more nearly equal. 

It follows then from t h i s t h i r d assumption that both the r e a l X * 

and the imaginary X " parts of the r f s u s c e p t i b i l i t y saturate 

i n the same way. 

B. Fundamental Equation of BPP 

Consider a system of spins I placed i n a magnetic f i e l d 

HQ (taken to be along the z-axisjf and subjected to a radio f r e q 

uency f i e l d of amplitude H-, perpendicular to HQ and rotating 

with an angular frequency CJ close to the Larmor frequency 

COQ = "JTHQ of the spins. The fundamental equation of BPP theory 

fo r t h i s system i s the following spin t r a n s i t i o n rate equation 

which includes both, thermal processes (the s p i n - l a t t i c e relaxa

tion) and t r a n s i t i o n s induced by the applied r f f i e l d : 

Here n(t) i s the difference i n the populations of the two l e v e l s 

between which the r f f i e l d Induces t r a n s i t i o n s ; n(0) i s the 

equilibrium population difference before application of the r f 

f i e l d ; T-̂  Is the s p i n - l a t t i c e relaxation time; W = Y 2 ^ 2 TTg(A)/2 

and Is the p r o b a b i l i t y per unit time of a t r a n s i t i o n by a spin 

between the two l e v e l s induced by the r f f i e l d ; & = to - co; 

(1) 

and g(A), normalized to i s the shape function of 
the unsaturated resonance l i n e . 
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Since the nuclear magnetism M Z °^ a system of spins i n a 

magnetic f i e l d HQ, which Is taken to he i n the Z d i r e c t i o n , 

w i l l be proportional to the spin population difference n ( t ) , 

we can, following Abragam / 3 , chap 3 and 1 2 / , use equation ( 1 ) to 

obtain a rate equation f o r the Zeeman energy of the spins: 

d_ (- M Z H Q) = - ( M Q - MZ) H 0 + 2W M Z ,H0 | ( 2 ) 

dt m 
i l 

where the equilibrium magnetization MQ = X o H o a n d "^-0 I S T L I E 

s t a t i c magnetic s u s c e p t i b i l i t y . In the steady state, equation ( 2 ) 

gives us the energy transferred per unit time to the l a t t i c e : 

( M N - M z) H 0 = 2W M Q Hp ( 3 ) 

T 1 1 + 2W Tj/ 

which i s equal to the rate of r f energy absorption by the spins. 

0 . R F Power Absorption 

The rotating f i e l d H 1 i s a c t u a l l y produced by a l i n e a r l y 

polarised f i e l d H x = 2 H 1 cos Cot, the counter-rotating com

ponent having a n e g l i g i b l e e f f e c t . If t h i s e x c i t a t i o n i s s u f f i 

c i e n t l y small, the response M x ( t ) of the spin system may be 

assumed proportional to i t and can be written: 

M x ( t ) = 2 R 1 ^ - ) C t (w) cos w t + X"(u>) s i n GO t ^ , ( 4 ) 

where the r f s u s c e p t i b i l i t y "X = X 1 - I X " . 

The rate of r f energy absorbed by the spin system i s : 

M . dH = - M y dH„ jp —• ^ -A. A. dt dt (5) 
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Using H x = 2 cos u> t and equation ( 4 ) , and evaluating equation 

( 5 ) by integrating, we f i n d P = 2 R^2 x " uo . ( 6 ) 

Equation ( 6 ) also indicates why X " i s usually c a l l e d the 

absorption component of X . 

D. Magnetic S u s c e p t i b i l i t i e s 

We can now f i n d the imaginary or absorption part X " of 

the r f s u s c e p t i b i l i t y . Equating expressions ( 3 ) and ( 6 ) and sub

s t i t u t i n g f o r W we have s 

x „ = Xo / r g ( A ) / 2 ^ ( 7 ) 

1 + V 2 H x
2 T^TTg(A) 

F i n a l l y the dispersion part X ' of X can be deduced from 

X " by the Kramers-Kronlg r e l a t i o n s . Although the K-K relations 

are not v a l i d i n the presence of saturation i t was generally 

believed that the saturation behaviour obtained from them would at 

lea s t be q u a l i t a t i v e l y correct. 

At the centre of resonance when A = 0, equation ( 7 ) 

becomes: 

X " ( 0 ) = X n <x>n TT g ( 0 ) / 2 _ ( 8 ) 

1 + tf2 H 1
2 T-jffgfO) 

and f o r very strong r f f i e l d s when "y 2 H-̂ 2 T 1
<n*g(o) ^ 1 

X " (o) = X ° " V = S U - . ( 9 ) 
2 Y 2 H j 2 T1 2 VHj^ I x 
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E . C o m p a r i s o n o f the V a r i o u s T h e o r i e s w i t h E x p e r i m e n t 

W h i l e i n p r i n c i p l e e q u a t i o n (1) p r o v i d e s a c o r r e c t d e s c r i p t i o n 

o f a b s o r p t i o n o b s e r v e d i n the r e g i o n o f weak s a t u r a t i o n , t h a t i s , 

up t o v a l u e s o f H-^ such t h a t K 2 H - ^ 2 T-|_ TT g(zO 1, i t 

s t r o n g l y d i s a g r e e s w i t h e x p e r i m e n t i n the r e g i o n o f s t r o n g s a t u r 

a t i o n / 2 , 4 / . F o r example, b o t h X " and X 1 become n a r r o w e r and 

n e a r l y L o r e n t z i a n i n shape on s a t u r a t i o n and the d i s p e r s i o n s i g n a l 

does n o t d e c r e a s e n e a r l y as r a p i d l y as t h a t o f a b s o r p t i o n w i t h 

i n c r e a s i n g H-j_. E q u a t i o n (7), on the o t h e r h a n d , i n d i c a t e s t h a t 

the a b s o r p t i o n l i n e s h o u l d w i d e n w i t h I n c r e a s i n g f o r a l l 

v a l u e s o f H 1 # 

A l t h o u g h t h e above e f f e c t s were o b s e r v e d i n m e t a l s by 

R e d f i e l d / 2 / i n 1955 and by A b e l l and K n i g h t i n 1954 / 4 / , t h e y d i d 

not seem t o become w i d e l y known u n t i l r e c e n t l y . Abragam / 3 / i n 

" N u c l e a r Magnetism" (1961) chap 12, m e n t i o n s R e d f i e l d s o b s e r 

v a t i o n o f t h e anomolous b e h a v i o u r o f t h e X 1 s i g n a l a m p l i t u d e 

but n o t a word about n a r r o w i n g o f t h e l i n e s . 

I t was the o b s e r v a t i o n o f s u s p i c i o u s l y n a r r o w a b s o r p t i o n 

l i n e s i n some f a t t y a c i d s a l t s i n 1962 w h i l e t h e a u t h o r was 

w o r k i n g on h i s M a s t e r s T h e s i s t h a t l e d t o t h e work p r e s e n t e d h e r e . 

The n a r r o w i n g was o b s e r v e d i n d i s p e r s i o n a l s o and was f o u n d t o be 

c a u s e d by t h e i n a d v e r t e n t use o f h i g h r f l e v e l s . F o r t u n a t e l y , a t 

about t h i s t ime P r o v o t o r o v ' s t h e o r y , " M a g n e t i c Resonance S a t u r 

a t i o n i n C r y s t a l s " / 5 / was p u b l i s h e d i n E n g l i s h and d i d p r e d i c t 

s a t u r a t i o n n a r r o w i n g i n s o l i d s . U n f o r t u n a t e l y i t d i d n o t come 

i m m e d i a t e l y t o o u r a t t e n t i o n . When i t d i d , however, I t h a p p i l y 
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made o u r t a s k somewhat e a s i e r a l t h o u g h i t made much o f the work 

a l r e a d y done o f d i m i n i s h e d i m p o r t a n c e . These e x p e r i m e n t s d i d 

a t l e a s t g i v e us a f e e l i n g f o r the p r a c t i c a l a s p e c t s o f s a t u r a t i o n . 

B e f o r e g o i n g on i t i s u s e f u l h e r e t o a n t i c i p a t e a n o t h e r o f 

the r e s u l t s o f P r o v o t o r o v . I f A = 0 the BPP e q u a t i o n s agree 

w i t h P r o v o t o r o v t h e o r y e v e n f o r s t r o n g s a t u r a t i o n . E q u a t i o n (9) 

a l s o a g r e e s w i t h a t h e o r y d e v e l o p e d by R e d f i e l d /2/ w h i c h i s 

a p p l i c a b l e t o s o l i d s o n l y a t v e r y h i g h r f l e v e l s . U n f o r t u n a t e l y 

the f i e l d m o d u l a t i o n and l o c k - i n a m p l i f i e r t e c h n i q u e u s u a l l y 

u s e d t o r e c o r d wide l i n e s i n s o l i d s y i e l d s the f i r s t d e r i v a t i v e 

o f X"(A) w h i c h i s z e r o a t A = 0. One might c o n s i d e r t a k i n g 

complete d X"(A) c u r v e s and i n t e g r a t i n g them t o g e t 

XI'(0) and s t u d y s a t u r a t i o n but we s h a l l see t h a t o t h e r c o m p l i 

c a t i o n s a r i s e . 

I I . REDFIELD THEORY 

A . I n t r o d u c t i o n 

The r e s u l t s o f BPP c a n a l s o be o b t a i n e d u s i n g the c o n c e p t 

o f a s p i n t e m p e r a t u r e d i s t i n c t from the l a t t i c e t e m p e r a t u r e . 

The a s s u m p t i o n t h a t the complex s u s c e p t i b i l i t y i s p r o p o r t i o n a l 

t o the d i f f e r e n c e i n p o p u l a t i o n o f the a d j a c e n t n u c l e a r s p i n 

l e v e l s i s e q u i v a l e n t t o the a s s u m p t i o n t h a t the s p i n system 

behaves as i f I t were a t e q u i l i b r i u m a t a s p i n t e m p e r a t u r e 

( r e f e r r e d t o the l a b o r a t o r y frame o f r e f e r e n c e ) h i g h e r t h a n the 

l a t t i c e t e m p e r a t u r e , the e q u i l i b r i u m c o r r e s p o n d i n g t o the a c t u a l 
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d i s t r i b u t i o n o f n u c l e a r s p i n s among the 2 1 + 1 l e v e l s / 2 / . 

In o r d e r t o e x p l a i n the NMR s i g n a l s he o b s e r v e d i n the s o l i d s 

A l 2 ? and O u ^ — t h e i m p o r t a n t f e a t u r e b e i n g t h a t the d i s p e r s i o n 

does n o t s a t u r a t e a t the same l e v e l as the a b s o r p t i o n , a l t h o u g h 

b o t h X . ' a^d "X." become n a r r o w e r i n w i d t h on s a t u r a t i o n — 

R e d f i e l d / 2 / p r o p o s e d t h a t , when a s t r o n g r f m a g n e t i c f i e l d i s 

a p p l i e d , the s p i n system c a n be described by t h e e x i s t e n c e o f a 

s p i n t e m p e r a t u r e i n a frame o f r e f e r e n c e r o t a t i n g about H Q w i t h 

a f r e q u e n c y cu . In a d d i t i o n the s p i n t e m p e r a t u r e c a n be d i f f e r e n t 

from the l a t t i c e . A t h e o r y was t h e n d e v e l o p e d w h i c h i s a p p l i c a b l e 

o n l y t o s o l i d s a t h i g h r f f i e l d i n t e n s i t i e s when ^ 2 H 1
2 f T g ( A ) ^ > l 

and w h i c h was i n r e a s o n a b l e agreement w i t h h i s e x p e r i m e n t a l o b s e r 

v a t i o n s . R e d f i e l d t r a n s f o r m s the s p i n system H a m i l t o n i a n w h i c h 

i n c l u d e s d i p o l e - d i p o l e i n t e r a c t i o n s and a l s o i n t e r a c t i o n s o f the 

s p i n s w i t h H Q and w i t h H-^co) i n t o the r o t a t i n g frame d e s c r i b e d 

a b o v e . The r e s u l t i n g t i m e - d e p e n d e n t p a r t s o f the s p i n - s p i n 

i n t e r a c t i o n a r e weak p e r t u r b a t i o n s on the t i m e - i n d e p e n d e n t p a r t , 

and c a n be i g n o r e d . S t a t i s t i c a l m e c h a n i c s i s a p p l i e d t o the 

r e m a i n i n g s t a t i o n a r y s p i n H a m i l t o n i a n ; s p e c i f i c a l l y i t i s 

assumed t h a t the s p i n system i s I n a c a n o n i c a l d i s t r i b u t i o n o f 

quantum s t a t e s w i t h r e s p e c t t o t h e t r a n s f o r m e d s p i n H a m i l t o n i a n . 

I t i s a l s o assumed t h a t the s p i n - l a t t i c e i n t e r a c t i o n i s s m a l l 

compared t o t h a t o f the r f f i e l d . 

B . R o t a t i n g Frame F o r m u l a t i o n 

The S c h r o d i n g e r e q u a t i o n d e s c r i b i n g the b e h a v i o u r o f a s p i n 

wave f u n c t i o n i n a f i x e d c o o r d i n a t e system i s : 
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iteY = Si Y . 
T r a n s f o r m a t i o n t o t h e c o o r d i n a t e frame r o t a t i n g about the z - a x i s , 

d i r e c t i o n o f H Q , w i t h a n g u l a r f r e q u e n c y C O i s p e r f o r m e d w i t h 

the u n i t a r y o p e r a t o r / 3 , p 2 3 / , 

so t h a t 

where t h e s u b s c r i p t r d e s i g n a t e s q u a n t i t i e s r e l a t i v e t o t h i s 

r o t a t i n g f r a m e . I f t h i s t r a n s f o r m a t i o n Is a p p l i e d t o the 

S c h r o d i n g e r e q u a t i o n we o b t a i n : 

= Her fr <10> 

where W e r i s c a l l e d the e f f e c t i v e H a m i l t o n i a n i n t h i s r o t a t i n g 

f r a m e . 

I f the l a t t i c e I s n e g l e c t e d , i . e . , no r e l a x a t i o n , the 

H a m i l t o n i a n f o r our s p i n system i s : 

Wer '= ? r • K (11) 

= Z r + H j j 1 + t i m e dependent t e r m s . 

The f i r s t t e r m i s the Zeeman e n e r g y o f the system 

Z r = -rK H e r ,TX I i (12a) 



chap 1 9 

i n w h i c h H e r i s the e f f e c t i v e e x t e r n a l m a g n e t i c f i e l d i n the 

r o t a t i n g frame and i s : 

H 
e r 

= H 1 i . + ( H Q " U 5 / r 
( 1 2 b ) 

H, 

F i g . 1 - E f f e c t i v e magnetic f i e l d i n t h e r o t a t i n g f r a m e . 

The axes o f the r o t a t i n g frame have been c h o s e n so t h a t 

H 0 = H Q k , H \ = H , 1 , and to = - w k . 

H e r t h e n i s c o n s t a n t I n t ime and we see t h a t the t r a n s f o r m a t i o n 

has made t h e s o l u t i o n t o the m o t i o n o f the system much s i m p l e r . 

The t i m e i n d e p e n d e n t p o r t i o n o f the d i p o l a r energy o f the s p i n s 

"ft]) , sometimes c a l l e d the t r u n c a t e d s p i n - s p i n H a m i l t o n i a n , i s 

g i v e n b y : 

fl,1 =1 if^- ( 3 c o s 2 0 ^ - 1 ) 
i j 

l . l - 3 1 I 

L ^ l J i z j z J 
(12c) 

H e r e , fS^^ i s the a n g l e between t h e v e c t o r r ^ J o i n i n g two 

s p i n s I J L and 1^ and t h e z - a x i s . We have supposed t h a t i n d i r e c t 

s p i n - s p i n i n t e r a c t i o n s are a b s e n t . 

The t i m e - d e p e n d e n t terms o f ) ^ e r have a f r e q u e n c y o f -the 

o r d e r o f <*> and 2 to and c a n c o n n e c t s t a t e s w h i c h d i f f e r i n 

e f f e c t i v e e n e r g y by + fiu; 0 r + 2 f i c o , whereas t h e e i g e n s t a t e s 
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o f (time i n d e p e n d e n t p a r t ) d i f f e r by about * ft* ( H e r + H L ) 

w h i c h i s o f the o r d e r o f t e n s o f kHz r a t h e r t h a n the MHz r a d i o 

f r e q u e n c i e s o f co . T h e r e f o r e the t ime dependent terms w i l l be 

I n e f f e c t i v e l n p e r t u r b i n g the e i g e n s t a t e s o f Wev and w i l l be 

i g n o r e d . The " l o c a l f i e l d " H L w i l l be d e f i n e d l a t e r . 

0 . S p i n Temperature and C a n o n i c a l D i s t r i b u t i o n 

The h y p o t h e s i s o f a s p i n t e m p e r a t u r e and a c a n o n i c a l d i s t r i 

b u t i o n i n the r o t a t i n g frame means t h a t t h e o c c u p a t i o n a l p r o b a 

b i l i t y P^ o f the e n e r g y l e v e l s o f the system i s g i v e n by t h e 

B o l t z m a n n d i s t r i b u t i o n : 

P t o c exp ( E j / k T g ) 

where i s a n e n e r g y l e v e l o f the s p i n system as v i e w e d by 

an o b s e r v e r i n the r o t a t i n g f r a m e , and T 8 i s the t e m p e r a t u r e o f 

the s p i n system i n the r o t a t i n g f r a m e . The s p i n system c a n t h e n 

be d e s c r i b e d by a d e n s i t y m a t r i x o f the f o r m : 

?r = * " ( " ^ i / f c V . (13) t r [exp (- Se r / M s)J 

W i t h ^ r one i s a b l e t o c a l c u l a t e t h e c a n o n i c a l average 

e x p e c t a t i o n v a l u e <<Q>̂  o f an o b s e r v a b l e Q whose o p e r a t o r i s 

Q", by a t r a c e c a l c u l a t i o n « Q » = t r (Q ^R). « Q » , 

sometimes d e n o t e d <Q> , i s a l s o c a l l e d the ensemble average o f 

and o c c a s i o n a l l y j u s t t h e r m a l a v e r a g e . The s e c o n d b r a - k e t 

o r the b a r a r e f r e q u e n t l y o m i t t e d i n the l i t e r a t u r e t o s i m p l i f y 

the n o t a t i o n . We s h a l l do the same. The s i t u a t i o n i s c l a r i f i e d 

i f we remember t h a t whenever t h e d e n s i t y m a t r i x i s u s e d , the 

c a n o n i c a l average i s i n t e n d e d . 
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On a p p l y i n g t h e above r e l a t i o n t o the e n e r g y o p e r a t o r s Z r 

and T̂ j)1 one o b t a i n s /6/ , 

< 2 r> _ < V j > _ < * e r > . . , H I ( I » 1 ) * 2 ft2 ( 1 4 a ) 

H e r H L e r I 

where N i s the number o f s p i n s and 

H 
2 _ t r ( fa )2 

L 
t r U 2 fi2^ I i z

2 ) 

H L i s c a l l e d t h e l o c a l f i e l d and i s the Van V l e c k 

s e c o n d moment o f the u n s a t u r a t e d a b s o r p t i o n l i n e . U s i n g the t o t a l 

m a g n e t i z a t i o n o p e r a t o r M = "tftfZ^ 1̂  i t i s f o u n d t h a t the 

o b s e r v a b l e m a g n e t i z a t i o n <J£>, w h i c h w i l l a l s o be c a l l e d Mj., 

i s a l o n g H e r and e q u a l s /6/ , 

< M> = - < z r > , • 

/>.er 

D. S p i n L a t t i c e R e l a x a t i o n 

We now w i s h t o d e t e r m i n e t h e e x p e c t a t i o n v a l u e o f Ker when 

the s p i n - l a t t i c e i n t e r a c t i o n i s t a k e n i n t o a c c o u n t . R e d f i e l d 

assumes t h a t the e f f e c t o f t h e i n t e r a c t i o n i s t o r e l a x e a c h 

n u c l e u s i n d e p e n d e n t l y i n t o i t s e q u i l i b r i u m s t a t e w i t h a t ime 

c o n s t a n t T-^: 

* j x (<I.1> - <Po> 
-s* <£I> *! • 

(15) 

S L ' " 4 ' 
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where the l e f t - h a n d s i d e i s t h e s p i n - l a t t i c e c o n t r i b u t i o n t o the 

t ime d e r i v a t i v e o f the e x p e c t a t i o n v a l u e o f I.., and i s 

the s t a t i c t h e r m a l e q u i l i b r i u m v a l u e o f I . , g i v e n b y : 

< I > = « g I t l • 1) H 

Here g i s the n u c l e a r g - f a c t o r , @ i s the Bohr magneton and H_ 

i s the a p p l i e d f i e l d w h i c h c a n be c l o s e l y a p p r o x i m a t e d by H n £ 

s i n c e H ^ « . H Q . The f i e l d II i s u s e d above r a t h e r t h a n H e r 

because i t i s assumed t h a t e l e c t r o n s a r e r e s p o n s i b l e f o r the 

r e l a x a t i o n and t h e y a r e l i t t l e a f f e c t e d by the r f f i e l d and see 

o n l y t h e l a r g e f i e l d H Q . 

I t i s a l s o assumed t h a t the s p i n - l a t t i c e i n t e r a c t i o n does 

n o t p e r t u r b the s p i n system c a n o n i c a l d i s t r i b u t i o n a p p r e c i a b l y 

e x c e p t t o b r i n g about a slow change i n ty{-^t . The c o n t r i b u t i o n 

o f the f i r s t t e r m i n e q u a t i o n (15) t o the v a r i a t i o n o f ( V ) i s 

<y„y « - < £ > - . d 6 a , 
1 r l T l 

The e f f e c t i v e Zeeman energy < Z r > i s l i n e a r i n the s p i n o p e r a t o r s 

I , and t h u s e x p e c t e d t o decay t o z e r o w i t h c h a r a c t e r i s t i c t ime 

T ^ . The s p i n - s p i n energy » o n ^ e o t h e r h a n d , i s 

q u a d r a t i c i n the s p i n o p e r a t o r s and i s t h e r e f o r e e x p e c t e d t o decay 

a t t w i c e the r a t e o f the Zeeman e n e r g y ; t h u s the f a c t o r o f two 

i n t h e s e c o n d t e r m o f e q u a t i o n ( 1 6 a ) . The c o n t r i b u t i o n o f the 

s e c o n d t e r m o f e q u a t i o n (15) I s : 

"bt 
/ V \ - M 0 H e r 0 0 5 e (16b) 
\ / t e r / ~ j 

1 
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where we r e c a l l t h a t M Q = X Q H H Q k and i s the t o t a l 

n u c l e a r m a g n e t i z a t i o n i n the f i x e d f r a m e . 

We c a n now o b t a i n the s t e a d y - s t a t e v a l u e o f M R by u s i n g 

e q u a t i o n s (14) and s e t t i n g the sum o f e q u a t i o n (16a) and (16b) 

t o z e r o . The r e s u l t i s R e d f i e l d ' s e q u a t i o n 38 (Red. 38), 

M = M^ cos 9 
Or J2 . 

.1 + 2 H L
2 / H e r

2 

B . Complex M a g n e t i c S u s c e p t i b i l i t y a t H i g h 

The d i s p e r s i o n i s g i v e n by X 1 = M Q r s i n ©/2H 1 

t h u s (Red. 40) 

^ « _ M Q ~g A  
= 2 { A 2

 + ^ C H ^ + 2 H L 2 ] } ' 
(17) 

and we see t h a t the d i s p e r s i o n i s L o r e n t z i a n f o r s t r o n g s a t u r a t i o n . 

The d i s p e r s i o n d e r i v a t i v e a t r e s o n a n c e i s (Red. 41) 

2 L £ 
"d A 

M 0 

A=0 2 r [ H x
2 + 2 H L

2 ] 
2 ^ 0 w 21 (18) 

I f Mp i s a l o n g H e r , as e q u a t i o n (14c) i n d i c a t e s i t i s 

i m m e d i a t e l y c o n c l u d e d t h a t t h e r e i s no component i n the x 

d i r e c t i o n and t h e r e f o r e no a b s o r p t i o n . A c t u a l l y M r i s n o t 

p r e c i s e l y i n the H e r d i r e c t i o n and a t any r f l e v e l t h e r e I s a 

f i n i t e a b s o r p t i o n w h i c h c a n be p r e d i c t e d by i n v o i c i n g c o n s e r v a t i o n 

o f energy i n t h e s y s t e m , as was done I n the p r e v i o u s s e c t i o n . 

The r a t e o f energy t r a n s f e r from the s p i n system t o the l a t t i c e 

- H Q ( M 2 - M Q J / T - ^ i s c a l c u l a t e d and e q u a t e d t o t h a t a b s o r b e d by 
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t h e s p i n system from the r f f i e l d , 2 u > H 1
2 ' X " , and one g e t s 

(Red. 43) 

M, 0 
2 Y H 1

2 T 

A 2 
-1 

(19) 

w h i c h i s a g a i n a L o r e n t z i a n l i n e . At r e s o n a n c e , e q u a t i o n (19) 

a g r e e s w i t h the BPP a s y m p t o t i c v a l u e o f X" a t h i g h H , 

e q u a t i o n ( 9 ) . T h i s agreement c o r r e s p o n d s t o t h e f a c t t h a t , f o r 

b o t h t h e o r i e s , a t the l i m i t o f v e r y l a r g e M
2

 0 a n d % " 

i s u n i q u e l y d e t e r m i n e d by t h i s s i m p l e c o n s e r v a t i o n o f e n e r g y 

argument. T h i s agreement i n d i c a t e s t h a t a p r o g r e s s i v e s a t u r a t i o n 

method o f o b t a i n i n g T-j_ u s i n g e q u a t i o n (8) may be c o r r e c t . T h i s 

i s n o t n e c e s s a r i l y t r u e o f the a b s o r p t i o n d e r i v a t i v e o b s e r v e d by 

l o c k - i n d e t e c t i o n , however, because R e d f i e l d / 2 / f o u n d t h a t 

e n e r g y c a n a l s o be a b s o r b e d from the a u d i o m o d u l a t i o n f i e l d 

( r o t a r y s a t u r a t i o n ) , and t h i s e f f e c t p e r t u r b s the t r u e a b s o r p t i o n 

c u r v e . 

R e d f i e l d ' s r o t a t i n g frame s p i n t e m p e r a t u r e h y p o t h e s i s h a s 

been t e s t e d and e x p l o i t e d by a number o f e x p e r i m e n t e r s , Solomon & 

E z r a t t y / 6 / , G o l d b u r g / 7 , 8 / , and S l i c h t e r & H o l t o n / 9 / . These 

r e f e r e n c e s are a l s o q u i t e u s e f u l i n u n d e r s t a n d i n g R e d f i e l d ' s 

t h e o r y . In a d d i t i o n R e d f i e l d has r e f i n e d h i s methods i n a 

" S t a t i s t i c a l T h e o r y o f S p i n Resonance S a t u r a t i o n " / l O / and 

r e a f f i r m e d h i e e a r l i e r h y p o t h e s i s . 
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I I I . PROVOTOROV THEORY 

A . I n t r o d u c t i o n 

We now have a t h e o r y f o r s a t u r a t i o n o f a s p i n system i n a 

s o l i d u n d e r a v e r y weak r f i r r a d i a t i o n and a v e r y s t r o n g one, 

but do n o t know how t o f i n d the b e h a v i o u r I n between. P r o v o t o r o v 

/ 5 , H / , u s i n g p o w e r f u l s t a t i s t i c a l m e c h a n i c a l methods, h a s f o u n d 

the s o l u t i o n t o t h i s p r o b l e m . 

P r o v o t o r o v c o n s i d e r s a s p i n system i n a l a r g e m a g n e t i c 

f i e l d i n w h i c h a s i n g l e s p i n s p e c i e s g i v e s r i s e t o a s i n g l e 

o r d i n a r y NMR a b s o r p t i o n l i n e , the w i d t h o f w h i c h i s m a i n l y due 

t o d i p o l e - d i p o l e c o u p l i n g s . He t h e n assumes t h a t such a system 

c a n be d e s c r i b e d as a s u p e r p o s i t i o n o f a number o f s u b s y s t e m s . 

A "Zeeman" subsystem and a " d i p o l e - d i p o l e " s u b s y s t e m . A weak 

a p p l i e d r f f i e l d c a n be c o n s i d e r e d as an a d d i t i o n a l s u b s y s t e m . 

The c o u p l i n g i n s i d e each subsystem i s s t r o n g , whereas the c o u p l i n g s 

between subsystems a r e weak. As a c o n s e q u e n c e , the subsystems 

r e a c h I n t e r n a l t h e r m a l e q u i l i b r i u m i n d e p e n d e n t l y o f each o t h e r 

and one c a n a s c r i b e a t e m p e r a t u r e an energy and an e n t r o p y t o each 

o f them. A t h e o r e t i c a l d i s c u s s i o n and j u s t i f i c a t i o n o f t h e s e 

i d e a s h a s been g i v e n by P h i l i p p o t / 1 2 / . 

B. D e r i v a t i o n o f the D e n s i t y M a t r i x 

F o l l o w i n g R e d f i e l d , P r o v o t o r o v t r a n s f o r m s i n t o the r o t a t i n g 

f r a m e , however, he s p l i t s up the Zeeman energy term I n t o i t s 

m a i n f i e l d and r f f i e l d components so t h a t the t o t a l e f f e c t i v e 

H a m i l t o n i a n i n t h e r o t a t i n g frame i s w r i t t e n : 
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# e r = * A * z + * D ' + * * H i *x 

= V Q + ficJHi I x (20) 

where I x , I y and I 2 a r e the p r o j e c t i o n o p e r a t o r s o f the t o t a l 

s p i n on the c o o r d i n a t e a x e s . I f i s s m a l l so t h a t « H ^ , 

I x c a n be c o n s i d e r e d as a s m a l l p e r t u r b a t i o n w h i c h w i l l 

c o u p l e the o p e r a t o r s i i A l z and n-^. He goes o v e r i n t o the 

i n t e r a c t i o n r e p r e s e n t a t i o n so t h a t : 

= e ^ ° * e - ^ 0 * (21) 

where LI" i s the d e n s i t y m a t r i x i n the i n t e r a c t i o n r e p r e s e n t a t i o n 

and the d e n s i t y m a t r i x i n the r o t a t i n g f r a m e . 

Assuming the u s u a l h i g h t e m p e r a t u r e a p p r o x i m a t i o n 

( W e r « k Tg) and a l l o w i n g f o r d i f f e r e n t Zeeman and d i p o l a r 

term t e m p e r a t u r e s i n >/0, a d e n s i t y m a t r i x f o r the s p i n system 

i n t h i s r e p r e s e n t a t i o n i s p r o p o s e d t o be o f the f o r m : 

( t ) - « cc(t) I z + p U ) ^ ' (22) 

A k i n e t i c e q u a t i o n f o r ^ " ( t ) ( t h e m a s t e r e q u a t i o n ) i s 

o b t a i n e d u s i n g Z w a n z l g ' s method / 1 3 / i n w h i c h the d e n s i t y m a t r i x 

i s r e q u i r e d t o obey t h e L i o u v i l l e e q u a t i o n : 

tfiill = " i [ x ( t ) , ^ ( t ) ] 
(23) 

where 

1 Y# _ J — 

X ( t ) = tftf^ e fi 0 I x e * * # 
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A p r o j e c t i o n o p e r a t o r i s t h e n a p p l i e d t o e x t r a c t from " the 

d i a g o n a l p a r t ^ and t h e n o n d i a g o n a l p a r t ^>2» The L i o u v l l l e 

e q u a t i o n "becomes a p a i r o f e q u a t i o n s and s o l u t i o n s a r e found f o r 

p ^ t ) and ^2^^' ^ r o m " t ^ s e s o l u t i o n s P r o v o t o r o v t h e n d e r i v e s 

t h e n u c l e a r m a g n e t i c r e s o n a n c e e q u a t i o n s . In d o i n g so he assumes 

1/T X « * H L , 

however, t h i s c o n d i t i o n i s u s u a l l y f u l f i l l e d i n s o l i d s and 

p r e s e n t s no p r o b l e m . 

C. E v o l u t i o n o f t h e S p i n T e m p e r a t u r e s 

The r e s u l t o f the p e r t u r b a t i o n i s t o cause a s low 

e v o l u t i o n o f p " w i t h t i m e , and t h i s i s m a n i f e s t e d as a v a r i a t i o n 

o f o^(t) and |3(t) . The d i a g o n a l p a r t o f t h e d e n s i t y m a t r i x 

y i e l d s t h e power a b s o r p t i o n e q u a t i o n and the c o n s e r v a t i o n o f 

e n e r g y l a w ; 

Hk t r ( P i ( t ) V = 0 ( 2 4 ) 

I n t h e c o u r s e o f h i s d e r i v a t i o n , P r o v o t o r o v o b t a i n s the 

f o l l o w i n g e q u a t i o n s f o r the ensemble average v a l u e s o f I „ ( t ) 
z 

and V D ( t ) ( P r o v . 3 4 ) , 

< I Z > = t r h 2  

(21 + if 

< K ' > = P ( t ) t r ( 5p')2 
D (21 + 1 ) N (25) 

where $ i s the number o f s p i n s l n the s a m p l e , and the v a r i a t i o n 
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o f < I Z > w i t h t ime ( P r o v . 3 3 r ) 

d
T < I z > = - T J 2 H ^ f T g C A ) [ o C ( t ) - < A p ( t ) ] . (26) 

S u b s t i t u t i o n o f c<(t) and <"}(t) from e x p r e s s i o n s (25) i n t o 

e q u a t i o n (26) y i e l d s ( P r o v . 35) 

^ • < I Z > = - t f 2 H ^ T T g ^ ) [<I Z > - i ( t ) ] (27) 

i n w h i c h 

i ( t ) = JEA^O and H 2 

" p 1 1 » D 

H D = ~6£. where H L i s the l o c a l f i e l d o f R e d f i e l d t h e o r y . 

An e x p r e s s i o n f o r d n ( t ) / d t i s o b t a i n e d u s i n g t h e c o n s e r v a t i o n 

law e q u a t i o n (24) 

• = o 

so 

d _ i ( t ) = *?|L f T g ( A ) [ < I > - k{t)] (29) 

D. S p i n L a t t i c e R e l a x a t i o n 

Talcing i n t o a c c o u n t the s p i n - l a t t i c e i n t e r a c t i o n i n the 

manner o f BPP / l / t h e f o l l o w i n g system o f e q u a t i o n s a r e 

o b t a i n e d ( P r o v . 3 6 , 3 7 ) : 

d - < i z > = - t f R f i r t w k i J - A c t ) ] • [ < I z > o " < I z > ] 
T i 

(30) 

t r ) 2 

t r V (28) 
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d _ A ( t ) = * * H 2 i r g ( A ) [ < I > - i ( t ) l + [ h ( 0 ) - n(t)1 
dt ^ 2 1 * D 

(31) 

Here ^ I Z > Q and £ ( 0 ) a r e the i n i t i a l v a l u e s o f I z ( t ) and 

& ( t ) , w h i l e and T D a r e the s p i n l a t t i c e r e l a x a t i o n t i m e s 

o f < I 2 } and We note t h a t f o r the c e n t r e o f r e s o n a n c e 

when A = 0 , & ( t ) = 0 , e q u a t i o n (30) r e d u c e s t o the B l o e m b e r g e n , 

P u r c e l l and Pound e q u a t i o n ( 1 ) . T h i s means t h a t the average v a l u e 

o f the e n e r g y o f the d i p o l e - d i p o l e i n t e r a c t i o n i n the c a s e A = 0 

i s n o t changed a f t e r the r f f i e l d i s t u r n e d o n , and the ensemble 

average v a l u e o f the p r o j e c t i o n o f the t o t a l s p i n I z ( " t ) t e n d s 

t o z e r o a t h i g h i n a c c o r d a n c e w i t h e q u a t i o n ( 1 ) . 

A c o m p l e t e l y d i f f e r e n t s i t u a t i o n a r i s e s i n the case A / 0 . 

In t h i s c a s e t h e a b s o r p t i o n o f each quantum o f r f energy i s 

a c c o m p a n i e d by a change o f £ A i n the d i p o l e - d i p o l e e n e r g y . As 

a consequence P r o v o t o r o v f i n d s t h a t < I _ ( t ) ) no l o n g e r a p p r o a c h e s 

z e r o as i n BPP t h e o r y but r e a c h e s an e q u i l i b r i u m v a l u e o f ( P r o v . 27) 

A 2 • H * <32> 

The s p i n p r o c e s s i n v o l v e d c a n be d e s c r i b e d i n the f o l l o w i n g 

way: one p h o t o n o f energy &u> i s a b s o r b e d (co i s c l o s e t o ^ J , 

one s p i n f l i p s , but the d i f f e r e n c e i n Zeeman l e v e l s i s fi. coQ = -*i7f H Q , 

so the b a l a n c e o f energy goes i n t o t h e d i p o l e - d i p o l e system 
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T h i s system w i l l t h e n t e n d t o r e l a x back t o i t s e q u i l i b r i u m v a l u e 

e x c h a n g i n g energy w i t h the l a t t i c e w i t h a t ime c o n s t a n t T ^ , 

E . Power A b s o r p t i o n 

The e n e r g y a b s o r b e d p e r u n t i t ime i n s t e a d y s t a t e i s f o u n d 

u s i n g e q u a t i o n s (30) and (31) and the p r o p e r t y t h a t k(0) « O ^ o » 

( P r o v . 38) 

P ( A , H x ) = 6 w 2 W ( A ) [ < I 2 > B t - kat] 

(33) KU>2W(A) < I Z > 0 

1 + 2K(A) T-L " 1 + n 2 A 2 T D 

H2
 T l 

where we r e c a l l t h a t 2W(A) = 7J2 H-j^TT g(A). 

The s o l u t i o n t o t h e n o n - d i a g o n a l p a r t o f t h e d e n s i t y m a t r i x 

P 2 ( t ) i s n e c e s s a r y t o d e t e r m i n e the d i s p e r s i o n s i g n a l . The 

s o l u t i o n y i e l d s the e q u a t i o n s ( P r o v . 4 5 , 46) 

< I X > = • t f H 1 1 T g ' ( A ) [ < I z > - & ( t ) * 4 ^ l ] (3^) 

< I y > = Y H ^ g i A ) [ < I Z > - k(t)] . (35) 

Here g ! ( A ) i s t h e d i s p e r s i o n l i n e shape f u n c t i o n ( - ^ ( A O / f T i n 

P r o v o t o r o v ) o b t a i n e d from g ( A ) , the a b s o r p t i o n l i n e shape 

f u n c t i o n , by the K r a m e r s - K r o n i g r e l a t i o n . 

P . Complex M a g n e t i c S u s c e p t i b l l t y 

U s i n g the s t e a d y s t a t e s o l u t i o n s ^ I ^ g ^ and kQ^ from 



chap 1 20 

e q u a t i o n (30)and ( 3 1 ) P r o v o t o r o v o b t a i n s e x p r e s s i o n f o r X 1 and 

X " ( P r o v . 47*, 48) 

X ' = ^ - < I x > s t 
2 H 1 

1 + H 1
2tTg(A) T x 

r 2 2" 1 + TJJ i T A * 

< 

(36) 

Our e q u a t i o n (36) i s o b t a i n e d from P r o v o t o r o v ' s e q u a t i o n (47) by-

s u b s t i t u t i n g f T g ' ( A ) = - J 1 ( A ) . 

1 
y ' s t 

= S|_< I
2 >o j 

TT g<A) = S|_< I
2 >o j 

1 + 3 2 H j 2 v g ( A ) T X " l + T D ^ 2 A 2 

. h H D 2 

1. D i s p e r s i o n component 

At a l o w r f l e v e l 2W(A) T 1 « 1 and X* becomes 

"1 (37) 

X' = 1X1 <I Z> 0 g'(A) = TTM o7r G'(A)/2 

At a h i g h l e v e l 2W(A) ^ » l and >> g * ( ^ ) 

= y M p A 

(38a) 

so 

(38b) 

2 i ^ ! + A 2 " 
fi2 

w h i c h i s L o r e n t z i a n and a g r e e s w i t h R e d f i e l d ' s r e s u l t , e q u a t i o n (17) 
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f o r H 1 « H L and T-j/Tj, = 2. 

At the c e n t r e o f r e s o n a n c e where A = 0 , e q u a t i o n (36) 

becomes a form w h i c h we s h a l l see i s q u i t e I m p o r t a n t t o us 

e x p e r i m e n t a l l y : 

X , ( 0 ) - " e . < I . > O i r « ' < 0 > / g . (39) 

1 + * 2 H 1
2 r g ( o ) T X 

The d e n o m i n a t o r i n t h i s e q u a t i o n i s i d e n t i c a l t o t h a t i n o u r BPP 

e q u a t i o n (8) f o r X " ( ° ) a n c l 8 0 e q u a t i o n (39) i s s a i d t o d e s c r i b e 

a n o r m a l s a t u r a t i o n . S i n c e t h e d e r i v a t i v e i s n o t z e r o a t the 

c e n t r e o f r e s o n a n c e , i t a p p e a r s t h a t we c a n do a p r o g r e s s i v e s a t u r a t i o n 

e x p e r i m e n t u s i n g t h e u s u a l b r o a d - l i n e t e c h n i q u e s t o d e t e r m i n e 

T ^ . In s e c t i o n IV we s h a l l see what l i m i t i n g c o n d i t i o n s a r e 

n e c e s s a r y t o g e t i t s t r u e v a l u e . 

The d i s p e r s i o n d e r i v a t i v e a t h i g h i s : 

d X ' _ TfMo ( 
d A " 2 <' 

and a t A = 0 

d X f 

3"A~ 
A = 0 

T_ h 2 

I D 

M 0 r 2 « 2 

' * 

2*<VTD> H D 

(40) 

(41) 

On s e t t i n g d X ' / d A = 0 i n e q u a t i o n (40) we f i n d the d i s p e r s i o n 

l i n e w i d t h a t h i g h t o b e : 

ds 
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I f t h e l i n e w i d t h i s measured i n gauss we h a v e : 

2. A b s o r p t i o n Component 

At a low r f l e v e l we have the same r e s u l t as we would g e t 

from BPP e q u a t i o n ( 7 ) : 

X " = « r £ <Iz>0tTg(A) = YM 0r g(A ) / 2 , (43) 

and a t a h i g h l e v e l the L o r e t z i a n c u r v e 

X " = _ f o 

2 * H 1 T l 

' l • A 2 T l f W 

(44) 

w h i c h a g a i n a g r e e s w i t h R e d f i e l d . We see t h a t X" » w h i c h was 

a r e p l i c a o f g ( A ) b e f o r e s a t u r a t i o n , now c o n t a i n s no i n f o r m a t i o n 

about the l i n e shape f u n c t i o n . I t i s p a r t i c u l a r l y i n t e r e s t i n g t o 

n o t e t h a t a t A = 0 e q u a t i o n (37) P r o v o t o r o v , and e q u a t i o n (7) 

BPP, a r e i d e n t i c a l f o r a l l r f l e v e l s . 

The a b s o r p t i o n l i n e w i d t h (from maximum t o minimum s l o p e ) 

a t a h i g h r f l e v e l I s : 

A . C O = 2 prT H D 

and i n G a u s s : 

A H a s = H = f | * T < A H 2 > * . <*5> 
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Thus we have a means o f m e a s u r i n g the T ] _ / T D r a t i o s i n c e 

e q u a t i o n ( 4 5 ) y i e l d s : 

T i o ( * H a B ) 2 
T D " * < A H 2 > 

We c o u l d a l s o use t h e d i s p e r s i o n c u r v e . 

G. N a r r o w i n g o f the l i n e on S a t u r a t i o n 

P r o v o t o r o v ' s t h e o r y p r e d i c t s l i n e n a r r o w i n g on s a t u r a t i o n . 

L e t u s c o n s i d e r an a b s o r p t i o n c u r v e o f g a u s s i a n s h a p e : 

g ( x ) s g(0) exp ( - x 2 ) 

2 a 2 

where x = HQ - H and c 2 i s t h e s e c o n d moment 

The u n s a t u r a t e d l i n e w i d t h w i l l be A H A = 2^AH 2)^ so the 

s a t u r a t e d t o u n s a t u r a t e d w i d t h r a t i o i s : 

* H a s i 

A H A = 5 i T D 

and the a b s o r b t i o n c u r v e w i l l n a r r o w i n t h e c o u r s e o f s a t u r a t i o n 

i f T 

A n d e r s o n and R e d f i e l d / 1 4 / have o b t a i n e d an e x p r e s s i o n f o r 

t h e r a t i o ? i / T D = & i n the case o f r e l a x a t i o n by f l u c t u a t i n g 

f i e l d s due t o the c o n d u c t i o n e l e c t r o n s i n m e t a l s . The f l u c t u a t i n g 

f i e l d on s p i n i i s denoted by h , ( t ) . They f i n d 

& = 2 + y K...,_ r 4 1 . " 6 / y r . 3k / (- ^ k » 
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r , , i s t h e d i s t a n c e between s p i n s 3 and k , and K e x p r e s s e s 
~;Jk jk 

t h e degree o f c o r r e l a t i o n between the f l u c t u a t i n g f i e l d s a t r 
r~ J 

and r ^ due t o t h e c o n d u c t i o n e l e c t r o n s ' ' "V 

K j * = < £ j ( t ) • 5 * ( * > X T / < l - £ i < * > | 2 > „ . 

Here ^ y denotes the t ime a v e r a g e . = 1 f o r complete 

c o r r e l a t i o n , and z e r o i f the f i e l d s a t r ^ and r^. a r e 

s t a t i s t i c a l l y i n d e p e n d e n t . 

Thus we c a n have a v a l u e o f & between 3 and 2, the 

l a t t e r b e i n g the v a l u e p r o p o s e d by R e d f i e l d / 2 / p r e v i o u s l y f o r 

i n d e p e n d e n t r e l a x a t i o n o f s p i n s , and we e x p e c t s a t u r a t i o n 

n a r r o w i n g . The above r e l a x a t i o n - c o r r e l a t i o n t h e o r y w i l l n o t 

n e c e s s a r i l y be t r u e f o r o t h e r s o l i d s and o t h e r r e l a x a t i o n 

mechanisms, but does a p p e a r t o be a p p l i c a b l e t o r e l a x a t i o n by 

p a r a m a g n e t i c i m p u r i t i e s as i s the c a s e I n C a P 2 / 6 / . 

P a p e r s t h a t have been u s e f u l i n u n d e r s t a n d i n g P r o v o t o r o v 

have been p u b l i s h e d by G o l d b u r g / 7 / \ J e e n e r e t . a l . / 1 5 / and 

Goldman / l 6 / . 

IV. GOLDMAN ANALYSIS 

A . I n t r o d u c t i o n 

We now have an adequate t h e o r y f o r s a t u r a t i o n i n s o l i d s w h i c h 

c o v e r s the e n t i r e s a t u r a t i o n r e g i o n assuming o n l y t h a t H « H 
1 I* 

and 1/1., «"JTH T. P r o v o t o r o v d i d n o t , however, c a l c u l a t e the 
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e f f e c t s o f t h e a u d i o m o d u l a t i o n o f the e x t e r n a l m a g n e t i c f i e l d 

one u s u a l l y u s e s i n c o n j u n c t i o n w i t h a l o c k - i n a m p l i f i e r and 

d e t e c t o r i n o r d e r t o r e c o r d the weak s i g n a l s from s o l i d s . 

F o r t u n a t e l y t h i s h a s been done r e c e n t l y by M. Goldman / 1 6 / u s i n g 

P r o v o t o r o v ' s m e t h o d s . 

F o r a v e r y low l e v e l o f r f i r r a d i a t i o n , one r e c o r d s the 

d e r i v a t i v e o f the a b s o r p t i o n o r d i s p e r s i o n c u r v e u s i n g f i e l d 

m o d u l a t i o n and l o c k - i n d e t e c t i o n . F o r a v e r y h i g h l e v e l , one 

r e c o r d s more c o m p l i c a t e d s i g n a l s w h i c h have been a n a l y s e d by 

Solomon and B z r a t t y / 6 / « Goldman e x t e n d s t h i s a n a l y s i s by means 

o f P r o v o t o r o v t h e o r y t o the I n t e r m e d i a t e r e g i o n . He f i n d s t h a t 

t h e r e c o r d e d s i g n a l s w i l l n o t be the d e r i v a t i v e s o f the t r u e 

a b s o r p t i o n and d i s p e r s i o n c u r v e s because t h e y a r e p e r t u r b e d by 

f i e l d m o d u l a t i o n s a t u r a t i o n ( r o t a r y s a t u r a t i o n o f R e d f i e l d / 2 / ) 

when the s p i n - l a t t i c e r e l a x a t i o n t i m e s a r e l o n g . H i s a n a l y s i s i s 

d e v e l o p e d u n d e r r e s t r i c t i v e c o n d i t i o n s w h i c h s i m p l i f y t h e 

c a l c u l a t i o n s , b u t t h e y c o r r e s p o n d , n e v e r t h e l e s s , t o p r a c t i c a l 

e x p e r i m e n t a l c o n d i t i o n s . 

The f i e l d m o d u l a t i o n i s p a r a l l e l t o the a p p l i e d f i e l d H Q 

o f a m p l i t u d e ^ and a n g u l a r f r e q u e n c y . The f o l l o w i n g 

c o n d i t i o n s are i m p o s e d : 

(1) A m i s much l e s s t h a n the l i n e w i d t h so t h a t the d e r i v a t i o n 

c a n be l i m i t e d t o f i r s t o r d e r t 

(2) £L « D where D = Y H L so t h a t A v a r i e s v e r y l i t t l e d u r i n g 

the t ime l / D and t h a t t h e s p i n system c a n be c h a r a c t e r i s e d a t 

e v e r y i n s t a n t o f t i m e by the d e n s i t y m a t r i x u s e d by P r o v o t o r o v /5/r 

(3) i / n « T l f T D , 
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(4) 2W « a2 T x , a 2 T D where 2W(A) = tf2 H j 2 f (A) / 2 , 

¥ i s the t r a n s i t i o n p r o b a b i l i t y , and Goldman n o r m a l i z e s the 

l i n e shape f u n c t i o n f ( A ) t o 2TT. 

B . G e n e r a l Remarks 

M o d u l a t i o n s a t u r a t i o n ( a b s o r p t i o n o f e n e r g y from the modu

l a t i o n ) o c c u r s i f t h e r e e x i s t s a component o f m a g n e t i z a t i o n 

i n q u a d r a t u r e w i t h the m o d u l a t e d f i e l d . F o r a h i g h r f l e v e l the 

m a g n e t i z a t i o n f o l l o w s H E R as we have s e e n i n R e d f i e l d t h e o r y . 

T h e r e f o r e we have a component p e r p e n d i c u l a r t o HQ and c a n have 

a b s o r p t i o n o f the a u d i o e n e r g y . At a low r f l e v e l , when 

2W«X1, t h i s magnetism i s much l e s s and the m o d u l a t i o n s a t u r a t i o n 

w i l l be s m a l l . Goldman s t a t e s t h a t the m o d u l a t i o n s a t u r a t i o n w i l l 

be a maximum f o r v a l u e s o f such t h a t 2WJS.Q, The s t u d y i s 

d i v i d e d i n t o two a r e a s : the r e g i o n o f low r f l e v e l d e f i n e d by 

the c o n d i t i o n 2 W « A and the r e g i o n o f h i g h r f l e v e l . S i n c e we 

a l r e a d y have the c o n d i t i o n o f l/fl T^, T D ; the s i t u a t i o n 

f o r medium s a t u r a t i o n 2WT 1 , 2WTD ~ 1 c o r r e s p o n d s t o 2W f l . 

We s h a l l r e p o r t h e r e o n l y the r e s u l t s f o r the l o w e r r f l e v e l 

r e g i o n . T h i s means we must c o n f i n e o u r s t u d i e s t o the r e g i o n 

where Q » 2W and » l / ^ , 1 / T D . 

C . A b s o r p t i o n S i g n a l 

The e x p r e s s i o n Goldman o b t a i n s f o r the l o c k - i n d e t e c t i o n 

a b s o r p t i o n s i g n a l i s : ( G o l d . 14) 
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v , = ^ m * H l V 2 

i + y 2
 H

2 fjAj 
2 

- t H, 
f ( A ) 2 T-

(46) 

The f i r s t t e r m i s p r o p o r t i o n a l t o the a b s o r p t i o n c u r v e d e r i v a t i v e 

and i t s s a t u r a t i o n i s n o r m a l . I t goes t h r o u g h a maximum when 

2W T-̂  *•* 1 and d e c r e a s e s a f t e r w a r d . The s e c o n d t e r m , on the o t h e r 

h a n d , does n o t s a t u r a t e but t e n d s t o w a r d a c o n s t a n t . 

The s t u d y o f a l o c k - i n a b s o r p t i o n s i g n a l i s u n s u i t a b l e 

t h e r e f o r e f o r the measurement o f T^. 

D. D i s p e r s i o n S i g n a l 

The l o c k - i n d i s p e r s i o n s i g n a l i s ( G o l d . 1 5 ) 

U i = * m * H l V 2 

I + V 2 R ±
2 f j A ) . T x 

2 
f l + T P A 2 ' 

L 

f d f ^ A 
\ d A 

M . f ' (A) * 2 H 1
2 f ( A ) 'D ^ \ 

D 2J 

(47) 

where f ' ( A ) i s the d i s p e r s i o n l i n e shape f u n c t i o n . A g a i n the 

f i r s t t e r m s a t u r a t e s and the s e c o n d does n o t . However, the 

d e r i v a t i v e o f the d i s p e r s i o n l i n e shape f u n c t i o n i s n o t z e r o a t 

= 0 as I t i s f o r a b s o r p t i o n , and we c a n s t u d y the s a t u r a t i o n 

o f the d i s p e r s i o n s i g n a l a t the c e n t r e o f t h e l i n e . The seoond 

terms becomes z e r o and we h a v e : 
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i d f ' ( O ) 
u x (0) = J A m H x M 0 d A (48) 

1 + * 2 E±
2 T± f ( 0 ) / 2 

w h i c h s a t u r a t e s n o r m a l l y . 

E . T-̂  By P r o g r e s s i v e S a t u r a t i o n o f D i s p e r s i o n 

We a r e f i n a l l y i n a p o s i t i o n t o do p r o g r e s s i v e s a t u r a t i o n 

e x p e r i m e n t s i n s o l i d s and be s u r e we a r e m e a s u r i n g the t r u e T-^'s. 

At a l o w H 1 l e v e l when t h e r e i s no s a t u r a t i o n we h a v e : 

U l ( 0 )
 = 1 A _ M Q d f ' ( O ) . l e t t h i s = C 

E1 2 m u d A 

c a n t h e n be d e t e r m i n e d by the f o l l o w i n g p r o c e d u r e s : 

(1) We c a n i n c r e a s e H-^ u n t i l u ^ O ) / ^ = C / 2 , a t t h i s p o i n t 

I2 Ej2 T± f ( 0 ) / 2 = 1. 

(2) A b e t t e r method i s t o p l o t H ^ / u ^ O ) v e r s u s H 1 s i n c e 

from e q u a t i o n ( 4 8 ) 

S^nr, = M 1 • * 2 H I 2 T I F<°>/2) <*9> 

An e x t r a p o l a t i o n o f the s t r a i g h t l i n e o f s l o p e i . f (0) Tx 

t o the a b c i s s a y i e l d s the i n t e r c e p t v a l u e o f - ( H ^ * ) 2 so t h a t 

H2 H x * 2 T x f ( 0 ) / 2 = 1 . 

One c a n d e t e r m i n e f ( 0 ) by i n t e g r a t i n g u n s a t u r a t e d l o c k - i n 

a b s o r p t i o n c u r v e s , t h e n 

f ( 0 ) = 2 T T v ( 0 ) 

/ v * ( A ) d A < 5 0> 
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gauss 

P i g . 2 - P l o t o f H ^ / u ^ O ) v e r s u s H 2 p r e d i c t e d by-

e q u a t i o n ( 4 8 ) . 

F . The C h a m e l e o n i c L o c a l F i e l d 

. The r e a d e r has p r o b a b l y n o t i c e d t h a t the l o c a l f i e l d has 

a p p a r e n t l y been d e f i n e d t h r e e d i f f e r e n t ways l n t h i s c h a p t e r . 

Summarized t h e y a r e : 

R e d f i e l d 

H L ~ 

t r ( ^ ' ) 2 

t r ( S 2 l i 2 ^ I±

 2 ) 

gauss (14b) 

P r o v o t o r o v 

H, 
2 t r O^1) t 2̂ 

t r I. 
= tf2 n 2 H 2 (28) 

Goldman 

TT2 H L (rad/sec) 2 
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The r e l a t i o n s h i p between R e d f i e l d ' s and P r o v o t o r o v ' s l o c a l f i e l d 

i s o b v i o u s but w i t h Goldman's i t i s n o t because he a l s o d e f i n e s 

h i s l o c a l f i e l d D a s : 

2 t r ( % ' ) 2 

•° = TTo • 
t r V 

The p r o b l e m i s r e s o l v e d i f we examine the s p i n - s p i n H a m i l t o n i a n 

he i s u s i n g . He a p p a r e n t l y has d e f i n e d i t as does Abragam / 3 , 

p . 5 4 6 / so t h a t 

Goldman P r o v o t o r o v 

C o n s e q u e n t l y h i s l o c a l f i e l d d i f f e r s by a f a c t o r o f ft. 
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c h a p t e r 2 . 

•SATURATION I I . 

PROGRESSIVE SATURATION IN CALCIUM FLUORIDE 

I . INTRODUCTION 

In t h i s c h a p t e r we p r e s e n t the r e s u l t s o f some s t e a d y s t a t e 

n u c l e a r m a g n e t i c r e s o n a n c e s a t u r a t i o n e x p e r i m e n t s on a powder 

sample o f t h a t p e r e n n i a l f a v o u r i t e C a F g . 

C a F 2 was one o f the f i r s t s o l i d s t o be s t u d i e d by p r o g r e s s i v e 

s a t u r a t i o n . Bloembergen / l / measured T^ i n s e v e r a l s a m p l e s : 

n a t u r a l and c o m m e r c i a l s o u r c e s , c r y s t a l and powder f o r m s . The 

measured r e l a x a t i o n t i m e s T-̂  d i s a g r e e d v i o l e n t l y — s m a l l e r by 

more t h a n a f a c t o r o f 10^*° — w i t h v a l u e s c a l c u l a t e d u s i n g p r e v i o u s 

t h e o r i e s o f r e l a x a t i o n , W a l l e r / 2 / BPP / 3 / . These t h e o r i e s 

p r o p o s e d t h a t t h e d i p o l e - d i p o l e i n t e r a c t i o n between m a g n e t i c 

n u c l e i i n c o n j u n c t i o n w i t h the t h e r m a l v a r i a t i o n o f t h e i r space 

c o o r d i n a t e s p r o v i d e d t h e h e a t c o n t a c t between t h e s p i n s and the 

l a t t i c e . Bloembergen showed t h a t the r e l a x a t i o n t ime was 

d e t e r m i n e d by p a r a m a g n e t i c I m p u r i t i e s i n the l a t t i c e . An o r d e r 

o f magnitude t h e o r y was d e v e l o p e d t a k i n g t h e s e i m p u r i t i e s i n t o 

a c c o u n t . 
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Bloembergen o b s e r v e d t h e p r o g r e s s i v e s a t u r a t i o n o f the 

maximum v a l u e o f the l o c k - i n a b s o r p t i o n s i g n a l . S i n c e t h e 

v a l u e s were n o t known, o n l y r e l a t i v e T ^ ' s were o b t a i n e d t h i s 

way. A n o t h e r r e s t r i c t i o n was t h a t the two samples compared 

h a d t o have s i m i l a r l i n e s h a p e s . The r e c e i v e r g a i n was t u r n e d 

down each t ime the g e n e r a t o r was t u r n e d up so t h a t the s i g n a l 

was p r o p o r t i o n a l o n l y t o A b s o l u t e T n
1 s were 

max 1 

o b t a i n e d by c o m p a r i s o n w i t h a sample f o r w h i c h c o u l d a l s o be 

measured by a d i r e c t method: r e c o v e r y from s t r o n g s a t u r a t i o n 

o b s e r v e d w i t h a v e r y weak r f f i e l d . 

We now know t h a t T ^ ' s o b t a i n e d by t h i s p r o g r e s s i v e 

s a t u r a t i o n method c o u l d be i n e r r o r because o f s a t u r a t i o n 

n a r r o w i n g . The method i m p l i c i t l y assumed t h a t t h e l i n e shape be 

c o n s t a n t . R e d f i e l d /4/, i n o r d e r t o measure i n aluminum 

and c o p p e r , a v o i d e d t h i s p r o b l e m by i n t e g r a t i n g the r e c o r d e d 

l o c k - i n a b s o r p t i o n c u r v e s t o get the r e l a t i v e a b s o r p t i o n a t 

r e s o n a n c e . The r f f i e l d was c a l i b r a t e d so a b s o l u t e T-^'s were 

o b t a i n e d . He l a t e r d e c i d e d t h a t h i s f i r s t measurements were i n 

e r r o r /5/. M o d u l a t i o n s a t u r a t i o n a l s o a f f e c t s t h e l i n e shape 

and may have c a u s e d the e r r o r s . 

We s h a l l show t h a t a t r u e c a n be f o u n d by p r o g r e s s i v e 

s a t u r a t i o n o f the l o c k - i n d i s p e r s i o n s i g n a l a t the c e n t r e o f 

r e s o n a n c e . T h i s method a v o i d s the e f f e c t s o f s a t u r a t i o n 

n a r r o w i n g and m o d u l a t i o n s a t u r a t i o n . W i t h i m p r o v e d t e c h n i q u e s 

the measurement c o u l d be done i n l e s s t h a n an h o u r . The 

e x p r e s s i o n o b t a i n e d by Goldman / 6 / , u s i n g P r o v o t o r o v V t h e o r y 

/7/» t h a t d e s c r i b e s the b e h a v i o u r o f t h i s s i g n a l i s v e r i f i e d . 
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I I . EXPERIMENTAL 

A . S p e c t r o m e t e r 

The NMR s p e c t r o m e t e r u s e d was e s s e n t i a l l y a V a r i a n A s s o c i a t e s 

model V F - 1 6 wide l i n e s p e c t r o m e t e r w i t h a V-4007 s i x i n c h e l e c t r o 

magnet and V-2200B power s u p p l y . The magnet gap was 1 § i n . 

i n i t i a l l y , l a t e r changed t o 1-5/8 i n . The s i g n a l s were r e c o r d e d 

on a V a r i a n model G-10 s t r i p - - c h a r t r e c o r d e r r u n n i n g a t 16 i n / h r . 

The magnet was c o o l e d w i t h a l o w - c o s t c l o s e d - l o o p c o o l i n g 

u n i t d e s i g n e d by t h e a u t h o r . The r e s e r v o i r w a t e r , c o n t a i n e d i n 

a 16 g a l p l a s t i c garbage c a n , was c o o l e d w i t h c i t y w a t e r r u n n i n g 

t h r o u g h a 25 f t c o i l o f § i n . c o p p e r t u b i n g i n t h e r e s e r v o i r . The 

r e s e r v o i r t e m p e r a t u r e was k e p t c o n s t a n t t o w i t h + 0 . 2 deg 0 

by c o n t r o l l i n g t h e c i t y w a t e r w i t h an ASOO s e l e n o i d v a l v e o p e r a t e d 

by a S u n - V i c t h e r m a l d e l a y r e l a y i n c o n j u n c t i o n w i t h a Jumo 

m e r c u r y c o n t a c t t h e r m o m e t e r . The r e s e r v o i r w a t e r was c i r c u l a t e d 

t h r o u g h t h e magnet w i t h an E a s t e r n 1/8 hp c e n t r i f u g a l pump. Magnet 

p r o t e c t i o n was p r o v i d e d by a Panwal thermo s w i t c h i n t h e r e s e r v o i r 

and a f l o w s w i t c h i n the magnet w a t e r o u t l e t l i n e . 

The m a g n e t i c f i e l d sweep was c a l i b r a t e d u s i n g s i d e bands 

from a l i q u i d sample t h a t were g e n e r a t e d by f r e q u e n c y m o d u l a t i o n 

o f t h e r f u n i t c a r r i e r f r e q u e n c y w i t h a known a u d i o f r e q u e n c y . 

The a u d i o s i g n a l was o b t a i n e d from a H e w l e t t P a c k a r d model 2000D 

o s c i l l a t o r whose f r e q u e n c y was measured w i t h a H e w l e t t P a c k a r d 
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( E n g l a n d ) 3734A c o u n t e r . The s t a n d a r d V-4210 r f u n i t p r o v i d e s no 

means f o r a u d i o m o d u l a t i o n so a v a r l c a p c i r c u i t was added t o t h e 

o s c i l l a t o r s t a g e . The a u t h o r i s i n d e b t e d t o M r . Ken Abramson 

f o r the i n i t i a l v e r s i o n o f t h i s m o d i f i c a t i o n . The m o d u l a t i o n 

w i d t h was measured from o v e r m o d u l a t e d l i q u i d s i g n a l s . The 

o b s e r v e d l i n e w i d t h t h e n i s 2 H m . 

B . Hĵ  C a l i b r a t i o n 

A j a c k was i n s t a l l e d i n t h e r f u n i t so t h a t t h e s t a n d a r d 

p a n e l m e t e r , 2 i i n . Simpson 100 /is. dc p a n e l m e t e r , w h i c h i n d i c a t e d 

r f f i e l d l e v e l , c o u l d be r e p l a c e d by an e x t e r n a l m e t e r . A 4 - ^ i n . 

Simpson 1 0 0 / * a dc p a n e l m e t e r w i t h an a c c u r a c y o f 2% was u s e d . 

I t s 2000 ohm i n t e r n a l r e s i s t a n c e was the same as the b u i l t - i n o n e . 

I t was f o u n d t h a t the meter r e a d i n g s f o r r f f i e l d s w i t c h r a n g e s 

x l O and xlOO were i n e r r o r by a f a c t o r o f two compared w i t h the 

x l p o s i t i o n , so new v a l u e s were d e t e r m i n e d f o r the s e r i e s r e s i s t o r s . 

R133 was changed t o 100 J U L and R132 t o 7 . 0 M I L . The e r r o r between 

a d j a c e n t r a n g e s was t h e n about + 5%, 

H-^ was c a l i b r a t e d u s i n g the method o f Weston Anderson / 8 / 

w h i c h i s s u i t a b l e f o r a s t r o n g r f f i e l d . One p e r f o r m s a n u c l e a r 

r e s o n a n c e e x p e r i m e n t i n the r o t a t i n g f r a m e . The r e s o n a n c e 

f r e q u e n c y u> i n t h i s frame i s : 

A weak r f f i e l d i s needed t o s t i m u l a t e t h i s r e s o n a n c e and i t c a n 

be o b t a i n e d by a s m a l l m o d u l a t i o n o f the magnetic f i e l d . A 

r e s o n a n c e i s t h e n a c h i e v e d when the a u d i o m o d u l a t i o n f r e q u e n c y 

co_ s a t i s f i e s the c o n d i t i o n 

e r (1) 

'm 



chap 2 36 

( 7fHQ - «j)2 + 7 j 2 E - 2 (2) 

As l o n g as oom > H ^ t t h i s e q u a t i o n w i l l be s a t i s f i e d at two 

v a l u e s o f H Q . To measure Ĥ ^ one measures the d i s t a n c e d 

between t h e s e s i g n a l s as a f u n c t i o n o f <̂ m and p l o t s d 2 v s <o 

t o d e t e c t t h e s e s m a l l s i d e b a n d s i g n a l s l n the p r e s e n c e o f the 

l a r g e main r e s o n a n c e the V a r i a n V-4270 l o c k - i n a m p l i f i e r was u s e d . 

See A n d e r s o n / 8 a / f o r more d e t a i l s . 

F o r t h i s method t o y i e l d p r e c i s e H]_ v a l u e s the s t a b i l i t y 

o f the r a d i o f r e q u e n c y h a d t o be i m p r o v e d . T h i s was a c c o m p l i s h e d 

w i t h a c r y s t a l o s c i l l a t o r — b u i l t by the c h e m i s t r y department 

e l e c t r o n i c s s h o p — c o n n e c t e d t o the sync i n p u t o f the r f u n i t . 

I t was a one tube (6CL6) o s c i l l a t o r o p e r a t i n g on the fundamental 

o r f i r s t h a r m o n i c o f a 4 . 0 0 0 MHz c r y s t a l . 

The e x p e r i m e n t s i n t h i s c h a p t e r were done w i t h a r a d i o 

f r e q u e n c y o f 16 MHz. The H^ was measured a t s e v e n p o i n t s on 

the meter x l range and f o u r on the x l O , u s i n g a w a t e r sample 

and the V a r i a n 12 i n . magnet w i t h s u p e r s t a b i l i z e r and slow 

sweep o f the DP60 s p e c t r o m e t e r s y s t e m . 

0 . Sample 

The C a F 2 powder sample was B r i t i s h Drug Houses p r e c i p i t a t e d 

C a F 2 l a b o r a t o r y r e a g e n t g r a d e . The sample was p l a c e d i n a 15 mm 

d i a t e s t t u b e , e v a c u a t e d a t 150 t o 200 °C f o r t h r e e days t h e n 

s e a l e d o f f w i t h a t o r c h . The s p e c t r a were r u n a t room t e m p e r a t u r e . 

The i n t e r c e p t o f t h i s s t r a i g h t l i n e p l o t i s ( t f H ^ ^ . In o r d e r 
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D. Second Moment 

37 

The s e c o n d moments o f t h e NMR a b s o r p t i o n d e r i v a t i v e c u r v e s 

were computer c a l c u l a t e d on an IBM 7040. The FORTRAN program 

u s e d t h e e x p r e s s i o n * 

7* 3 
SM = £ c a l e f ^ 1 * 3 *n _ *J (3) 

where SM I s the s e c o n d moment c o r r e c t e d f o r m o d u l a t i o n 

b r o a d e n i n g ; y n i s the c u r v e i n t e n s i t y i n a r b i t r a r y u n i t s , n 

i n c r e m e n t s a l o n g from the c e n t r e o f t h e l i n e ; s c a l e i s the 

number o f gauss p e r i n c r e m e n t ; N i s t h e maximum v a l u e o f n ; 

i s the peak m o d u l a t i o n a m p l i t u d e . The moments were c a l c u l a t e d 

f o r each h a l f o f t h e c u r v e t h e n a v e r a g e d . 

E . L i n e Shape F u n c t i o n a t Resonance 

I f the l i n e shape f u n c t i o n i n e q u a t i o n ( 1 - 4 8 ) i s measured 

i n u n i t s o f g a u s s " 1 and d e n o t e d G(0) t h e n 

t 2 Ej2 T x f ( 0 ) / 2 becomes VE-^ ^ G ( 0 ) / 2 , (4) 

and e q u a t i o n ( 1 - 5 0 ) becomes: 

G ( 0 ) = 2 TT v ( 0 ) (5) 

/ v ( x ) dx 

* A n u m e r i c a l i n t e g r a t i o n form o f e q u a t i o n (5) i n Andrew / 9 / . 
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where x = H 0 - H . G ( 0 ) was c a l c u l a t e d from a b s o r p t i o n 

d e r i v a t i v e c u r v e s u s i n g the n u m e r i c a l I n t e g r a t i o n 

+ N 

G ( 0 ) = - N (6) 
s c a l e + N 

- N 

The v a r i a b l e s have a l r e a d y been d e f i n e d ( s e c t i o n D ) . 

P. L i n e Shape F i t t i n g 

The d e r i v a t i v e o f t h e G a u s s i a n f u n c t i o n 2 = a exp ( - x 2/2 <r2) 

2 2 
The maximum and minimum v a l u e s o f 2' o c c u r f o r x = o ( c a l l 

i t x , 2 ) so t h e c o n s t a n t a = x T Z' . L L max 

The d e r i v a t i v e o f the L o r e n t z i a n f u n c t i o n 2 = c / ( i + b x 2 ) 

i s 

(1 • b x 2 ) 2 ( 8 ) 

I n t h i s case we get 2 * m a x f o r x 2 = l / 3 b and the c o n s t a n t s 

are b = l / 3 x T and c = £ x T Z m o T. The G a u s s i a n and 
h j ii max 

L o r e n t z i a n c u r v e s c a l c u l a t e d were f i t t e d t o e x p e r i m e n t a l c u r v e s 

a c c o r d i n g l y a t E » m i n and 2 ' ^ . 
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I I I . RESULTS AND DISCUSSION 

A . A b s o r p t i o n S a t u r a t i o n 

1. A b s o r p t i o n s p e c t r a a t v a r i o u s r f l e v e l s 

L o c k - i n a b s o r p t i o n - m o d e F 1 ^ JJMR s p e c t r a o f C a F 2 powder a t 

v a r i o u s r f l e v e l s a r e shown i n F i g 1*. We see h e r e t h e l i n e 

n a r r o w i n g and shape change c a u s e d by s a t u r a t i o n . The s p e c t r u m 

f o r H-^ = 2.82 mG i s o n l y s l i g h t l y s a t u r a t e d . I t s s e c o n d moment 

i s 6.25 g a u s s 2 . The average from t h r e e such s p e c t r a i s 

6.19 g a u s s 2 . The t h e o r e t i c a l s e c o n d moment i s 6.47 g a u s s 2 / l O / . 

I n T a b l e I a r e l i s t e d t h e l i n e w i d t h s o f the s p e c t r a i n F i g 1. 

The u n s a t u r a t e d l i n e w i d t h I s 6.7 t o 6 . 8 gauss ( b a s e d on f o u r 

s p e c t r a ) . I t b r o a d e n s a l i t t l e a t = 12.1 t o 2 1 . 4 mG and 

t h e n narrows down t o 3 . 2 gauss a t 78 mG. 

In F i g 1 the m o d u l a t i o n f r e q u e n c y L>m = 20 H z , t h e p e a k -
t o - p e a k a m p l i t u d e 2 H™ = 1 .32 G f o r t h e two l o w e s t r f 
l e v e l s p e c t r a and 0 , 6 6 G f o r t h e o t h e r s . The arrow 
i n d i c a t e s 0 . 6 6 G. The v a l u e o f H-, f o r each spectrum 
i s g i v e n i n mG. The t ime i s g i v e n f o r a sweep o f 10 G 
and t h i s d i s t a n c e i s i n d i c a t e d by the c a l i b r a t i o n l i n e . 
The sweep d i r e c t i o n s a l t e r n a t e . The r f f r e q u e n c y l>0 

i s 16 MHz. 



10 gauss I : 1 15 min. 

Fig 1 - Absorption spectra of CaP ? powder at various r f l e v e l 
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T a b l e I - L i n e w i d t h s o f s p e c t r a i n P i g 1. 

T r a c e 
H l L i n e Width T r a c e 

H l L i n e Width 

m l l l i g a u s s gauss m i l l i g a u s s gauss 

142 2.82 6 . 7 145 21.4 7 . 4 

143 4.1 6 . 8 146 3 8 . 8 6 . 8 

149 7.35 6 . 8 147 78 3 . 2 

144 12.1 7 .3 148 155 2.55 

In P i g 2 L o r e n t z i a n and G a u s s i a n d e r i v a t i v e c u r v e s are 

f i t t e d t o a p a i r o f C a P 2 a b s o r p t i o n s p e c t r a : n o r m a l and 

s a t u r a t i o n n a r r o w e d . The l i n e w i d t h s a r e 6 . 8 and 2.65 gauss 

o b t a i n e d a t H-^ = 4 . 7 and 260 mG r e s p e c t i v e l y . The 2.65 gauss 

l i n e i s b r o a d e n e d about 7% by m o d u l a t i o n , the 6 . 8 gauss l i n e 

l e s s t h a n 1% / l / . We see t h a t the n o r m a l l i n e i s a s q u a r e d 

o f f G a u s s i a n ; v i z , the wings go t o base l i n e f a s t e r and the 

c e n t r e i s a l i t t l e f l a t t e r t h a n t h e computed G a u s s i a n c u r v e . 

The s a t u r a t i o n n a r r o w e d l i n e shape i s q u i t e d i f f e r e n t from the 

n o r m a l o n e . One might c a l l i t s u p e r L o r e n t z i a n , s i n c e t h e wings 

do n o t go t o base l i n e as q u i c k l y as t h e computed L o r e n t z i a n 

c u r v e . 

In P i g 2 if_ = 20 H z , 2 H m = 1.32 G. The a r r o w i n d i c a t e s 
1.32 G, t h e c a l i b r a t i o n l i n e 5 G. 



Lorentzian o Gaussian © 

5 gauss \ 

Fig 2 - Pitted normal and saturation narrowed absorption spectra of CaF0 powder.' 
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The cause o f the e x t r a peaks i n the s a t u r a t i o n n a r r o w e d 

s p e c t r a ( e s p e c i a l l y n o t i c e a b l e i n P i g 1 ) and t h e r e a s o n t h e 

c u r v e s a r e n o t t r u l y L o r e n t z i a n as p r e d i c t e d , i s p r o b a b l y 

m o d u l a t i o n s a t u r a t i o n . A d d i t i o n a l e v i d e n c e f o r t h i s e x p l a i n a t i o n 

i s f o u n d i n P i g 3 * i n w h i c h s a t u r a t i o n n a r r o w e d s p e c t r a r u n at 

d i f f e r e n t m o d u l a t i o n f r e q u e n c i e s , 40 and 80 H z , a r e shown. 

In t h e 80 Hz s p e c t r u m t h e peaks t o h i g h and low f i e l d a r e q u i t e 

o b v i o u s , but i n t h e 40 Hz s p e c t r u m t h e y c a n n o t be s e e n . 

2. R a t i o o f the Zeeman and D i p o l a r r e l a x a t i o n t i m e s 

Prom e q u a t i o n : f l - 4 5 ) i t was f o u n d t h a t : 

•Jl Q < ^ H a s ) 2 (9) 

T D = * < A H 2 > 

where A . H a a i s t h e s a t u r a t i o n n a r r o w e d l i n e w i d t h i n g a u s s , 

^ A H 2 ) i s t h e s e c o n d moment i n g a u s s 2 , and ^ / T p i s t h e r a t i o 

o f the Zeeman and d i p o l a r s p i n - l a t t i c e - r e l a x a t i o n t i m e s . T a b l e I I 

l i s t s t h e T-]/T d r a t i o c a l c u l a t e d from s e v e r a l s a t u r a t i o n 

n a r r o w e d s p e c t r a (20 Hz m o d u l a t i o n f r e q u e n c y ) u s i n g t h e 

t h e o r e t i c a l s e c o n d moment o f 6.47 gauss / l O / . The r a t i o 

a p p e a r s t o d e c r e a s e w i t h r i s i n g and v a r i e s from 3.55 t o 

2 . 2 5 . I t i s e x p e c t e d t o be c o n s t a n t , however, so we a g a i n i n v o k e 

In P i g 3 t h e arrows i n d i c a t e p - p m o d u l a t i o n 0 . 5 9 G a t 
40 Hz and 0 . 7 0 G a t 80 H z . The c a l i b r a t i o n l i n e I n d i c a t e s 
10 G. H-, i s 207 mG. 
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10 gauss I I 7.7 min . 

F i g 3 - Saturation narrowed spectra of CaP 2 at ^0 and 80 Hz 
modulation frequencies. 
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m o d u l a t i o n s a t u r a t i o n as t h e c u l p r i t and c o n c l u d e t h a t we a r e 

n o t m e a s u r i n g t h e t r u e s a t u r a t i o n n a r r o w e d l i n e w i d t h . J e e n e r / 1 2 / , 

u s i n g p u l s e t e c h n i q u e s (NMR f r e q u e n c y 28.7 M H z ) , has measured T^ 

and T D i n a s i n g l e c r y s t a l o f C a F 2 . The r a t i o i s ^ / T p = 

1.14 s e c / 0 . 3 8 sec = 3 . 0 0 . A r a t i o o f 3 . 0 0 means t h a t t h e r e i s 

c o m p l e t e c o r r e l a t i o n between the f l u c t u a t i n g f i e l d s ( r e s p o n s i b l e 

f o r r e l a x a t i o n ) a t d i f f e r e n t s p i n s a c c o r d i n g t o A n d e r s o n - R e d f i e l d 

/ 1 3 / and S o l o m o n - E z r a t t y / 1 4 / r e l a x a t i o n t h e o r i e s . 

T a b l e II - Î/̂ D r a t i o from s a t u r a t i o n n a r r o w e d c u r v e s . 

T r a c e 
H l L i n e Width *1 

m l l l l g a u s s gauss 
* D 

78 3 . 2 3 . 5 5 

4 120 3 . 0 5 3 . 3 

16 120 2.95 3 . 0 

148 155 2.55 2.25 

6 230 2.7 2.5 

9 230 2.65 2.45 

8 260 2.65 2.45 
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3. P r o g r e s s i v e s a t u r a t i o n o f t h e a b s o r p t i o n s i g n a l 

In P i g 4 * the a b s o r p t i o n Bignal v -^max) and vi(max)/H]_ 

from t h e s p e c t r a i n P i g 1 a r e p l o t t e d a g a i n s t t h e r f f i e l d H]_. 

I f t h e r e were no c o m p l i c a t i o n s (no l i n e n a r r o w i n g o r m o d u l a t i o n 

s a t u r a t i o n ) v ^ ( m a x ) / H ^ would be p r o p o r t i o n a l t o t h e maximum 

d X 4 ' l 

s l o p e o f the a b s o r p t i o n s u s c e p t i b i l i t y 1 max 6 1 1 1 1 1 t o * . " ( G ) » 

The p l o t s s e p a r a t e a t h i g h H 1 . The l o w e r b r a n c h e s were o b t a i n e d 

by m e a s u r i n g v ^ a t a c o n s t a n t d i s t a n c e from t h e c e n t r e o f t h e 

s p e c t r u m — the p o i n t f o r v ^ m a x ) i n the u n s a t u r a t e d c u r v e . T h i s 

s i m u l a t e s the Bloembergen method / l / . The u p p e r b r a c h e s f o l l o w 

v 1 ( m a x ) as the l i n e n a r r o w s . 

In P i g . 5 H 1 / v 1 ( m a x ) v e r s u s H 1
2 i s p l o t t e d . I f v 1 ( m a x ) / H 1 

were p r o p o r t i o n a l t o X M ( 0 ) » t h e p l o t s h o u l d be a s t r a i g h t l i n e 

s i n c e we r e c a l l t h a t b o t h P r o v o t o r o v and BPP t h e o r y p r e d i c t : 

X " ( 0 ) = Xo*°b g ( 0 ) / 2 ( 1 _ 8 ) 

1 + t2 H i 2 T 1 t T g ( 0 ) 

The p l o t Is n o t l i n e a r and we s h a l l see t h a t i t does n o t y i e l d 

t h e c o r r e c t T ^ . 

In P i g 4 the a b s o r p t i o n s i g n a l i s a c t u a l l y p l o t t e d i n 
1 0 ~ 2 mm u n i t s . T h i s i s because t h e p e a k - t o - p e a k a b s o r p t i o n 
s i g n a l was measured i n mm on the r e c o r d e r t r a c e and t h e n 
a d j u s t e d f o r d i f f e r e n t m o d u l a t i o n l e v e l s and a m p l i f i e r 
g a i n s ; v 1 ( m a x ) / H 1 i s p l o t t e d i n cm/G. I f we h a d an 
a b s o l u t e c a l i b r a t i o n , v , ( m a x ) w o u l d o f c o u r s e be i n 
g a u s s . 
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B . D i s p e r s i o n S a t u r a t i o n 

1. D i s p e r s i o n s p e c t r a a t v a r i o u s r f l e v e l s 

L o c k - i n d i s p e r s i o n mode F 1 ^ s p e c t r a o f C a F 2 powder a t 

v a r i o u s r f l e v e l s and a m o d u l a t i o n f r e q u e n c y o f 20 Hz a r e shown 

i n F i g 6 * . We see t h a t t h e shape c h a n g e s ; t h e r a t i o o f the 

s i g n a l above t h e base l i n e t o t h a t below i n c r e a s e s , t h e m i d d l e 

o f t h e c u r v e n a r r o w s , and f i n a l l y f i n e s t r u c t u r e a p p e a r s on the 

s h o u l d e r s o f t h e shaped c u r v e . The s p e c t r a i n F i g 7^ were 

o b t a i n e d w i t h a m o d u l a t i o n f r e q u e n c y o f 200 H z . The o v e r a l l 

b e h a v i o u r i s s i m i l a r t o t h a t a t 20 Hz but i t i s r e m a r k a b l e 

t h a t t h e r e i s no h i n t o f f i n e s t r u c t u r e on t h e s h o u l d e r s o f the 

c u r v e a t h i g h H ^ . 

These s p e c t r a demonstrate t h a t the s i g n a l a t the e x a c t 

c e n t r e o f r e s o n a n c e u ^ ( 0 ) s a t u r a t e s and d e c r e a s e s w i t h 
i 

whereas t h e s h o u l d e r s c o n t i n u e t o grow. L o c k - i n d i s p e r s i o n 

s p e c t r a o f C a F 2 a t v e r y h i g h r f f i e l d s have been s t u d i e d by 

Solomon and E z r a t t y / 1 4 / . 

In F i g 6 t h e m o d u l a t i o n 2 H m = 0.72 G and I s i n d i c a t e d by 
t h e a r r o w . The H-, v a l u e s a r e i n mG. The r f f r e q u e n c y 
i s 16 M z . 

# In F i g 7 t h e m o d u l a t i o n 2 H f f l = 0 . 9 0 G, Complete c u r v e s 
were n o t always t a k e n because the wings e x t e n d a v e r y l o n g 
way o u t . To f i n d b a s e - l i n e t h e n t h e m o d u l a t i o n was t u r n e d 
o f f a t a s u i t a b l e d i s t a n c e from t h e c e n t r e . 



6 " frllt^Vf^ll ° f C a P 2 P 0 W d 6 r a t V a r i ° U S r f l e v e l s a n d a "odulation # 



2 0 0 H : 

10 gauss 9.0 min. 

104 mG 

7 " f^Jequencynof^O^Hz^ ^
 P ° W d e r a t v a r i o u s levels and a modulation 
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2. P r o g r e s s i v e s a t u r a t i o n o f the d i s p e r s i o n s i g n a l 

The d i s p e r s i o n s i g n a l u-j^O) was measured on t h e r e c o r d e r 

f o r a s e r i e s o f r f l e v e l s hy s c a n n i n g hack and f o r t h t h r o u g h 

the c e n t r e o f t h e l i n e . T h i s was done because t h e magnetic 

f i e l d a n d / o r the r f f r e q u e n c y were n o t s t a b l e enough t o s i t on 

t h e p o i n t o f the s i g n a l — e s p e c i a l l y where t h e p o i n t s h a r p e n s 

a t h i g h H]_. The m o d u l a t i o n was s w i t c h e d o f f p e r i o d i c a l l y t o 

f i n d t h e base l i n e . I t t o o k t h r e e h o u r s t o r u n the s e r i e s . 

The d i s p e r s i o n s i g n a l u ^ O ) , and \x^(0)/E^ w h i c h i s 

p r o p o r t i o n a l t o i L ^ . a r e p l o t t e d a g a i n s t i n P i g 8. 

The m o d u l a t i o n f r e q u e n c y i s 200 H z , t h e p e a k - t o - p e a k a m p l i t u d e 

2 H m = 0 . 9 0 G . We were f o r t u n a t e t h a t t h e C a F 2 sample d i d n o t 

have a t i m e any l o n g e r t h a n i t d i d — t h e r e a r e j u s t two 

p o i n t s t h a t shown n e g l i g i b l e s a t u r a t i o n . The minimum u s e f u l 

r e a d i n g on o u r r f l e v e l meter was l x l /JUS. and i t c o r r e s p o n d e d 

t o 2.1 mG. 

When t h e d i s t a n c e from r e s o n a n c e (and t h e m o d u l a t i o n H m ) 

i s measured i n g a u s s , the e x p r e s s i o n f o r u-j^O), e q u a t i o n ( 1 - 4 8 ) , 

and i f t h i s e x p r e s s i o n i s o b e y e d , a p l o t o f H ^ / u ^ O ) v e r s u s 

p 

^ s h o u l d be a s t r a i g h t l i n e . T h i s i s done l n P i g 9 . We see 

t h a t t h e p l o t does y i e l d a s t r a i g h t l i n e and so i t a p p e a r s t h a t 

e q u a t i o n ( 1 - 4 8 ) i s c o r r e c t . 

becomes: 

ui.OO) 
» (10) 
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1 1 1 1 

u,(0 ) /H , 

i i i i I I I 1 
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/ u , ( 0 ) 
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10 2 0 3 0 4 0 5 0 

R F field H, mG 

8 - The d i s p e r s i o n s i g n a l , ^ ( 0 ) , and u ^ c O / H - , as a f u n c t i o n o f t h e r f f i e l d 
i n t e n s i t y i n C a F 2 . 
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3 . S p i n l a t t i c e r e l a x a t i o n t i m e 

The v a l u e o f the l i n e shape f u n c t i o n a t x = 0 , G(0)^ f o u n d 

by i n t e g r a t i n g t h e H 1 = 2 . 8 mG a b s o r p t i o n s p e c t r u m i n P i g 1, 

i s 0 . 8 9 g a u s s " 1 . The average from f o u r s u c h s p e c t r a i s 

l -1 
0 . 8 9 6 gauss w i t h a maximum d e v i a t i o n o f 0.018 gauss . The 

- 4 2 
a b c i s s a i n t e r c e p t i n P i g 9 i s 2 .3 + 0 . 1 x 10 gauss . We c a l l 

i t (Hx*)2 and t h i s i s t h e v a l u e f o r w h i c h t h e s a t u r a t i o n 

p a r a m e t e r 

S ( 0 ) = r E ±
2 T x G ( 0 ) / 2 = 1 . (11) 

These r e s u l t s y i e l d a s p i n l a t t i c e r e l a x a t i o n t i m e T-̂  o f 

0 . 3 8 5 sec w i t h a n e s t i m a t e d e r r o r o f + 0 . 0 3 0 sec when e r r o r s 

i n H^ c a l i b r a t i o n a r e a l s o I n c l u d e d . P i g 8 a l s o g i v e s u s t h e 

v a l u e o f Hx*. When S ( 0 ) = 1, u ^ O ) / ^ i s down t o 1/2 i t s 

u n s a t u r a t e d v a l u e and t h i s o c c u r s f o r H-̂  = 1 5 . 0 + 0 . 2 mG. T h i s 

v a l u e a g r e e s q u i t e w e l l w i t h 15.2 mG, t h e square r o o t o f the 

P i g 9 i n t e r c e p t . 

On t h e o t h e r h a n d i f we attempt to g e t T^ from o u r 

a b s o r p t i o n s i g n a l graphs we f i n d from P i g 4 t h a t H^* = 1 8 . 5 mG 

p 
so T]_ = 0 . 2 6 s e c ; and from P i g 5 we f i n d t h a t (H^) v a r i e s 

from 2 . 8 t o 4 . 0 x 1 0 ~ 4 G 2 (E^ from 1 6 . 7 t o 20 mG) so T x 

c o u l d be from 0 . 3 2 t o 0 . 2 2 s e c . 

4 . Check on r e s t r i c t i o n s 

Wow l e t u s see i f we have c o m p l i e d w i t h t h e r e s t r i c t i o n s 

assumed by Goldman when he d e r i v e d h i s e q u a t i o n s . The c o n d i t i o n s 
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w e r e : 

I 1 « a « D , and 2W « 0 . . (12) 

I I i L 

The m o d u l a t i o n f r e q u e n c y 1^ i n P i g 8 and 9 i s 200 Hz so 

Cl = 2 7 T i ^ = 1256 s e c " 1 . Assuming T-J/T-Q = 3 . 0 we have 

1/T-L = 2 .6 s e c " 1 and l / T D = 7 . 8 s e c " 1 . The l o c a l f i e l d D 

i n r a d / s e c = 3 . 7 0 x 10^ s e c " 1 c a l c u l a t e d from the t h e o r e t i c a l 

s e c o n d moment (D = * H L = 7f ( < * H 2 > / 3 ) ? = (2.517)10 ( 6 . 4 7 / 3 ) 2 ) . 

The l i n e i s s t r a i g h t i n P i g 9 t o about = 38 mG and a t t h i s 

p o i n t t h e t r a n s i t i o n p r o b a b i l i t y t e r m 2W(0) = 1 6 . 3 s e c " 1 

(2¥(0) = XRj2 G ( 0 ) / 2 = ( 2 . 5 1 7 ) 1 0 4 ( 3 . 8 ) 2 I O - 4 ( 0 . 8 9 6 ) / 2 ) . 

Summing up we have ( i n u n i t s o f s e c " 1 ) : l / T p = 7 . 8 , Cl - 1256, 

D = 3 . 7 x l o \ and 2W = 1 6 . 3 . We see t h a t t h e e x p e r i m e n t s 

r e p o r t e d i n P i g 8 and 9 c o n f o r m t o the r e s t r i c t i o n s / 1 2 / . But 

i f H - ^ / u ^ O ) f o r t h e H x = 52 mG p o i n t i n P i g 8 i s p l o t t e d on an 

e x t e n d e d v e r s i o n o f P i g 9 we f i n d t h a t i t f a l l s below the s t r a i g h t 

l i n e y e t a t t h i s p o i n t 2W i s o n l y 3 0 . 6 s e c " 1 , w h i c h i s s t i l l 

« 1256 s e c " 1 . There i s one o t h e r c o n d i t i o n we have n o t d i s c u s s e d 

y e t — n a m e l y , t h a t t h e f i e l d m o d u l a t i o n a m p l i t u d e be much l e s s 

t h a n t h e l i n e w i d t h — and t h i s c o n d i t i o n i s p r o b a b l y no l o n g e r 

s a t i s f i e d a t t h i s p o i n t . 

I f we l o o k back a t P i g 1 we see t h a t a t H ^ = 3 8 . 8 mG t h e 

s a t u r a t i o n n a r r o w e d component o f the s p e c t r u m has n e a r l y r e a c h e d 

t h e i n t e n s i t y o f the n o r m a l l i n e , and a t H ^ = 52 mG i t w i l l 

p r o b a b l y be t h e more i n t e n s e o n e . In, P i g 9 t h e p - p m o d u l a t i o n 

2 H m = 0 . 9 0 gauss and so the l i n e w i d t h t o m o d u l a t i o n r a t i o A H a / 2 H 
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f o r a n o r m a l l i n e such as t h e = 4.1 mG one i n P i g 1 ( l i n e 

w i d t h s i n t a h l e I ) i s 7 . 6 . The n a r r o w component i s about 

3 . 2 g a u s s wide ( t a k e n from t h e s a t u r a t i o n n a r r o w e d c u r v e a t 

= 78 mG) w h i c h means t h e r a t i o i s down t o 3 . 5 and t h e 

m o d u l a t i o n a m p l i t u d e p r o b a b l y c a n no l o n g e r be c o n s i d e r e d much 

l e s s t h a n the l i n e w i d t h . 

In P r o v o t o r o v t h e o r y the magnitude o f t h e s a t u r a t i o n 

p a r a m e t e r S ( A ) = 2W(A) T^ d e t e r m i n e s the r e g i o n a t w h i c h the 

l i n e shape changes and i s t h e r e f o r e a more u s e f u l measure o f 

s a t u r a t i o n . A l s o S ( 0 ) c a n e a s i l y be f o u n d e x p e r i m e n t a l l y u s i n g 

a p l o t l i k e t h a t i n F i g 8 s i n c e t h e r e i s a s i m p l e r e l a t i o n s h i p 

between S and t h e t r a d i t i o n a l s a t u r a t i o n f a c t o r Z — v i z , 

Z(A) = [ l + S ( A ) ] 1 = [ l + TS2 H x
2 T x (13) 

w h i c h i s the r a t i o o f t h e s a t u r a t e d to u n s a t u r a t e d m a g n e t i c 

s u s c e p t i b i l i t y f o r a g i v e n r f l e v e l . O r , S ( 0 ) c a n be c a l c u l a t e d 

once G(0) and T j a r e known. S ( 0 ) = 11 .8 a t = 52 mG, and 

6 . 3 a t H-^ = 38 mG. So we c o n c l u d e t h a t when o u r m o d u l a t i o n 

a m p l i t u d e i s t a k e n i n t o a c c o u n t , t h e p r a c t i c a l s a t u r a t i o n l i m i t 

i s r e a c h e d i n t h i s c a s e f o r 6 . 3 ^. S ( 0 ) < 1 1 . 8 . The o b s e r v e d 

s i g n a l a f t e r t h i s i s t o o l a r g e . What p r o b a b l y happens i s t h a t 

t h e w i d t h o f t h e m o d u l a t i o n a l l o w s some c o n t r i b u t i o n from the 

s e c o n d t e r m i n e q u a t i o n ( 1 - 4 7 ) , and t h i s term does n o t s a t u r a t e . 

When t h e m o d u l a t i o n a m p l i t u d e i s v e r y s m a l l , so i s t h e c o n t r i 

b u t i o n . B u t , when t h e m o d u l a t i o n a m p l i t u d e i s n o t so s m a l l and 

the f i r s t term i n e q u a t i o n (1 -47) has been r e d u c e d due t o s a t u r 

a t i o n , t h e c o n t r i b u t i o n from t h e s e c o n d t e r m becomes s i g n i f i c a n t . 



J u s t when t h i s happens depends n o t j u s t on l i n e w i d t h and 

m o d u l a t i o n a m p l i t u d e , hut on s e v e r a l f a c t o r s as we c a n see from 

e q u a t i o n ( 1 - 4 7 ) . 

As s t a t e d i n the Goldman s e c t i o n o f c h a p t e r 1, the m o d u l a t i o n 

s a t u r a t i o n i s s t r o n g e s t f o r 2W«£1. Now l o o k back a t P i g 3 i n 

w h i c h we showed s t r o n g l y s a t u r a t e d a b s o r p t i o n s p e c t r a r u n a t 

d i f f e r e n t m o d u l a t i o n f r e q u e n c i e s ; v i z , 40 and 80 H z , o r i n 

r a d / s e c , 251 and 502 s e c " 1 r e s p e c t i v e l y . H 1 was 207 mG 

and t h i s g i v e s us 2W(0) = 483 s e c " 1 w h i c h i s v e r y c l o s e t o CI 

f o r t h e 80 Hz s p e c t r a . T h i s c o n f i r m s o u r p r e v i o u s assignment 

o f t h e e x t r a peaks i n the 80 Hz s p e c t r u m t o m o d u l a t i o n 

s a t u r a t i o n e f f e c t s and e x p l a i n s the r e m a r k a b l e d i f f e r e n c e between 

i t and the 40 Hz o n e . 

0 . C o m p a r i s o n w i t h T-̂  Measured by A d i a b a t i c R a p i d Passage 

D u r i n g t h e c o u r s e o f t h e s e s t u d i e s i t became a p p a r e n t t h a t 

an i n d e p e n d e n t measurement o f T-̂  was h i g h l y d e s i r a b l e . The 

a d i a b a t i c r a p i d passage (ARP) method was s e l e c t e d b e c a u s e , b e i n g 

a t r a n s i e n t method, s a t u r a t i o n i s n o t i n v o l v e d and T^ i s 

o b t a i n e d d i r e c t l y . The equipment a v a i l a b l e was t h e o t h e r f a c t o r 

i n i t s c h o i c e . The ARP e x p e r i m e n t s a r e d i s c u s s e d i n d e t a i l i n 

a l a t e r c h a p t e r . 

The ARP r e s u l t i s T-j_ = 0 . 4 5 sec w i t h an e s t i m a t e d u n c e r t a i n t y 

o f + 0 . 0 5 s e c . The p r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n (PSD) 

r e s u l t o f 0 . 3 8 5 sec + 0 . 0 3 0 sec i s about 14^ s m a l l e r . I f 
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the u n c e r t a i n t i e s a r e c o n s i d e r e d and we remember t h a t t h e s e a r e 

v a l u e s o b t a i n e d by e n t i r e l y d i f f e r e n t methods, we c a n say t h a t 

the r e s u l t s are i n good agreement. 

I V . CONCLUSIONS 

E q u a t i o n ( 1 - 4 8 ) , the e q u a t i o n f o r the l o c k - i n d i s p e r s i o n 

s i g n a l u 1 ( 0 ) , d e r i v e d by Goldman / 6 / u s i n g P r o v o t o r o v t h e o r y / 7 / , 

c o r r e c t l y d e s c r i b e s t h e s a t u r a t i o n b e h a v i o u r o f u - ^ O ) i n C a P 2 . 

I t s a t u r a t e s w i t h the n o r m a l s a t u r a t i o n f a c t o r : 

Z ( 0 ) = [ l + y 2 H-L2 T X f ( 0 ) / 2 ] " X , 

where f(A) i s t h e l i n e shape f u n c t i o n n o r m a l i z e d t o 2TT and 

A= COQ - CJ . The l o c k - i n a b s o r p t i o n s i g n a l v^(max) s a t u r a t e s 

i n a more c o m p l i c a t e d manner. 

The p r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n s i g n a l e x p e r i m e n t 

y i e l d s t h e t r u e T-̂  r e l a x a t i o n t i m e . The e x p e r i m e n t c a n be done 

w i t h an o r d i n a r y w i d e - l i n e NMR s p e c t r o m e t e r . 

The l i m i t i n g c o n d i t i o n s imposed by Goldman a p p e a r t o be 

c o r r e c t e x c e p t t h a t f o r p r a c t i c a l m o d u l a t i o n a m p l i t u d e s , t h e degree 

o f s a t u r a t i o n t h a t c a n be i n v e s t i g a t e d i s f u r t h e r r e s t r i c t e d . 

The s a t u r a t i o n p a r a m e t e r S(A) i s a more u s e f u l measure o f 

s a t u r a t i o n t h a n j u s t the t r a n s i t i o n p r o b a b i l i t y 2W(A). 

The e f f e c t s o f s a t u r a t i o n n a r r o w i n g and m o d u l a t i o n s a t u r a t i o n 

have been d e m o n s t r a t e d . 
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c h a p t e r 3 » 

SATURATION I I I . 

PROGRESSIVE SATURATION IN 
POTASSIUM CAPROATE AND LITHIUM STEARATE 

I . EXPERIMENTAL 

The s p e c t r o m e t e r u s e d was a V a r i a n A s s o c i a t e s model DP 60 

d u a l p u r p o s e NMR s p e c t r o m e t e r . The c a l i b r a t i o n s were p e r f o r m e d 

i n the manner d e s c r i b e d i n chap 2. was measured f o r a - 2 0 db 

a t t e n u a t i o n s e t t i n g on the r f u n i t . The p r e c i s i o n a t t e n u a t o r s 

I n the r f u n i t a r e a c c u r a t e t o + 2% a c c o r d i n g t o V a r i a n , so 

the o t h e r H-^ v a l u e s were d e t e r m i n e d from the a t t e n u a t o r s e t t i n g s . 

The s i g n a l s were r e c o r d e d on a V a r i a n model G-10 s t r i p - c h a r t 

r e c o r d e r r u n n i n g a t 16 i n / h r . 

The p o t a s s i u m c a p r o a t e sample ( a b b r e v i a t e d KCg) was d r i e d 

but n o t f u s e d i n t h e c o u r s e o f p r e p a r a t i o n . The d e t a i l s have 

been p r e s e n t e d p r e v i o u s l y / l / . The anhydrous l i t h i u m s t e a r a t e 

sample ( L i C ^ g ) was n o t f u s e d on p r e p a r a t i o n e i t h e r , and a l s o has 

been d e s c r i b e d b e f o r e / 2 / . The samples were i n 5 mm d i a s e a l e d 

p y r e x t u b e s w i t h t h i n n e d down w a l l s . A 5 mm d i a i n s e r t was 

u s e d i n the NMR p r o b e . The s p e c t r a were r u n a t room t e m p e r a t u r e . 
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I I . RESULTS AND DISCUSSION 

A . P o t a s s i u m C a p r o a t e 

1. A b s o r p t i o n s p e c t r a a t v a r i o u s r f l e v e l s 

L o c k - i n a b s o r p t i o n - m o d e p r o t o n m a g n e t i c r e s o n a n c e s p e c t r a 

o f p o t a s s i u m c a p r o a t e a t t h r e e d i f f e r e n t r f power l e v e l s a r e 

shown i n P i g 1*. The s p e c t r u m a t ^ = 1.26 mG i s o n l y a l i t t l e 

s a t u r a t e d . The one a t H-^ = 4 . 0 mG i s i n t e r e s t i n g because i t 

shows the p o i n t a t w h i c h t h e s a t u r a t i o n n a r r o w component 

i n t e n s i t y i s r o u g h l y e q u a l t o t h a t o f the n o r m a l c u r v e . The 

one a t H-j_ = 2 2 . 4 mG i s t h e s a t u r a t i o n n a r r o w e d s p e c t r u m . 

The l i n e w i d t h i s 8 .5 gauss a t = 1.26 mG and 3 . 9 gauss 

a t = 2 2 . 4 mG. L o r e n t z i a n and G a u s s i a n d e r i v a t i v e c u r v e s 

have been f i t t e d t o t h e n o r m a l and s a t u r a t i o n n a r r o w e d s p e c t r a . 

The wings o f the n o r m a l s p e c t r u m drop o f f more r a p i d l y t h a n 

t h e G a u s s i a n c u r v e . The s a t u r a t i o n n a r r o w e d s p e c t r u m I s 

i n t e r m e d i a t e between the G a u s s i a n and the L o r e n t z i a n c u r v e s , 

but i s a t l e a s t more L o r e n t z i a n t h a n G a u s s i a n . 

In P i g 1 the m o d u l a t i o n f r e q u e n c y )? i s 80 Hz o f 
p - p a m p l i t u d e 2 H = 0 . 7 2 G. The r f l e v e l E1 i s 
g i v e n i n mG. The r f f r e q u e n c y l?Q i s 60 MHz. The 
c a l i b r a t i o n l i n e i n d i c a t e s 10 G. 
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80 H z —H h— 
10 gauss I d 19.8 min. 

Pig 1 - Absorption spectra of potassium caproate at three r f 
f i e l d i n t e n s i t i e s . 
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The s e c o n d moment o f t h e H-j_ = 1.26 mG s p e c t r u m i n P i g 1 

i s 9 . 9 g a u s s S The average o f t h i s r e s u l t and t h r e e o t h e r s 

( o b t a i n e d from two = 0 . 4 0 mG and one = 0.71 s p e c t r a ) 

i s 1 0 . 4 gauss ,"' the maximum d e v i a t i o n b e i n g + 0 . 5 gauss . The 

average s a t u r a t i o n n a r r o w e d l i n e w i d t h ^ H a s o b t a i n e d from f o u r 

s p e c t r a a t h i g h r f l e v e l s (two a t H 1 = 2 2 . 4 mG one o f w h i c h 

i s shown i n P i g 1, and one each a t H-^ «* 12.6 mG and H-j_ = 7.1 mG) 

i s 3 . 8 5 gauss w i t h a maximum d e v i a t i o n o f + 0 . 1 5 g a u s s . The 

m o d u l a t i o n was t h e same as f o r P i g 1. There was no s i g n i f i c a n t 

v a r i a t i o n i n A H a s w i t h H-^ o v e r t h i s range - v i z , H]_ = 22 

t o 7.1 mG. Prom t h e above average v a l u e s we c a l c u l a t e , u s i n g 

e q u a t i o n ( 2 - 9 ) , an a p p a r e n t Zeeman t o d i p o l a r s p i n - l a t t i c e -

r e l a x a t i o n - t i m e r a t i o T-^/Tp o f 3 . 2 . 

2. P r o g r e s s i v e s a t u r a t i o n o f a b s o r p t i o n 

In P i g 2^ t h e a b s o r p t i o n s i g n a l v^fmax) from a s e r i e s 

o f s p e c t r a i s p l o t t e d a g a i n s t the r f f i e l d H ^ . The s o l i d l i n e 

f o l l o w s v , measured a t the n o r m a l l i n e w i d t h ; the dashed l i n e 

T h i s v a l u e i s d i f f e r e n t from the 40 MHz s e c o n d moment 
a t 295 °K r e p o r t e d f o r KC$ i n r e f / l / because t h e modu
l a t i o n c o r r e c t i o n s were i n e r r o r t h e r e . P e a k - t o - p e a k 
m o d u l a t i o n a m p l i t u d e s were u s e d by m i s t a k e i n t h e c o r r e c t i o n 
term - H 2/4. i n s t e a d o f j u s t the peak a m p l i t u d e s . The 
c o r r e c t e d KO5 s e c o n d moments i n r e f / l / s h o u l d be 22.5 + 
0 . 8 g u a s s 2 a t 77 °K and 10.1 g a u s s 2 a t 295 K . T h e " 
c o r r e c t e d s e c o n d moment f o r KCg a t 77 °K i s 2 3 . 0 g a u s s 2 

(the e r r o r h e r e was o n l y 0 . 1 g a u s s 2 ) . The e r r o r f o r K 0 1 Q 

was n e g l i g i b l e . 

In P i g 2 V m = 40 H z , 2 H m = 0 . 7 6 , VQ = 60 MHz. Complete 
s p e c t r a were r u n . 



Maximum a b s o r p t i o n s i g n a l i n p o t a s s i u m c a p r o a t e as a f u n c t i o n o f r f 
f i e l d I n t e n s i t y . 



chap 3 55 

v - ^ m a x ) o f t h e s a t u r a t i o n n a r r o w e d c u r v e . Note t h a t t h i s i s a 

l o g - l o g p l o t . The v 1 ( m a x ) b e h a v i o u r h e r e i s q u i t e d i f f e r e n t 

from t h a t f o r 0 a F 2 i n F i g 2 - 4 . In F i g 2-4 t h e v 1 ( m a x ) l i n e 

has a l r e a d y t u r n e d o v e r "by t h e t i m e t h e n a r r o w component a p p e a r s , 

but h e r e l n F i g 3-2 t h e l i n e i s s t i l l l i n e a r and i t i s r e m a r k a b l e 

t h a t i t e x t e n d s on t h r o u g h v ^ m a x ) o f t h e s a t u r a t i o n n a r r o w e d 

c u r v e s . 

T h i s g r a p h was a c t u a l l y o b t a i n e d q u i t e e a r l y i n t h e c o u r s e 

o f t h i s t h e s i s work and was done t o see whether o r n o t t w o -

quantum t r a n s i t i o n s were r e s p o n s i b l e f o r t h e o b s e r v e d n a r r o w i n g . 

Two-quantum t r a n s i t i o n s a r e ones ±n w h i c h t h e energy i s s u p p l i e d 

by two q u a n t a and t h e y h a d been o b s e r v e d i n the e l e c t r o n s p i n 

r e s o n a n c e s p e c t r u m o f atomic oxygen by Hughes and G e i g e r / 3 / . 

The two-quantum l i n e s a p p e a r e d £ way between, and were ^ t h e 

w i d t h o f , t h e n o r m a l l i n e s . T h e i r i n t e n s i t y , a f t e r t h e y a p p e a r e d , 

grew f a s t e r w i t h I n c r e a s i n g H 1 t h a n t h a t o f t h e n o r m a l l i n e s . 

These f e a t u r e s were e x p l a i n e d by s e c o n d - o r d e r - t i m e - d e p e n d e n t 

p e r t u r b a t i o n t h e o r y and i t was p o s t u l a t e d t h a t m u l t i p l e - q u a n t u m 

t r a n s i t i o n s c o u l d a l s o o c c u r i n NMR. They were o b s e r v e d i n 

l i q u i d s by A n d e r s o n / 4 / and K a p l a n and Meiboom / 5 / . The t h e o r y 

f o r m u l t i p l e - q u a n t u m t r a n s i t i o n s i n NMR was d e v e l o p e d by 

Y a t s i v / 6 / u s i n g B l o c h - W a n g s n e s s /if NMR t h e o r y . I t was f o u n d , 

i n p a r t , t h a t f o r a t r a n s i t i o n o f m u l t i p l i c i t y n ; the l i n e w i d t h 

i s r o u g h l y n t i m e s as narrow as t h e c o r r e s p o n d i n g l i n e w i d t h 

f o r n = 1, and the o b s e r v e d s i g n a l grows as E^2n"'x b e f o r e 

s a t u r a t i o n b e g i n s . The s l o p e , t h e n , o f a l o g - l o g p l o t o f the 

s i g n a l s t r e n g t h v e r s u s t h e r f f i e l d E^ y i e l d s the m u l t i p l i c i t y 

d i r e c t l y . A l t h o u g h B l o c h t h e o r y was r e a l l y o n l y f o r m u l a t e d f o r 
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s p i n systems l i k e t h o s e f o u n d i n l i q u i d s and g a s e s , i t was f e l t 

t h a t i t h a d some v a l i d i t y i n s o l i d s . In P i g 2 we see t h a t i n 

t h e low r f r e g i o n t h e s l o p e o f t h e l i n e i s n e a r l y 1 ( a c t u a l l y 

0.95» e r r o r may he i n H-^ c a l i b r a t i o n ) and t h i s i s what we 

e x p e c t e d . But the same l i n e goes t h r o u g h t h e s a t u r a t i o n 

n a r r o w e d s i g n a l p o i n t s , w h e r e a s , t h e s l o p e f o r a d o u b l e - q u a n t u m 

t r a n s i t i o n w o u l d be 3 . C o n s e q u e n t l y we h a d t o l o o k f o r some 

o t h e r e x p l a n a t i o n . 

A n o t h e r t h i n g we have learned i s t h a t the u s u a l t e s t f o r 

s a t u r a t i o n — v i z , i n c r e a s i n g and s e e i n g whether o r n o t 

t h e s i g n a l i n c r e a s e s p r o p o r t i o n a t e l y — i s n o t r e l i a b l e . One 

might be u n f o r t u n a t e and choose t o r u n an a b s o r p t i o n s p e c t r u m 

o f KCg a t H-^ = 10 mG; P i g 2 shows t h a t one c o u l d i n c r e a s e 

up t o a f a c t o r o f 2.5 and f i n d t h e s i g n a l l i n e a r i n H-^ a l l 

t h e way; y e t we know t h a t t h i s i s i n t h e s a t u r a t i o n n a r r o w e d 

r e g i o n . 

3 . P r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n 

The d i s p e r s i o n s i g n a l u-j^O) i n KCg was measured f o r a 

number o f r f l e v e l s and a f i x e d m o d u l a t i o n . The r e s u l t u^(Q)/K^ 

i s p l o t t e d a g a i n s t H 1 i n P i g 3 . * The f i r s t p o i n t i s a t 

^ = 0 . 2 9 mG y e t t h e r e s t i l l a p p e a r s t o be some s a t u r a t i o n -

t h e s l o p e w o u l d be z e r o i f t h e s a t u r a t i o n were n e g l i g i b l e . ¥e 

t h e r e f o r e a r e u n a b l e t o g e t Hx* from t h i s t y p e o f p l o t as we 

* I n P i g 3 <V = 200 H z , 2 H m = 1 .02 G, V Q = 5 6 . 4 MHz. The 
s i g n a l u ^ o ) was measured i n the manner d e s c r i b e d i n 
chap 2. The sample was a t room t e m p e r a t u r e . 



N o r m a l i z e d d i s p e r s i o n s i g n a l , u (0)/rL, I n p o t a s s i u m c a p r o a t e 
f u n c t i o n o f r f f i e l d i n t e n s i t y . 1 
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c o u l d f o r 0 a P 2 ; but we c a n get i t from the B ^ / u - ^ O ) v e r s u s 

H 1
2 p l o t shown i n P i g 4. The i n t e r c e p t H-j^*2 = 25 x l O " ^ g a u s s 2 . 

A l s o , s i n c e t h i s p l o t i s a s t r a i g h t l i n e , we have a n o t h e r 

v e r i f i c a t i o n o f e q u a t i o n ( 1 - 4 8 ) . 

Three a b s o r p t i o n s p e c t r a were i n t e g r a t e d f o r G ( 0 ) . The 

a v e r a g e v a l u e i s 0 . 7 3 g a u s s " 1 w i t h a maximum d e v i a t i o n o f 

0 . 0 3 g a u s s " 1 . These r e s u l t s y i e l d a s p i n l a t t i c e r e l a x a t i o n 

t i m e s 4.1.^ s e c . 

L e t u s see i f we have c o n f i r m e d t o t h e e x p e r i m e n t a l 

r e s t r i c t i o n s Imposed by Goldman. " ^ / T p was f o u n d t o be 3 .2 

so l / T j j i s 0 . 7 8 s e c " 1 . The a n g u l a r m o d u l a t i o n f r e q u e n c y Cl 

i s 1256 s e c " 1 and t h e e x p e r i m e n t a l l o c a l f i e l d i n r a d / s e c i s 

5 . 0 x l O 4 s e c " 1 . The p o i n t a t E ^ 2 = 82 x l O " 6 G 2 ( H x = 9 . 0 6 mG) 

i n P i g 4 i s n o t f a r o f f t h e s t r a i g h t l i n e and a t t h i s p o i n t 

2W(0) = 0 . 8 0 s e c " 1 . These v a l u e s s a t i s f y the c o n d i t i o n s i n 

e q u a t i o n ( 2 - 1 2 ) . 

Now what about t h e l i n e w i d t h t o m o d u l a t i o n w i d t h r e s t r i c t i o n ? 

The m o d u l a t i o n 2 H m f o r t h e r u n r e p o r t e d i n P i g 3 and 4 i s 

1 .02 g a u s s . Talcing l i n e w i d t h s from P i g 1 we f i n d l i n e w i d t h 

t o m o d u l a t i o n w i t h r a t i o s A J S a / 2 H m o f 8 . 3 a t R-^ = 1.26 mG 

and o n l y 3 . 8 a t R-^ = 2 2 . 4 mG when t h e c u r v e i s s a t u r a t i o n 

n a r r o w e d . The s a t u r a t i o n n a r r o w component i s about t h e same 

i n t e n s i t y as t h e n o r m a l component f o r = 4 . 0 mG. L o o k i n g a t 

P i g 4 we see t h a t H ^ / u - ^ O ) i s s t i l l o n ' t h e l i n e a t = 6 , 4 mG 

2 —6 2 
(H^ = 40 x l O G ) but i s o f f , as we have m e n t i o n e d a b o v e , by 

t h e t i m e H-^ = 9 . 0 6 mG. At t h i s p o i n t S ( 0 ) = 3 . 3 and we have 

r e a c h e d t h e p r a c t i c a l s a t u r a t i o n l i m i t f o r t h i s c a s e . T h i s p o i n t 
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h a s been d i s c u s s e d i n more d e t a i l i n c h a p t e r 2. 

B. L i t h i u m S t e a r a t e 

1. A b s o r p t i o n s a t u r a t i o n 

Three l o c k - l n a b s o r p t i o n - m o d e p r o t o n m a g n e t i c r e s o n a n c e 

s p e c t r a o f l i t h i u m s t e a r a t e a r e r e p r o d u c e d i n P i g 5 . * A n o r m a l 

s p e c t r u m a t = 0 . 4 5 mG, one a t H 1 = 4 . 5 mG i n w h i c h t h e 

n o r m a l and n a r r o w components a r e about t h e same i n t e n s i t y , and 

a s a t u r a t i o n n a r r o w e d one a t = 1 4 . 3 mG. The l i n e w i d t h s 

a r e 14.1 gauss and 8 . 3 gauss a t H-^ = 0 . 4 5 and 1 4 . 3 mG 

r e s p e c t i v e l y . G a u s s i a n and L o r e n t z i a n c u r v e s have been f i t t e d t o 

t h e s e two. The n o r m a l s p e c t r u m a g a i n c u t s o f f more r a p i d l y t h a n 

t h e G a u s s i a n c u r v e . The s a t u r a t i o n n a r r o w e d c u r v e i s a l m o s t 

p u r e G a u s s i a n a n d , a l t h o u g h i s n o t what P r o v o t o r o v t h e o r y p r e d i c t s , 

t h e change i n shape on s a t u r a t i o n i s a t l e a s t i n the r i g h t 

d i r e c t i o n - v i z , the wings do n o t go t o base l i n e a t as f a s t a 

r a t e as t h e n o r m a l s p e c t r u m . M o d u l a t i o n s a t u r a t i o n may a g a i n 

be p e r t u r b i n g t h e s p e c t r u m . 

The s e c o n d moment o f t h e H-̂  = 0 . 4 5 mG s p e c t r u m i n P i g 5 

p 

i s 22.1 gauss . The average s e c o n d moment from t h i s one and 

t h r e e o t h e r s a t t h e same r f l e v e l I s 2 1 . 6 + 0 . 4 g a u s s 2 , where 

* I n P i g 5 Pm = 40 H z , 2 H m = 1.78 G, VQ = 5 6 . 4 MHz. 
H-, i s g i v e n i n mG. The sample i s a t room t e m p e r a t u r e . 
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4 0 H Z - H h— 
10 gauss I —I 8.4 min. 

Fig 5 - Absorption spectra of lithium stearate at three r f 
f i e l d i n t e n s i t i e s . 
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o 
0 . 4 gauss i s t h e maximum d e v i a t i o n . The average s a t u r a t i o n 

n a r r o w e d l i n e w i d t h o b t a i n e d from s i x s p e c t r a f o r H-^ = 1 4 . 3 mG 

(the s p e c t r u m i n P i g 5 i n c l u d e d ) i s 3 . 8 5 + 0.15 gauss , 0 .15 

b e i n g t h e maximum d e v i a t i o n . The m o d u l a t i o n was t h e same as 

f o r P i g 5 . These v a l u e s y i e l d an a p p a r e n t Zeeman t o d i p o l a r 

r e l a x a t i o n t i m e r a t i o . T-|_/TD o f 7 . 3 i n L i G g a t room 

t e m p e r a t u r e . 

2. P r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n 

The d i s p e r s i o n s i g n a l u ^ ( 0 ) a t a f i x e d m o d u l a t i o n was 

measured i n L I C ^ f o r a s e r i e s o f r f l e v e l s . The r e s u l t 

u.1(0)/K-± i s p l o t t e d a g a i n s t H]_ i n P i g 6 and H ^ / u ^ O ) v e r s u s 

B^ 2 i n P i g 7 . The l a t t e r i s a s t r a i g h t l i n e and a g a i n c o n f i r m s 

t h e t h e o r y . I t s i n t e r c e p t H ^ * 2 = 8 . 8 x l O " ^ g a u s s 2 . The average 

v a l u e o f G(0) c a l c u l a t e d from t h r e e n o r m a l a b s o r p t i o n s p e c t r a 

i s 0 . 4 8 7 g a u s s " 1 , the maximum d e v i a t i o n b e i n g 0 . 0 0 8 g a u s s " 1 . 

The r e l a x a t i o n t ime t h e n i s 1 7 . 4 s e c . 

A r e t h e Goldman r e s t r i c t i o n s obeyed? i n L l C l 8 w a s 

f o u n d t o be 7 . 3 and so 1/T-Q i s 0 . 4 2 s e c " 1 . CI = 1256 s e c " 1 

and D e x p e r i m e n t a l i s 7 . 3 x l O 4 - s e c " * 1 . In an e x t e n d e d v e r s i o n 

o f P i g 7 we f i n d H ^ / u ^ O ) d e v i a t e s from the s t r a i g h t l i n e a t 

HJL2 = 4 0 . 8 x l O " 6 G 2 (B^ = 6 . 4 mG). At t h i s p o i n t 2W(0) = 0 . 2 6 6 

s e c " 1 and S ( 0 ) = 4 . 6 . The c o n d i t i o n s i n e q u a t i o n (2-12) a r e 

* In P i g 6 i ; m = 200 H z , 2 H = 2.12 G, \?Q = 5 6 . 4 MHz. 
The s i g n a l u- ,(0) was measured as i n chap 2. The sample 
was a t room t e m p e r a t u r e . 



F i g 6 - N o r m a l i z e d d i s p e r s i o n s i g n a l , u n ( 0 ) / H , , i n l i t h i u m s t e a r a t e a s a f u n c - ^ 
t i o n o f r f f i e l d I n t e n s i t y . x VJI 
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s a t i s f i e d . Now l e t us c o n s i d e r the m o d u l a t i o n w i d t h r e s t r i c t i o n . 

The m o d u l a t i o n 2 H m f o r t h e r u n l n P i g 6 and 7 i s 2.12 g a u s s . 

T a k i n g t h e l i n e w i d t h s from P i g 5 we f i n d A H a / 2 H m r a t i o s o f 

6.7 a t = 0 .45 mG and 3 . 9 at = 1 4 . 3 mG when t h e c u r v e 

i s s a t u r a t i o n n a r r o w e d . The n a r r o w and n o r m a l components a r e o f 

a p p a r e n t l y the same i n t e n s i t y f o r = 4 . 5 mG. At = 6 . 4 mG, 

S(0) = 4 . 6 , H - ^ / u ^ O ) v e r s u s H - ^ 2 i s no l o n g e r a s t r a i g h t l i n e 

and we have r e a c h e d t h e s a t u r a t i o n l i m i t f o r p r a c t i c a l m o d u l a t i o n 

w i d t h s . The S(0) v a l u e a t t h i s l i m i t i s a l i t t l e h i g h e r i n 

L i O ^ g t h a n t h a t f o r KCg . The d i f f e r e n c e i s p r o b a b l y due t o 

l i n e shape and r a t i o d i f f e r e n c e s . T h i s p o i n t i s d i s c u s s e d 

i n more d e t a i l I n c h a p t e r 2. 

I I I . CONCLUSIONS 

The s a t u r a t i o n o f t h e l o c k - i n d i s p e r s i o n s i g n a l u^fO) i n 

p o t a s s i u m c a p r o a t e and l i t h i u m s t e a r a t e I s d e s c r i b e d by e q u a t i o n 

( 1 - 4 8 ) . T h i s i s f u r t h e r e v i d e n c e f o r t h e v a l i d i t y o f P r o v o t o r o v -

Goldman s a t u r a t i o n t h e o r y . 

One must t a k e g r e a t c a r e t o a v o i d s a t u r a t i o n t o be c e r t a i n 

t h a t the o b s e r v e d l o c k - i n a b s o r p t i o n c u r v e i s t h e t r u e a b s o r p t i o n 

d e r i v a t i v e s p e c t r u m . To do t h i s the s p e c t r u m may have t o be 

o b t a i n e d f o r a wide range o f r f l e v e l s . T h i s i s n o t u s u a l l y 

p o s s i b l e w i t h t h e m a r g i n a l o s c i l l a t o r NMR s p e c t r o m e t e r s u s e d l n 

many l a b o r a t o r i e s . In f a c t i t c a n happen t h a t f o r samples w i t h 

l o n g s p i n l a t t i c e r e l a x a t i o n t i m e s , o n l y a s a t u r a t i o n n a r r o w e d 
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c u r v e c a n be o b t a i n e d w i t h t h i s type o f s p e c t r o m e t e r and t h e 

e x p e r i m e n t e r c a n be unaware o f t h i s f a c t a t the t i m e , G r a n t / 8 / . 

Even i n t h e n o r m a l s p e c t r a shown i n F i g 1 and 5 t h e r e i s 

some s a t u r a t i o n and now t h a t t h e T^ v a l u e s a r e known we c a n 

c a l c u l a t e how much. F o r the KCg n o r m a l s p e c t r u m a t = 1.26 mG 

t h e s a t u r a t i o n p a r a m e t e r S ( 0 ) = 0 . 0 5 9 and so t h e s a t u r a t i o n 

f a c t o r Z ( 0 ) = 1 / 1 . 0 5 9 . F o r t h e L I 0 1 8 n o r m a l s p e c t r u m a t 

H x = 0 . 4 5 mG we f i n d S ( 0 ) = 0 . 0 2 3 and Z ( 0 ) = 1 / 1 . 0 2 3 . At 

t h e s e low s a t u r a t i o n l e v e l s we a r e p r o b a b l y o b s e r v i n g t h e t r u e 

l i n e a s h a p e . The s i g n a l t o n o i s e r a t i o i n t h e L i C ^ g s p e c t r u m 

i s a l r e a d y l o w e r t h a n we w o u l d l i k e and t h i s i s w i t h the sample 

i n the 5 mm i n s e r t . I t a p p e a r s t h a t some s a t u r a t i o n c a n n o t be 

a v o i d e d . The s i t u a t i o n w o u l d become even worse i f t h e sample 

were i n t h e v a r i a b l e t e m p e r a t u r e a p p a r a t u s . I t i s p r o b a b l e 

t h a t much o f t h e work r e p o r t e d i n t h e l i t e r a t u r e was done u n d e r 

p a r t i a l s a t u r a t i o n c o n d i t i o n s , p a r t i c u l a r l y t h a t done w i t h 

m a r g i n a l o s c i l l a t o r s p e c t r o m e t e r s . We have f o u n d , however, t h a t 

phase t r a n s i t i o n s i n LlC-^g c a n be f o u n d u s i n g s a t u r a t i o n 

n a r r o w e d s p e c t r a . 4 * Sudden drops i n the l i n e w i d t h v e r s u s 

t e m p e r a t u r e c u r v e c o r r e s p o n d i n t e m p e r a t u r e t o s i m i l a r ones i n 

the same p l o t f o r n o r m a l w i d t h s p e c t r a . T h i s i s n o t u n e x p e c t e d 

because t h e s a t u r a t i o n n a r r o w e d l i n e w i d t h A H Q « i s r e l a t e d t o 
CL O 

t h e s e c o n d moment o f t h e u n s a t u r a t e d s p e c t r u m , e q u a t i o n ( 1 - 4 5 ) . 

One must be s u r e , however, t h a t one i s n o t o p e r a t i n g c l o s e t o t h e 

s a t u r a t i o n n a r r o w i n g r e g i o n , o t h e r w i s e a change i n w i t h 

t e m p e r a t u r e c o u l d cause t h e o t h e r component o f t h e l i n e t o a p p e a r 

and cause one t o t h i n k t h a t a phase t r a n s i t i o n i s o c c u r r i n g . 

D e t a i l s t o be p r e s e n t e d i n a l a t e r c h a p t e r . 
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c h a p t e r 4 . 

SATURATION I V . 

SIGNAL DECAY EXPERIMENTS IN 
POTASSIUM CAPROATE AND LITHIUM STEARATE 

I . INTRODUCTION 

In t h i s c h a p t e r we r e p o r t on e x p e r i m e n t s u s i n g a d i r e c t 

method o f m e a s u r i n g T^ c a l l e d the s i g n a l decay t e c h n i q u e . 

The s t e a d y s t a t e s o l u t i o n o f e q u a t i o n (1-1) i s : 

n ( s t ) / n ( 0 ) = [ l + * 2 H ^ T x 1^/^ = Z (1) 

where n ( s t ) i s the s t e a d y s t a t e v a l u e o f the p o p u l a t i o n 

d i f f e r e n c e n ( t ) and Z i s the s a t u r a t i o n f a c t o r - a l s o d e f i n e d 

i n e q u a t i o n ( 2 - 1 3 ) . We a r e i n t e r e s t e d i n t h e r a t e o f a p p r o a c h 

o f the s p i n system t o the above s t e a d y s t a t e , and t h i s i s g i v e n 

by the f o l l o w i n g s o l u t i o n t o the d i f f e r e n t i a l e q u a t i o n ( 1 - 1 ) : 

Andrew / l , p 21/ 

n ( s t ) - n ( t ) s [ n ( s t ) - n ( 0 ) ] exp ( - t / ^ Z ) . (2) 

Thus the a p p r o a c h to the s t e a d y s t a t e i n t h e p r e s e n c e o f an r f 

f i e l d has a c h a r a c t e r i s t i c t ime T-^Z. When t h e amount o f 

s a t u r a t i o n i s n e g l i g i b l e , the c h a r a c t e r i s t i c t ime becomes J u s t 
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The s i g n a l decay t e c h n i q u e t o measure T^ i n s o l i d s a p p e a r s 

t o have o r i g i n a t e d w i t h L i n d e r / 2 / i n 1957. I t has been r e v i v e d 

a g a i n by S m i t h / 3 / i n 1962. In t h i s method the s p i n system was 

a l l o w e d t o e q u i l i b r a t e i n the f i x e d magnetic f i e l d c o r r e s p o n d i n g 

t o one o f the extrema o f the a b s o r p t i o n d e r i v a t i v e s p e c t r u m . A 

p a r t i a l l y s a t u r a t i n g r f f i e l d was a p p l i e d and the l o c k - i n 

a b s o r p t i o n s i g n a l v-^max) o b s e r v e d as a f u n c t i o n o f t i m e . 

The s i g n a l decayed from i t s i n i t i a l a m p l i t u d e a Q t o i t s 

p a r t i a l l y s a t u r a t e d e q u i l i b r i u m v a l u e a . I f BPP t h e o r y I s 

s 

assumed, e q u a t i o n (2) says t h a t the s i g n a l decays e x p o n e n t i a l l y 

w i t h t ime c o n s t a n t T ^ Z , where Z = a
s / a

0 » T n i s p a r t i c u l a r 

s i g n a l decay method, however, s u f f e r s from the same d e f i c i e n c i e s 

as p r o g r e s s i v e s a t u r a t i o n o f the l o c k - i n a b s o r p t i o n s i g n a l — 

n a m e l y , s a t u r a t i o n n a r r o w i n g and m o d u l a t i o n s a t u r a t i o n . 

We now know t h a t we can a v o i d t h e s e c o m p l i c a t i o n s by 

o b s e r v i n g the l o c k - i n d i s p e r s i o n s i g n a l u-^CO), and t h a t i s how 

the s i g n a l decay e x p e r i m e n t s r e p o r t e d h e r e were done. 

I I . EXPERIMENTAL 

A . Samples 

The p o t a s s i u m c a p r o a t e (KCg) and L i t h i u m s t e a r a t e ( L i C ^ g ) 

samples were the ones d e s c r i b e d i n c h a p t e r 3 . 

B . S p e c t r o m e t e r 

The s p e c t r o m e t e r was the V a r i a n DP60 d e s c r i b e d i n c h a p t e r 3 
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and was o p e r a t e d a t a r a d i o f r e q u e n c y o f 5 6 . 4 MHz. The r f f i e l d 

was t u r n e d on f o r a s i g n a l decay measurement w i t h a SPST 

c o a x i a l s w i t c h made from an Amphenol t y p e 83-1T " T " a d a p t e r . 

The s w i t c h was b u i l t by the c h e m i s t r y department shop a c c o r d i n g 

t o a d e s i g n by B e r n a r d W. J o s e p h o f G e n e r a l M o t o r s R e s e a r c h 

L a b o r a t o r i e s , W a r r e n , M i c h . 

The 5 mm d i a NMR probe i n s e r t was u s e d f o r measurements a t 

room t e m p e r a t u r e , t h e 15 mm one a t 77 °K. F o r t h i s t e m p e r a t u r e 

t h e sample tube was i n t h e f i n g e r o f a Dewar c o n t a i n i n g l i q u i d 

n i t r o g e n , t h e f i n g e r f i t t e d i n t o the 15 mm i n s e r t . 

The s i g n a l decay c u r v e s t a k e n a t room t e m p e r a t u r e were 

r e c o r d e d on a Sanborn model 151 t h e r m a l s t r i p c h a r t r e c o r d e r i n 

c o n j u n c t i o n w i t h a Sanborn model 67-300 p r e a m p l i f i e r . The decay 

c u r v e s f o r LiC-^g a t l i q u i d n i t r o g e n t e m p e r a t u r e (where T^ i s 

q u i t e l o n g ) were r e c o r d e d on a V a r i a n model G-10 s t r i p - c h a r t 

r e c o r d e r r u n n i n g a t 20 i n / m i n . The r e s p o n s e t ime f o r t h i s 

r e c o r d e r t o r e a c h the s i g n a l v o l t a g e j u s t a f t e r s w i t c h i n g on 

the r f f i e l d was r e d u c e d by the f o l l o w i n g t e c h n i q u e : the s e r v o 

was s w i t c h e d o f f and t h e pen moved t o t h e t o p o f the s c a l e , t h e n 

a f t e r t h e s p i n system h a d r e a c h e d e q u i l i b r i u m , the r f f i e l d 

and the r e c o r d e r s e r v o were s w i t c h e d on s i m u l t a n e o u s l y . T h i s 

way the pen h a d o n l y a s h o r t d i s t a n c e t o move b e f o r e I t began 

r e c o r d i n g the s i g n a l . 

0 . Method 

The method u s e d was the same as the L i n d e r s i g n a l decay 

t e c h n i q u e / 2 / d e s c r i b e d a b o v e , e x c e p t t h a t t h e l o c k - i n d i s p e r s i o n 
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s i g n a l u ^ ( 0 ) was o b s e r v e d i n s t e a d o f the a b s o r p t i o n s i g n a l 

v 1 ( m a x ) . In t h i s c a s e we know t h a t the e q u a t i o n f o r t h e decay 

(assuming the n e c e s s a r y c o n d i t i o n s a r e obeyed) i s : 

a - a s = ( a Q - a 8 ) exp ( - t / T ^ O ) ) (3) 

where we r e c a l l t h a t a i s t h e o b s e r v e d s i g n a l , a Q Is i t s 

i n i t i a l v a l u e , a s i s i t s p a r t i a l l y s a t u r a t e d e q u i l i b r i u m v a l u e , 

and Z ( 0 ) = a s / a Q . 

T y p i c a l d i s p e r s i o n s i g n a l decay (DSD) c u r v e s , KCg t r a c e 

# 119 and L i C ^ g t r a c e # 406, t a k e n a t room t e m p e r a t u r e are 

shown i n F i g 1. (The s m a l l c i r c l e s mark a Q o b t a i n e d from t h e 

s e m i l o g p l o t s ) . The r e c o r d e r was r u n f o r some t i m e b e f o r e and 

a f t e r the s i g n a l decay a t a s low speed i n o r d e r t o e s t a b l i s h 

a good a v e r a g e base l i n e , i t was a l s o s w i t c h e d t o t h e s l o w e r 

speed t o get a n o i s e a v e r a g e d v a l u e f o r a_ I n each c a s e . 

A s e m i l o g p l o t o f a - a g v e r s u s t ime y i e l d s , a c c o r d i n g 

t o e q u a t i o n ( 3 ) , 1 -^(0) from t h e s l o p e and a Q from the 

i n t e r c e p t . Then Z ( 0 ) I s c a l c u l a t e d and T 1 o b t a i n e d . The 

s e m i l o g p l o t s from t h e decay c u r v e s i n F i g 1 a r e shown i n 

F i g 2 and 3 f o r KCg and L i 0 1 g r e s p e c t i v e l y . 

I I I . RESULTS AND DISCUSSION 

A . P o t a s s i u m C a p r o a t e 

The r e s u l t s from the measured KCg decay c u r v e s a r e l i s t e d 

i n T a b l e I . They were a l l t a k e n a t room t e m p e r a t u r e . 



6 trace 119 H, = 7.2 mG 

S A N B O R N V t s o C A R D I ' C T I E PeA^na/^oeA. 

LiC 18 trace 406 H, = 6.4 mG 

i i 

S A N B O R N V t s o C A R D I E I IE 

P i g 1 - T y p i c a l d i s p e r s i o n s i g n a l d e c a y c u r v e s f o r p o t a s s i u m c a p r o a t e and 
l i t h i u m s t e a r a t e . cn 
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F i g 2 - Semilog plot of a-a s versus time f o r a potassium 
caproate dispersion s i g n a l decay curve. 
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F i g 3 - Semilog p l o t of a-a s versus time f o r a lithium 
. stearate dispersion s i g n a l decay curve. 
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T a b l e I - K 0 6 d i s p e r s i o n s i g n a l decay r e s u l t s 

T r a c e Hn 2Hin* Z ( 0 ) T l 
number m l l l i g a u s s gauss sec 

104 9.1 1 .02 0.232 4 . 0 8 

110 7 .2 1 .02 0.315 3 . 9 9 

113 9 . 1 2.12 0.214 3 . 9 6 

114 9.1 2.12 0.198 4.19 

119 7 .2 2.12 0 . 3 0 8 3 . 8 3 

average 4 . 0 1 

*200 Hz m o d u l a t i o n f r e q u e n c y . 

We have c h o s e n t o a n a l y s e decay c u r v e s f o r Z ( 0 ) l y i n g 

r o u g h l y i n t h e range 0 . 2 t o 0 . 3 as t h i s a l l o w s a s t o be 

measured w i t h r e a s o n a b l e p r e c i s i o n and s t i l l l e a v e a r e a s o n a b l e 

amount o f s i g n a l decay t o p l o t . The average v a l u e o f T^ 

o b t a i n e d t h i s way i s 4 .01 s e c , the maximum d e v i a t i o n b e i n g 0.18 s e c . 

T h i s a g r e e s v e r y w e l l w i t h o u r p r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n 

(PSD) r e s u l t o f 4.1-^ sec r e p o r t e d i n c h a p t e r 3 . We expect t h e 

DSD v a l u e t o be the more a c c u r a t e one as i t does n o t i n v o l v e 

any c a l i b r a t i o n s . 

B. L i t h i u m S t e a r a t e 

The r e s u l t s from t h e measured L i O ^ g decay c u r v e s t a k e n a t 

room t e m p e r a t u r e a r e l i s t e d i n T a b l e I I . 
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T a b l e I I - k i C ^ g s i g n a l decay r e s u l t s 

T r a c e 
number 

S l g n a l # 
mode 

H l 
m i l l l g a u s s 

2 H m * 
gauss 

Z T l 
sec 

406 D 6 . 4 2.12 0.210 1 6 . 4 

408 D 6 . 4 2.12 0 . 2 0 5 1 5 . 4 

410 D 6 . 4 4 . 2 3 0 . 2 0 2 1 6 . 4 

412 D 6 . 4 4 . 2 3 0.194 

average 

16.9 

1 6 . 3 

414 A 6 . 4 2.12 0 . 4 9 8 2 3 . 0 

417 A 1 4 . 3 2.12 0.342 1 8 . 9 

#D - d i s p e r s i o n 
v ^ m a x ) 

s i g n a l u ^ O ) , A -

I 

a b s o r p t i o n s i g n a l 

*200 Hz m o d u l a t i o n f r e q u e n c y . 

The average o f t h e DSD T-̂  r e s u l t s i s 1 6 . 3 s e c , t h e maximum 

d e v i a t i o n b e i n g 0 . 9 sec o r 5 . 5 $ . T h i s compares q u i t e w e l l w i t h 

o u r c h a p t e r 3 PSD r e s u l t o f 1 7 . 4 s e c , the PSD v a l u e b e i n g o n l y 

6 . 7 $ h i g h e r . 

The r e s u l t s from two a b s o r p t i o n s i g n a l decay (ASD) c u r v e s 

are a l s o l i s t e d i n T a b l e I I . T r a c e 414 was t a k e n a t t h e same 

H-L v a l u e as the DSD c u r v e s , but Z i s much l a r g e r (the degree o f 

s a t u r a t i o n much s m a l l e r ) and the T 1 o b t a i n e d i s about 41$ h i g h e r . 

T h i s i s what we e x p e c t f o r Z — t h e l i n e shape f u n c t i o n f ( A ) 

and t h u s t h e s a t u r a t i o n p a r a m e t e r S(A.) d e c r e a s e as we move out 

t o the i n f l e c t i o n p o i n t — b u t , i f t h e r e were no c o m p l i c a t i o n s , 

T^ w o u l d n o t change w i t h Z . T r a c e 417 w i t h Z = 0.342 y i e l d s 

a T^ o f 1 8 . 9 s e c , a v a l u e s t i l l 16^ h i g h e r t h a n the average DSD 

r e s u l t . 
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We were f o r t u n a t e t h a t t h e s o f KCg and L i C ^ a t 

room t e m p e r a t u r e were s u c h t h a t t h e y c o u l d be measured by b o t h 

o u r c o n t i n u o u s wave (CW) methods and the r e s u l t s compared. We 

have a l s o measured t h e s p i n l a t t i c e r e l a x a t i o n t i m e o f L i C ^ g 

a t 77 °K, where i t i s too l o n g t o measure by PSD, by the DSD 

t e c h n i q u e . The r e s u l t s o f the two decay c u r v e s #419 and #421 

a r e 95 and 96 sec r e s p e c t i v e l y . (R^ = 4 . 5 mG, 2 H m = 2.12 G 

a t 200 H z , Z ( 0 ) = 0 . 0 8 0 6 and 0 . 0 8 1 7 ) s i n c e the amount o f 

s a t u r a t i o n was q u i t e h i g h h e r e , t h e t i m e c o n s t a n t o f t h e o u t p u t 

u n i t was I n c r e a s e d i n a d d i t i o n t o g o i n g t o a s l o w e r r e c o r d e r 

speed w h i l e t h e base l i n e and a s were b e i n g r e c o r d e d i n o r d e r 

t o improve t h e a c c u r a c y o f t h e a s measurements. 

I V . CONCLUSIONS 

The s i g n a l decay t e c h n i q u e y i e l d s c o r r e c t s p i n l a t t i c e 

r e l a x a t i o n t i m e s i n s o l i d s p r o v i d e d t h a t t h e l o c k - i n d i s p e r s i o n 

s i g n a l u ^ O ) I s o b s e r v e d r a t h e r t h a n t h e a b s o r p t i o n s i g n a l 

v ^ ( m a x ) . The c o m p l i c a t i o n s o f s a t u r a t i o n n a r r o w i n g and m o d u l a t i o n 

s a t u r a t i o n a r e t h e n a v o i d e d . 

The s i g n a l decay t e c h n i q u e i s p a r t i c u l a r l y s u i t a b l e f o r l o n g 

r e l a x a t i o n t i m e s and t h i s i s f o r t u n a t e because t h e s i g n a l t o n o i s e 

i s much t o o p o o r t o do an a c c u r a t e p r o g r e s s i v e s a t u r a t i o n 

e x p e r i m e n t i n t h i s s i t u a t i o n . 

We have two c o m p l i m e n t a r y CW t e c h n i q u e s f o r m e a s u r i n g s p i n 

l a t t i c e r e l a x a t i o n t i m e s i n s o l i d s : DSD, d i s p e r s i o n s i g n a l decay 
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f o r l o n g T ^ ' s , and PSD, p r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n 

f o r s h o r t T-^'s. 
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c h a p t e r 5 . 

ADIABATIC RAPID PASSAGE I . 

THEORY AND REVIEW 

The n u c l e a r magnetic r e s o n a n c e (NMR) a d i a b a t i c r a p i d - p a s s a g e 

(ARP) e x p e r i m e n t s were o r i g i n a l l y begun j u s t t o measure s p i n 

l a t t i c e r e l a x a t i o n t i m e s T^ by a d i r e c t method t h a t was not 

dependent on a t h e o r y f o r s a t u r a t i o n , i n o r d e r t o c h e c k o u r 

s a t u r a t i o n r e s u l t s . The ARP t e c h n i q u e a p p e a r e d t o be the n e x t 

b e s t t h i n g t o a p u l s e s p e c t r o m e t e r and w o u l d n o t r e q u i r e much 

b u i l d i n g o f e q u i p m e n t . These ARP e x p e r i m e n t s soon became a 

major r e s e a r c h p r o b l e m , however, when i t was f o u n d t h a t i t was 

n o t g e n e r a l l y known what a l l the r e q u i r e m e n t s were f o r v a l i d 

ARP r e s u l t s i n s o l i d s , n o r how t o e x p l a i n e v e r y d e t a i l o f ARP 

e x p e r i m e n t s a l r e a d y i n the l i t e r a t u r e / l , p 5 5 0 / . 

We t h i n k we have d e t e r m i n e d , w i t h the h e l p o f e x p e r i m e n t s , 

what the p r o p e r c o n d i t i o n s f o r ARP i n s o l i d s a r e . We have t h e n 

gone on t o use t h i s t e c h n i q u e t o measure the s p i n - l a t t i c e 

r e l a x a t i o n time and l o c a l f i e l d H ^ i n a few s o l i d samples — 

v i z , CaFg s i n g l e c r y s t a l and powder, and l i t h i u m s t e a r a t e powder. 

We t h i n k t h a t t h i s i s the f i r s t t ime t h a t H ^ has been measured 
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by ARP, and we t h i n k t h a t t h i s t e c h n i q u e has g r e a t p r o m i s e s i n c e 

y i e l d s t h e s e c o n d moment o f t h e u n s a t u r a t e d a b s o r p t i o n l i n e 

by a s i m p l e c a l c u l a t i o n : ( A H 2 ) = 3 ( H I < ) 2 . 

ARP s i g n a l s c a n be o b t a i n e d from s o l i d s even when i s so 

l o n g t h a t i t i s i m p o s s i b l e t o get a s l o w passage l o c k - i n a b s o r p t i o n 

s p e c t r u m . The method has t h e speed o f t h e p u l s e t e c h n i q u e , and 

t h e d a t a r e d u c t i o n f o r s e c o n d moment d e t e r m i n a t i o n i s much 

s i m p l e r . W i t h o u r a p p a r a t u s we were a b l e t o measure T^ v a l u e s 

from about 1/2 s e c o n d t o o v e r an h o u r . S h o r t e r t i m e s c o u l d be 

measured w i t h more s o p h i s t i c a t e d e q u i p m e n t . The method i s 

p a r t i c u l a r l y s u i t a b l e f o r l o n g T ^ ' s s i n c e e x a c t r e s o n a n c e 

c o n d i t i o n s do n o t have t o be m a i n t a i n e d as i s the case i n t h e 

p u l s e t e c h n i q u e . 

I . INTRODUCTION 

S i n c e the i n i t i a l NMR e x p e r i m e n t s on ARP were done by B l o c h , 

H a n s e n , and P a c k a r d / 2 / , the t e c h n i q u e has been d e v e l o p e d as a 

method f o r m e a s u r i n g T-^'s l n l i q u i d s by a number o f w o r k e r s . 

D r a i n / 3 / , Conger and Selwood / 4 / and C h i a r o t t i e t a l / 5 / a r e 

some o f the e a r l y o n e s . In a d d i t i o n t o b e i n g e a s i e r t o p e r f o r m 

t h a n NMR p u l s e e x p e r i m e n t s , ARP c a n be u s e d t o measure T ^ ' s 

f o r c h e m i c a l l y s h i f t e d s e t s o f n u c l e i , N e d e r b r a g t and R e i l l y / 6 / , 

Powles / 7 / . 

The r e q u i r e m e n t s f o r an ARP i n a l i q u i d are / l , p 6 5 / 



chap 5 73 

(1) t h e B l o c h a d i a b a t i c c o n d i t i o n f o r a c o m p l e t e i n v e r s i o n o f 

the n u c l e a r m a g n e t i z a t i o n 

d H Q 2 

d T « * H i ' ( 1 ) 

(2) t h e r a p i d passage c o n d i t i o n - v i z , t h e e f f e c t s o f r e l a x a t i o n 

must be n e g l i g i b l e d u r i n g the t i m e o f p a s s a g e t p t h r o u g h 

r e s o n a n c e 

U T T , T 0 . (2) 
*P ~ H l / Z O « T l > * 2 

dt 

These r e q u i r e m e n t s a r e n o t d i f f i c u l t t o s a t i s f y f o r 

e x p e r i m e n t s on l i q u i d s , however, i n s o l i d s i t i s v e r y d i f f i c u l t 

t o meet c o n d i t i o n (2) i n v i e w o f t h e v e r y s h o r t T 2 e n c o u n t e r e d 

t h e r e . R e d f i e l d s a n a l y s i s / 8 / shows t h a t t h e passage t i m e t p 

does n o t have t o be s h o r t compared t o T 2 hut o n l y to T ^ . E v e n 

s o , o n l y a few w o r k e r s have u s e d t h e ARP t e c h n i q u e i n s o l i d s . 

R e d f i e l d / 9 / h a s measured T i n c o p p e r and aluminum. He s t a t e s 

t h e ARP c o n d i t i o n s i n s o l i d s t o b e : 

T l » S » t n e s m a H e r
 o £ (i^if 1 o r T 2 • (3) 

A l s o , H-, must be s e v e r a l t i m e s the v a l u e r e q u i r e d t o 
s a t u r a t e t h e r e s o n a n c e u n d e r s t e a d y - s t a t e c o n d i t i o n s . (4) 

Abragam and P r o c t o r / l O / have s t u d i e d s p i n t e m p e r a t u r e u s i n g a 

L i P c r y s t a l , S l i c h t e r and H o l t o n / l l / have s t u d i e d a d i a b a t i c 

d e m a g n e t i z a t i o n i n a r o t a t i n g r e f e r e n c e system u s i n g a N a C l 

c r y s t a l . 

P e r h a p s t h e r e a s o n t h a t ARP has n o t been u s e d more i n s o l i d s 
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i s t h a t i t was n o t c l e a r how R e d f i e l d a r r i v e d a t the c o n d i t i o n s 

( 3 , 4 ) , (at l e a s t n o t t o u s ) o r p e r h a p s t h e f a c t t h a t H-^ might 

have t o he g r e a t e r t h a n / l , p 5 5 0 - 4 / may have d i s c o u r a g e d 

o t h e r s from a t t e m p t i n g the t e c h n i q u e . 

I I . ADIABATIC RAPID PASSAGE SIGNAL 

A . A d i a b a t i c V a r i a t i o n o f the M a g n e t i z a t i o n 

R e d f i e l d s h y p o t h e s i s o f a s p i n t e m p e r a t u r e i n t h e r o t a t i n g 

r e f e r e n c e frame l e a d s t o an adequate d e s c r i p t i o n o f t h e ARP 

s i g n a l . Prom e q u a t i o n s (14a) and (14c ) i n chap 1 we o b t a i n the 

f o l l o w i n g e x p r e s s i o n f o r the m a g n e t i z a t i o n i n t h e r o t a t i n g 

r e f e r e n c e f r a m e : 

M = <M > = - < ^ e r > R _ w 1(1 + 1) y 2 h 2 „ / r \ 
~r ~ — 2 72 5er " * 2er ( 5 ) 

H e r + H L 

and we r e c a l l t h a t the l o c a l f i e l d was g i v e n by 

^ D ) 2 _ 1 / / , w
2 s 

r *r 2. i ) 5 
H L

2 = t r < ^ ) 2 = . (6) 

tr (X 2*i' _ . 
i i z 

E q u a t i o n s ( l - l 4 a , b , c ) were o b t a i n e d n e g l e c t i n g t h e l a t t i c e (no 

r e l a x a t i o n ) and so e q u a t i o n (5) conforms t o the r a p i d passage 

c o n d i t i o n ( 2 ) . 

We now w i s h t o d e t e r m i n e t h e change i n M_ f o r an a d i a b a t i c 
<—r 

( i n t h e thermodynamic s e n s e ) v a r i a t i o n o f the e f f e c t i v e f i e l d 
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H e r » F o r an i s o l a t e d s y s t e m , the v a r i a t i o n d ( V e r } o f t h e 

I n t e r n a l energy o f the system i s e q u a l t o t h e work done by t h e 

a p p l i e d f o r c e s / 1 2 / 

*<*er> = ' d Ser • (7) 

w h i c h combined w i t h d < # e r > o b t a i n e d from e q u a t i o n (5) 

y i e l d s 

dMj d H 

H O T > + H i 

e r 
H 

' e r e r 
(8) 

On i n t e g r a t i n g (8) from t h e d e f i n i t e l i m i t s M Q and EQ t o 

M r and H e r , and assuming H Q » H ^ , we o b t a i n 

M p H e r 

M = — - — 
r 

[ H e r 2 • H T H 
(9) 

We remember t h a t &_ I s a l i g n e d a l o n g H Q _ as shown h e r e i n 

F i g 1. 

H
2 - V* >r 

F i g 1 — M a g n e t i z a t i o n g r and e f f e c t i v e f i e l d H e r i n 
t h e r o t a t i n g r e f e r e n c e f r a m e . CL i s t h e a n g u l a r v e l o c i t y 
o f H e r d u r i n g a p a s s a g e . 
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B . The R a p i d Passage E x p e r i m e n t 

Abragam / l , p 5^7/ n i c e l y d e s c r i b e s t h e r a p i d passage 

e x p e r i m e n t and g i v e s us a p h y s i c a l u n d e r s t a n d i n g o f e q u a t i o n ( 9 ) . 
i 

The main m a g n e t i c f i e l d I s swept from an i n i t i a l v a l u e , H Z s a y , 

f a r above t h e r e s o n a n c e v a l u e H Q = - (so t h a t t h e a n g l e 

. it 
between H 2 and H E R i s e f f e c t i v e l y z e r o ) t o a n o t h e r H Z f a r 

b e l o w . The magnitude o f t h e e f f e c t i v e f i e l d s t a r t s w i t h an 

i n i t i a l v a l u e H E R ' = [ ( H Z - H Q ) 2 + H-^2]^, goes down t o a 

II r II 9 p i A. 
minimum v a l u e H-̂ , t h e n up a g a i n t o H E R = |(HQ - H Z ) + H i J ' 

The p o s t u l a t e s o f a s p i n t e m p e r a t u r e and d e n s i t y m a t r i x o f the 

form 

p o c exp ( - ?? e rAT s ) (10) 

l e a d s t o a s p i n t e m p e r a t u r e v a r i a t i o n 

T B ^ [ H e r 2
 + H L 2 P . 

The m a g n e t i c moment a l o n g H A V , t h e n v a r i e s as H / T „ and i s 
*-ci e r s 

g i v e n by e q u a t i o n ( 9 ) . Thus M R s t a r t s from an I n i t i a l v a l u e 

MQ, w h i c h i s t h e t h e r m a l e q u i l i b r i u m v a l u e i f one has w a i t e d 

o f f - r e s o n a n c e f o r a t i m e a p p r e c i a b l y l o n g e r t h a n T ^ , p a s s e s 

t h r o u g h a minimum 

VL. = M 0 " l . (12) 

[ H i 2 • H 2 ? 

a t r e s o n a n c e , and r e t u r n s t o t h e v a l u e M Q a l o n g H G R f a r 

below r e s o n a n c e . S i n c e H E R i s t h e n a n t l p a r a l l e l t o H Q , so 

a l s o i s M R . 
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0. ARP S i g n a l Shape 

The a x i s o f o u r NMR s i g n a l p i c k - u p c o i l i s p e r p e n d i c u l a r t o 

H z , t h e e f f e c t i v e f i e l d and the m a g n e t i c moment move i n t h e 

z - x p l a n e o f t h e r o t a t i n g f r a m e , so t o o b s e r v e the ARP s i g n a l 

i n d u c e d by Mj, we tune o u r s p e c t r o m e t e r t o d e t e c t t h e s i g n a l 

v o l t a g e i n phase w i t h the r f f i e l d . That i s , a l o n g ( t h e 

x - d i r e c t i o n ) i n t h e r o t a t i n g f r a m e . The o b s e r v e d s i g n a l i s 

p r o p o r t i o n a l t o t h e t r a n s v e r s e component o f t h e m a g n e t i z a t i o n 

w h i c h i s e q u a l t o 

M x r = + H l ^ = 1 M 0 H l 

H e r k 2 * * 2 * ^ 2 ] * ( 1 3 ) 

where h = H - H« i s t h e d i s t a n c e from r e s o n a n c e and we have 
z 0 

s u b s t i t u t e d H x
2 + h 2 = H e r

2 . The s i g n i n (13) i s + o r -

d e p e n d i n g on whether t h e r a p i d passage was s t a r t e d from above 

r e s o n a n c e o r from b e l o w . 

I f we d e f i n e 8H as the w i d t h o f the ARP s i g n a l a t h a l f 

i t s peak h e i g h t , e q u a t i o n (13) g i v e s u s : 

SH = £ 1 2 ( H ^ + H L
2 ) J * . (14) 

I f E± « H L , the l i n e w i d t h i s j u s t SH = JT? H L. The s e c o n d 

moment c o r r e s p o n d i n g t o the u n s a t u r a t e d a b s o r p t i o n l i n e c a n 

t h e n be c a l c u l a t e d u s i n g e q u a t i o n (6). 

I t i s i n t e r e s t i n g t o n o t e t h a t ARP s i g n a l s i n s o l i d s have 

the same shape as the c u r v e s o b t a i n e d by S l i c h t e r and H o l t o n / l l / 

l n t h e i r r o t a t i n g r e f e r e n c e frame a d i a b a t i c d e m a g n e t i z a t i o n 
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e x p e r i m e n t s . But t h i s i s n o t s u r p r i s i n g s i n c e an ARP i n d e e d 

i n v o l v e s an a d i a b a t i c d e m a g n e t i z a t i o n and m a g n e t i z a t i o n i n t h e 

r o t a t i n g frame / l , p 5 4 7 / . 

I I I . ADIABATIC INVERSION CONDITIONS 

A . B l o c h A d i a b a t i c C o n d i t i o n 

S l i c h t e r / 1 3 / p r o v e s the f o l i o - w i n g t h e o r e m : the magnetic 

moment M_ i n P i g 1 w i l l f o l l o w H E „ i f 

7 f H e r » n . (15) 

Assuming Q t o be a c o n s t a n t i n the y - d i r e c t i o n , S l i c h t e r 

t r a n s f o r m s t o a new frame r o t a t i n g w i t h t h i s a n g u l a r f r e q u e n c y . 

The e f f e c t i v e f i e l d l n t h i s frame i s : 

5 e f f = 5er + <l6> 

and makes an a n g l e 0 w i t h H E R s u c h t h a t 

t a n 0 = ^ / ? H e r . (17) 

M„ w i l l p r e c e s s about H - * . * , but JL. and H Q _ c a n be k e p t 

r*l. /»• w X X ^»X 6 i 
e f f e c t i v e l y p a r a l l e l i f Q / 6 H „ « 1. 

At r e s o n a n c e CZ w i l l be a t i t s maximum v a l u e 0 J H 
a t - / 1 ' 

a l s o H e r w i l l be a t i t s minimum v a l u e and so e x p r e s s i o n 

(15) y i e l d s the B l o c h a d i a b a t i c c o n d i t i o n 

d H 0 / d t <c; ZEj2 . (1) 
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B . P o s s i b l e Weaker A d i a b a t i c C o n d i t i o n 

Powles / 1 4 / s a y s t h a t an ARP i s a n o n - r e s o n a n t p e r t u r b a t i o n 

e x p e r i m e n t i n the r o t a t i n g frame and t h a t the a d i a b a t i c 

c o n d i t i o n i s t h e n 

1 / r « , (18) 

where Tr i s the t ime o f a p p l i c a t i o n o f the p e r t u r b a t i o n . In 

the case o f a l i q u i d 2" i s o b v i o u s l y ( d H Q / d t ) " 1 and we 

g e t c o n d i t i o n (1) a g a i n . I f i n the case o f a s o l i d t h e 

p e r t u r b a t i o n t ime i s s u p p o s e d t o be H L ( d H Q / d t ) " 1 , e x p r e s s i o n 

(18) becomes: 

d H Q / d t « TSH-L H L . (19) 

I f t h i s c o n d i t i o n were v a l i d f o r s o l i d s i t w o u l d r e p r e s e n t an 

a p p r e c i a b l y weaker c o n d i t i o n t h a n (1) and one w h i c h i s more 

a c c e s s i b l e w i t h a n o r m a l CW c o m m e r c i a l s p e c t r o m e t e r . The 

e x p e r i m e n t a l r e s u l t s i n t h e n e x t c h a p t e r w i l l show t h a t i t i s 

n o t , and t h a t c o n d i t i o n (1) i s the one t h a t must be s a t i s f i e d . 

C . Comments on t h e t o H ^ R a t i o . S p i n T e m p e r a t u r e , and T^ 

The f e a t u r e s o f ARP i n s o l i d s become v e r y s i m p l e i f H L 

"The f a c t t h a t the m a g n e t i z a t i o n a l o n g the e f f e c t i v e f i e l d remains 

c o n s t a n t u n t i l a f f e c t e d by t h e s p i n l a t t i c e c o u p l i n g c a n be 

e x p r e s s e d s i m p l y by s a y i n g t h a t i n the r o t a t i n g frame t h e s p i n s 

a r e q u a n t i z e d a l o n g t h a t f i e l d and t h a t the s p i n - s p i n c o u p l i n g 

i s u n a b l e t o p r o v i d e the l a r g e q u a n t a H _ r e q u i r e d f o r the 

r e v e r s a l o f a s p i n q u a n t i z e d a l o n g H e r y/l, p 5 5 0 / . " 
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The c o n c e p t o f a s p i n t e m p e r a t u r e i n t h e r o t a t i n g f r a m e , 

however, c o r r e c t l y d e s c r i b e s ARP r e s u l t s even when H-^ i s l e s s 

t h a n HIQ. S l i c h t e r and H o l t o n / l l / demonstrate t h a t the 

m a g n e t i s a t i o n M r t ( N a 2 ^ i n N a C l ) c a n be i n v e r t e d by an ARP w i t h 

much l e s s t h a n H ^ . We have measured i n s e v e r a l s o l i d 

samples u s i n g ARP s i g n a l s o b t a i n e d w i t h H-^ l e s s t h a n H ^ . These 

r e s u l t s a g r e e d v e r y w e l l w i t h c a l c u l a t e d and o t h e r e x p e r i m e n t a l 

v a l u e s . They a r e p r e s e n t e d i n the n e x t c h a p t e r . What r e m a i n s 

t h e n i s t o s t a t e t h e c r i t e r i a f o r a p p l i c a t i o n o f s p i n t e m p e r a t u r e . 

G o l d b u r g / 1 5 / shows t h a t the r o t a t i n g frame s p i n t e m p e r a t u r e 

a s s u m p t i o n i s v a l i d i f 

* 2 E±
2 T^ITg(0) ^ 1 (20) 

and I f HQ and H 1 a r e l a r g e enough so t h a t the t i m e - d e p e n d e n t 

terms i n t h e d i p o l e H a m i l t o n i a n V 1̂" p r o d u c e n e g l i g i b l e e f f e c t s . 

T h i s i s the case when / 9 , 11/ 

H Q » H L and E± > H ^ 2 / H Q . (21) 

In o r d e r t o e x p l a i n t h e f i n a l d e t a i l s o f the ARP e x p e r i m e n t 

we n e e d t o r e v i e w the s u p e r p o s i t i o n o f subsystems c o n c e p t u s e d 

i n the P r o v o t o r o v / 1 6 / s e c t i o n I n c h a p t e r 1. A s p i n system i n a 

s o l i d p l a c e d i n a l a r g e m a g n e t i c f i e l d c a n be d e s c r i b e d as a 

s u p e r p o s i t i o n o f a "Zeeman" subsystem and a " d i p o l e - d i p o l e " 

s u b s y s t e m . The c o u p l i n g s i n s i d e each s u b s y s t e m i s s t r o n g whereas 

T h e i r r e s u l t s s h o u l d be a n a l y s e d a l i t t l e f u r t h e r t h a n 
t h e y have done, however, i n o r d e r t o be c e r t a i n o f t h i s 
f a c t . T h i s i s done i n a p p e n d i x A . 
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the c o u p l i n g s between subsystems a r e weak. C o n s e q u e n t l y one c a n 

a s c r i b e an e n e r g y , and e n t r o p y . . . , t o each o f them /17/ . 

Thus t h e o r d e r o f the s p i n system t h a t e x i s t s a l o n g H e r 

(the Zeeman s u b s y s t e m ) b e f o r e the ARP ( o r the d e m a g n e t i z a t i o n 

and m a g n e t i z a t i o n ) i s n o t l o s t when H e r goes below H-^ but i s 

t r a n s f e r r e d t o t h e d i p o l e - d i p o l e s u b s y s t e m . T h i s c a n happen 

because the c o u p l i n g between them becomes s t r o n g when H e r 

becomes l e s s t h a n a few t i m e s t h e l o c a l f i e l d H L / 1 8 / . The 

t i m e c o n s t a n t f o r t h i s s t r o n g c o u p l i n g i s p r o b a b l y o f the same 

o r d e r as t h e s p i n - s p i n ( o r d i p o l e - d i p o l e ) i n t e r a c t i o n t i m e T g . 

S o , f o r t h e p r o c e s s o f e n e r g y and o r d e r t r a n s f e r between 

subsystems t o be r e v e r s i b l e , one r e q u i r e s the r e s t r i c t i o n 

*p » T 2 < 2 2 > 

on t h e passage t ime t h r o u g h r e s o n a n c e . In s o l i d s T 2 i s 

a p p r o x i m a t e l y 'o'H^ and h a s been d e f i n e d as T T g ( 0 ) ) / l , p 5 4 3 / . 

Note t h a t c o n d i t i o n (22) f o r s o l i d s i s j u s t the o p p o s i t e o f 

the c o n d i t i o n r e q u i r e d f o r l i q u i d s ; v i z , e x p r e s s i o n ( 2 ) . 

I V . MEASUREMENT OP THE RELAXATION TIME T-

A . ARP Two Pass Method 

By t h e Two P a s s Method we mean t h e f o l l o w i n g e x p e r i m e n t w h i c h 

i s s i m i l a r t o the TT -tT/2 p u l s e sequence commonly u s e d i n NMR 
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p u l s e s p e c t r o s c o p y . The s p i n system i s a l l o w e d t o r e a c h t h e r m a l 

e q u i l i b r i u m a t a magnetic f i e l d HQ+II some d i s t a n c e above 

r e s o n a n c e , ( f a r enough so t h a t H E R i s e f f e c t i v e l y a l o n g H 0 

but we s h a l l assume f o r s i m p l i c i t y t h a t h « . H Q ) t h e n two 

c o n s e c u t i v e a d i a b a t i c r a p i d p a s s a g e s s e p a r a t e d by a t ime t 

a r e p e r f o r m e d , t h e f i e l d b e i n g swept down t o H Q - h and back up 

a g a i n t o H Q + h . The e x p e r i m e n t c a n be r e p e a t e d f o r v a r i o u s 

v a l u e s o f t , and o b t a i n e d g r a p h i c a l l y . We s h a l l c o n s i d e r 

two c a s e s . 

1. Complete I n v e r s i o n o f t h e m a g n e t i s a t i o n 

The B l o c h / 1 8 / e q u a t i o n f o r the r a t e o f change o f the 

m a g n e t i z a t i o n M 2 t o i t s e q u i l i b r i u m v a l u e M Q f o r a system 

o f s p i n s p l a c e d i n a magnetic f i e l d H Q ( i n the z - d i r e c t i o n ) 

i s : 

d M 2 = -(M, - Mp) u ( 2 3 ) 

On I n t e g r a t i o n we o b t a i n : 

M z - M Q = C e x p ( - t / T 1 ) . (24) 

I f the f i r s t p a s s c o m p l e t e l y i n v e r t s the m a g n e t i z a t i o n , t h e n we 

c a n s e t o u r i n i t i a l c o n d i t i o n ( j u s t a f t e r the p a s s ) as 

M 2 ( 0 + ) = -MQ SO C = - 2 M Q and 

M Q - M 2 = 2M Q e x p f - t / T ^ . (25) 

The r e l a t i o n s h i p o f the ARP s i g n a l s one o b s e r v e s t o the 

m a g n e t i z a t i o n i s the f o l l o w i n g : the s i g n o f the s i g n a l on the 
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f i r s t p a s s (the down p a s s ) i s t h e same as M z and o f o p p o s i t e 

s i g n on the r e t u r n p a s s . Thus the s i g n a l o b t a i n e d on the f i r s t 

p a s s e q u a l s 

S Q = k M 0 , (26) 

where k i s t h e c o n s t a n t o f p r o p o r t i o n a l i t y and we mean S t o 

be the peak s i g n a l a m p l i t u d e . The s i g n a l o b t a i n e d on t h e r e t u r n 

p a s s some t i m e t a f t e r becomes: 

S t = - k M z , (27) 

t h e l o n g t ime asymptote s i g n a l w i l l b e : 

S ^ = - k M 0 , (28) 

and a p l o t o f ( S ^ - S^) v s t w i l l obey e q u a t i o n (25) i n 

t h e f o r m : 

- S t = 2 3 ^ e x p ( - t / T 1 ) . (29) 

So i f we p l o t l n ( S w - S t ) v s t we e x p e c t a s t r a i g h t l i n e o f 

s l o p e -1/Tj, a n d i n t e r c e p t l n 2S.,, . E q u a t i o n (29) a l s o g i v e s 

u s a q u i c k method f o r m e a s u r i n g T-̂  s i n c e the t i m e a t w h i c h S^ 

p a s s e s t h r o u g h a n u l l i s 

* n u l l = T i l n 2 • 

Some scope p i c t u r e s o f ARP s i g n a l s from doped w a t e r t h a t n i c e l y 

demonstrate the b e h a v i o u r p r e d i c t e d by the above e q u a t i o n s c a n 

be f o u n d i n Abragam / ! / P i g I I I - 5 . 
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2. Incomplete I n v e r s i o n o f the magnetism 

We now c o n s i d e r the c a s e when the B l o c h c o n d i t i o n i s n o t 

w e l l s a t i s f i e d and the i n v e r s i o n o f the magnetism i s n o t c o m p l e t e . 

L e t u s suppose t h a t t h e two r a p i d p a s s a g e s e a c h i n v e r t a f r a c t i o n 

x o f the m a g n e t i z a t i o n . Our i n i t i a l c o n d i t i o n t h e n j u s t a f t e r 

the f i r s t p a s s w i l l b e : 

M z ( 0 + ) = - x M Q • M Q ( 1 - x) = M Q ( l - 2 x ) , (31) 

the i n t e g r a t i o n c o n s t a n t becomes: 

C = M Q ( 1 - 2x) - M Q = - 2 x M Q , (32) 

and the f o r m u l a f o r t h e m a g n e t i z a t i o n i s : 

M z = M Q - 2xM 0 e x p f - t / T ^ ) . (33) 

The s i g n a l on the r e t u r n p a s s i n t h i s c a s e w i l l be p r o p o r t i o n a l 

t o - x M z so e q u a t i o n (33) becomes: 

- S t = k x M Q - k 2 x 2 M Q e x p ( - t / T x ) , (34) 

and on s u b s t i t u t i n g f o r t h e l o n g - t i m e s i g n a l 

S ^ = - k x M 0 we get 

- S t = 2xS^ e x p ( - t / T i ) . (35) 

We see t h a t a p l o t o f ln(S^> - S t ) vs t w i l l a g a i n be a 

s t r a i g h t l i n e and the s l o p e g i v e s us ^ even though the r a p i d 

p a s s a g e s are n o t p e r f o r m i n g a complete i n v e r s i o n . The i n v e r s i o n 

f a c t o r x c a n be o b t a i n e d from the i n t e r c e p t I n 2x3,* . We 

c a n n o t , however, j u s t use t h e n u l l method f o r m e a s u r i n g T, 
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s i n c e i n t h i s c a s e 

W = T i l n 2 x • 

B . ARP Symmetric Sweep Method 

In t h i s method we p e r f o r m a p e r i o d i c symmetric sweep t h r o u g h 

r e s o n a n c e and o b s e r v e the a m p l i t u d e s o f the ARP s i g n a l s a f t e r 

t h e i r s t e a d y s t a t e v a l u e s are r e a c h e d . We s h a l l a g a i n c o n s i d e r 

two c a s e s . The f i r s t b e i n g t h a t we have c o m p l e t e I n v e r s i o n o f 

the m a g n e t i z a t i o n on each p a s s a g e , t h a t i s , t h a t we have p r o p e r 

ARP c o n d i t i o n s ; and the s e c o n d b e i n g t h e c a s e when the i n v e r s i o n 

i s i n c o m p l e t e . 
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(36) 

Ik Complete i n v e r s i o n o f the m a g n e t i z a t i o n 

Suppose t h a t J u s t b e f o r e a r a p i d passage M z = M^ and 

J u s t a f t e r i t M z = - M ^ . Then i f we c a l l t h e t ime o f t h i s 

passage "t ime z e r o " , t h e i n t e g r a t i o n c o n s t a n t i n e q u a t i o n (24) 

becomes C = - M Q and the m a g n e t i z a t i o n 

M 2 = M 0 [ l - e - t / T l ] - M i e " t / T l . (37) 

Now suppose a t some l a t e r t i m e t-^ t h a t M z ( t 1 ) = M ^ , t h e n 

on s u b s t i t u t i n g t h i s v a l u e i n e q u a t i o n (37) we get a n e q u a t i o n 

f o r the s t e a d y s t a t e v a l u e o f M z d e v e l o p e d by p e r i o d i c symmetric 

sweeps s e p a r a t e d by a t ime t ^ 

M, = Kn E1 " e ^ l ^ l ] . ( 5 8 \ 

0 [ i • . - ^ i ] 
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I f a d i f f e r e n t i n t e r v a l between sweeps t_ I s c h o s e n , we w i l l 

d 

o b t a i n a d i f f e r e n t s t e a d y s t a t e v a l u e o f m a g n e t i z a t i o n , say M , 

and g e t the- r e s u l t o f C h i a r o t t i e t a l /5/ 

% [l - e-V 1!] [l • . (39) 

5 = [l + [ x . 

I f t „ = cx> M O = M _ (and M f o r h « H ) and we o b t a i n 
2 2 •© o 0 

t h e r e l a t i o n : 

M t = [ l - e ^ l (40) 

[ l + . ' * ' * ! ] 

where t i s now the i n t e r v a l between sweeps. 

The s i g n a l s o b s e r v e d f o r a p a r t i c u l a r p e r i o d i c sweep 

i n t e r v a l t w i l l be p r o p o r t i o n a l t o M^, but o f a l t e r n a t i n g 

s i g n , and w i l l obey the r e l a t i o n s (39) and ( 4 0 ) . P i c t u r e s o f 

s i g n a l s o f t h i s t y p e c a n be f o u n d i n Abragam / l / F i g 111-6. 

I f the M ^ / M ^ r a t i o i n e q u a t i o n (40) i s c a l l e d r , we 

have the f o l l o w i n g c o n v e n i e n t r e l a t i o n ; 

(1 - r ) / ( l + r ) = e x p ( - t / T 1 ) . (41) 

We c a n t h e n o b t a i n T-̂  from the l i n e a r p l o t o f I n ( l - r ) / ( l + r ) 

v s t and t a k e advantage o f t h e d a t a smoothing and a v e r a g i n g 

p o s s i b l e w i t h a p l o t such as t h i s . 

We a r e i n d e b t e d t o D r . L . G . H a r r i s o n f o r p o i n t i n g t h i s 
out t o u s . 
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2. Incomplete I n v e r s i o n o f the magnetism 

L e t x , t h e f r a c t i o n i n v e r t e d , be the same f o r b o t h sweep 

d i r e c t i o n s . Then suppose a g a i n t h a t J u s t b e f o r e a r a p i d passage 

M = M , . But i n t h i s case J u s t a f t e r i t M„ = M , ( 1 - 2x) and 

Z X *> X 

t h i s i n i t i a l c o n d i t i o n r e s u l t s i n the f o l l o w i n g e q u a t i o n : 

M z ( t ) = M Q [ l - e " t / T l ] + M i ( l - 2 x ) e " t / T l . (42) 

T h i s t i m e o u r c h o i c e o f t , s u c h t h a t M _ ( t n ) = M, g i v e s u s : 

X z 1 X [ l - e - V ^ l (43) 

The f a c t t h a t the s i g n a l s h e r e a r e p r o p o r t i o n a l t o xM-j_ p r e s e n t s 

no p r o b l e m as we o n l y measure s i g n a l r a t i o s i n t h e symmetric 

sweep e x p e r i m e n t , however, t h e p l o t o f I n ( 1 - r ) / ( l + r ) v s t 

i s no l o n g e r l i n e a r and the d e t e r m i n a t i o n o f T^ becomes 

complicated. G r a p h i c a l o r s u c c e s s i v e a p p r o x i m a t i o n methods have 

t o be u s e d and we cannot g e t T-̂  w i t h o u t f i n d i n g x some 

o t h e r way. 

The a n a l o g o u s e q u a t i o n t o (39) i n t h i s c a s e i s 

K2 [ l . ( 1 - 2 x ) e - t l / i l ] [ l - ] 

(44) 

We see t h a t f o r the same and t h e same p a i r o f sweep 

i n t e r v a l s (assuming t 1 ( t 2 ) e q u a t i o n (44) y i e l d s a l a r g e r 

M-^/Mg r a t i o t h a n e q u a t i o n ( 3 9 ) . C o n s e q u e n t l y i f we have 

symmetric sweep s i g n a l s o b t a i n e d u n d e r i n c o m p l e t e i n v e r s i o n 

c o n d i t i o n s and J u s t use e q u a t i o n (39) the T^ r e s u l t w i l l be 

too s m a l l . 
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c h a p t e r 6. 

ADIABATIC RAPID-PASSAGE I I . 

RAPID PASSAGE EXPERIMENTS 

We f i r s t e x h i b i t the e x p e r i m e n t s t h a t have h e l p e d us 

d e t e r m i n e the p r o p e r c o n d i t i o n s f o r a d i a b a t i c r a p i d passage i n 

s o l i d s . Then we p r e s e n t our l o c a l f i e l d measurements (which 

a l s o g i v e s us the s e c o n d moment) i n powder and s i n g l e c r y s t a l 

samples o f C a P 2 and i n l i t h i u m s t e a r a t e . F i n a l l y o u r T-j_ v a l u e s 

f o r the above samples and a v e r y pure s i n g l e c r y s t a l o f m a l e i c 

a n h y d r i d e a r e g i v e n . 

I . EXPERIMENTAL 

A . S p e c t r o m e t e r 

The e x p e r i m e n t s r e p o r t e d h e r e were done on t h e NMR 

s p e c t r o m e t e r system d e s c r i b e d i n chap 2 but w i t h some m o d i f i c a t i o n s 

and a d d i t i o n a l e q u i p m e n t . The i n - p h a s e component o f the NMR 
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s i g n a l was s e l e c t e d w i t h the a p p r o p r i a t e probe l e a k a g e ( d i s p e r s i o n 

p a d d l e ). 

An a t t e m p t was made to g e t h i g h e r v a l u e s a t 16 MHz 

t h a n the V a r i a n r f u n i t c o u l d p r o d u c e . An E i c o 90 watt amateur 

t r a n s m i t t e r was m o d i f i e d f o r use w i t h a V a r i a n V-4360C power 

s u p p l y (300 V B+ and 1 2 . 6 V dc f i l a m e n t s u p p l y ) and was c o n n e c t e d 

t o the NMR p r o b e . An H ^ v a l u e o f about 1.5 gauss was o b t a i n e d 

and ARP s i g n a l s were o b s e r v e d , but a c o i l i n the probe b u r n t up 

and so t h i s p r o j e c t was abandoned. 

1. M a g n e t i c f i e l d sweep 

The r a p i d passage was a c c o m p l i s h e d by a p p l y i n g the s q u a r e -

wave o u t p u t from a H e w l e t t - P a c k a r d 202A l o w - f r e q u e n c y f u n c t i o n 

g e n e r a t o r t o the sweep i n p u t o f the V-2200B magnet power s u p p l y . 

The m a g n e t i c f i e l d sweep r a t e s o b t a i n e d t h i s way v a r i e d from 154 

t o 340 g a u s s / s e c depending on the square-wave v o l t a g e and magnetic 

f i e l d i n t e n s i t y ; the sweep ranged from + 64 t o + 135 gauss about 

HQ. F o r sweep i n t e r v a l s l o n g e r t h a n c o u l d be o b t a i n e d w i t h the 

202A g e n e r a t o r , the sweep i n p u t was d e r i v e d from a 1.5 v o l t 

b a t t e r y w h i c h was c o n t r o l l e d by a h a n d - o p e r a t e d r e v e r s i n g s w i t c h . 

The n e g a t i v e sync p u l s e from the 202A g e n e r a t o r was u s e d t o 

t r i g g e r the o s c i l l o s c o p e f o r p r e s e n t a t i o n o f t h e ARP s i g n a l s . 

2. S i g n a l d i s p l a y 

S i n c e we wanted t o o b s e r v e the t r u e r a p i d - p a s s a g e s i g n a l 

s h a p e s , the s i g n a l was t a k e n out o f the r e c e i v e r i n the V-4210 r f 
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u n i t j u s t a f t e r the d i o d e d e t e c t o r . In t h i s way the d i s t o r t i o n 

c a u s e d hy the a - c c o u p l e d o u t p u t a m p l i f i e r was a v o i d e d . 

I n i t i a l l y a DuMont model 304H o s c i l l o s c o p e w i t h a l o n g p e r s i s t e n c e 

s c r e e n (P7 p h o s p h o r ) was u s e d . An e x t e r n a l c a p a c i t o r hank was 

b u i l t t o g e t the slow sweeps n e c e s s a r y f o r measurements. 

Measurements made by v i s u a l i n s p e c t i o n o f t r a c e s on t h i s scope 

i n d i c a t e d t h a t T-̂  and H-^ v a l u e s c o u l d be o b t a i n e d by t h e ARP 

t e c h n i q u e . A l s o the dependence o f t h e ARP s i g n a l shape on 

was o b s e r v e d f o r a f i x e d magnetic f i e l d sweep r a t e . 

More p r e c i s e measurements were d e s i r e d , however, and t h i s 

was a c c o m p l i s h e d as a r e s u l t o f the k i n d n e s s o f the UBC E l e c t r i c a l 

E n g i n e e r i n g Department who made a v a i l a b l e t h e f o l l o w i n g : 

T e k t r o n i x model 561A scope w i t h a P7 p h o s p h o r CRT, model 2A63 and 

2B67 p l u g - i n s ( d i f f e r e n t i a l a m p l i f i e r and time base u n i t s ) , and 

a T e k t r o n i x model 012 scope camera w i t h P o l a r o i d r o l l f i l m b a c k . 

The camera l e n s m a g n i f i c a t i o n was X 0 . 9 . 

3 . ARP s p e c t r o m e t e r system 

A b l o c k d i a g r a m o f o u r ARP s p e c t r o m e t e r system i s shown i n 

P i g 1. The probe l e a k a g e s u s e d , r e s u l t i n a c o n s t a n t v o l t a g e 

o u t p u t from t h e d i o d e d e t e c t o r o f about 1 t o 2 v o l t s . The r a p i d 

passage s i g n a l v o l t a g e s were much l e s s t h a n t h i s , so i n o r d e r t o 

use d - c c o u p l i n g i n the s c o p e , a b u c k - o u t v o l t a g e was a p p l i e d 

t o the - v e i n p u t o f the scope d i f f e r e n t i a l a m p l i f i e r . B u c k - o u t 

v o l t a g e s were o b t a i n e d w i t h a 25 kfl. p o t e n t i o m e t e r a c r o s s a 

1.5 o r 3 . 0 v o l t b a t t e r y . 
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Fig 1 Diagram of Adiabatic Rapid Passage Spectrometer 
Magnet System Not Shown. 
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In o r d e r t o o b s e r v e the shape o f t h e ARP s i g n a l , a f a s t 

scope sweep i s needed w h i c h c a n be d e l a y e d w i t h r e s p e c t t o the 

s t a r t o f t h e magnetic f i e l d sweep ( p o i n t a t w h i c h the 202A 

g e n e r a t o r p u t s out the scope t r i g g e r p u l s e ) . O f t e n t h i s e f f e c t 

c o u l d be a c c o m p l i s h e d by u s i n g the 5X sweep e x p a n s i o n o f the 

T e k t r o n i x s c o p e . However, n o t enough e f f e c t i v e d e l a y c o u l d be 

o b t a i n e d t h i s way f o r n a r r o w ARP s i g n a l s from l i q u i d s . T h e r e f o r e 

a T r i g g e r P u l s e Delay U n i t was b u i l t . I t i s a b a t t e r y powered 

s o l i d - s t a t e u n i t and the c i r c u i t d i a g r a m i s g i v e n l n a p p e n d i x B . 

A s i m p l e RO l o w - p a s s f i l t e r was b u i l t t o a t t e n u a t e the 

h i g h f r e q u e n c y n o i s e i n t h e ARP s i g n a l s . W i t h the f i l t e r 

c o n n e c t e d t o t h e T e k t r o n i x s c o p e , the r o l l - o v e r f r e q u e n c i e s 

(-6 db p o i n t s ) were c a l c u l a t e d t o be 7 . 6 , 13, 27, 54 and 160 k H z . 

The Dumont scope was c o n n e c t e d t o the u s u a l a u d i o s i g n a l 

o u t p u t j a c k o f the V-4210 r f u n i t and u s e d t o t u n e - u p t h e 

s p e c t r o m e t e r and m o n i t o r the r a p i d passage s i g n a l s . 

4 . C a l i b r a t i o n s 

The c a l i b r a t i o n s d e s c r i b e d i n chap 2 were u s e d f o r 

r a p i d passage e x p e r i m e n t s done a t t h e 16 MHz f r e q u e n c y . H a t 

8 MHz was c a l i b r a t e d u s i n g the A n d e r s o n method ( f o r a r e a d i n g o f 

50 x 10 jAa. on t h e r f l e v e l m e t e r ) . S i n c e the X l O meter range 

was l i n e a r i n H 1 a t 16 MHz, i t was assumed t h a t one c a l i b r a t i o n 

p o i n t on t h i s range a t 8 MHz was enough. H a t 13 x 100 JJLB. 

was f o u n d by c o m p a r i n g the ARP s i g n a l w i d t h s l n l i q u i d t r l f l u o r o -

a c e t i c a c i d and CaP powder. 
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The magnetic f i e l d sweep rates at resonance dHQ/dt were 
obtained by measuring the width-at-half-height (&H) passage time 
t f o r l i q u i d sample ARP signals. For l i q u i d s oH = 412 * H^. 

B. Samples 

The OaPg powder sample was the one described i n chap 2. 

The CaP 2 c r y s t a l sample was a colourless na t u r a l l y occurring 
single c r y s t a l kindly supplied by the Geology Department. I t 
was cleaved along the (111) planes and some of the edges chipped 
away u n t i l i t f i t t e d inside the 16 mm dia probe receiver c o i l 
with the [ o i l ] c r y s t a l direction perpendicular to the c o l l 
plane. 

The l i t h i u m stearate (Li0 1g) powder sample was i n a 15 mm 
dia test tube and was from the same batch of not-fused soap 
used f o r the LiC-^g sample described i n chap 3. 

The maleic anhydride single c r y s t a l was i n a sealed-off 
15 mm dia glass tube. The sample came to us from the National 
Research Council of Canada, Pure Chemistry Division. Dr. W.G. 
Schneider of N.R.C. requested of Prof. L.W. Reeves of t h i s 
department, a measurement of i n t h i s very pure c r y s t a l . 
Dr. Reeves' pulse spectrometer was not suitable f o r solids and 
so we agreed to attempt the measurement by ARP. 

The samples were at room temperature for a l l the experi
ments i n t h i s chapter. 
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C. Method 

1. OaFo c r y s t a l mounting 

The C a F 2 s i n g l e c r y s t a l was a t t a ched to the bottom o f a 

15 mm d i a t e s t tube w i th the [ O i l ] c r y s t a l d i r e c t i o n a long the 

tube a x i s . Th i s put [oil] p e r p e n d i c u l a r to the f i e l d H Q when 

the tube was h e l d i n the NMR probe w i th the V a r i a n sample h o l d e r . 

The c r y s t a l c o u l d then be r o t a t e d about the [oil] a x i s to p l a c e 

HQ a long the [ i l l ] , [oil] o r [lOO] c r y s t a l d i r e c t i o n s . The 

(111) c l eavage p lanes gave us the [ i l l ] d i r e c t i o n s and a paper 

s c a l e marked i n 5° i n t e r v a l s taped to the probe was used to 

p o s i t i o n the h o l d e r f o r the o t h e r s . I t was e s t ima ted t h a t the 

e r r o r s i n the c r y s t a l o r i e n t a t i o n s o b t a i n e d t h i s way were not 

g r e a t e r than + 3 ° . A l though t h i s a l ignment i s not as p r e c i s e 

as t ha t ob t a i ned by o the r workers / l , 2, 3/» we d i d not use 

the NMR exper iment to get i t as they d i d . 

2. S i g n a l shape and H^ measurements 

The spec t rometer system shown i n F i g 1 was used to make H^ 

measurements and to s tudy the dependence o f the r a p i d passage 

s i g n a l s on H^ and d H 0 / d t . A l though sweeping back and f o r t h 

by means o f the 202A gene ra to r was not necessa r y f o r these 

exper iments , t h i s method p r o v i d e d a conven ien t means f o r scope 

t r i g g e r i n g , o p t i m i z i n g a m p l i f i e r s e t t i n g s , and scope camera 

o p e r a t i o n . 
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3. T^ measurements 

The set-up i n Fig 1 and the symmetric sweep method was used 

to measure the T-̂  values i n the CaF 2 and LiO^g samples. The 

following procedure was developed: The steady-state signal 

amplitudes for a series of sweep i n t e r v a l s , each d i f f e r i n g hy 

a f a c t o r of 2, are measured. The signal r a t i o s S(4t)/S(t) 

are tabulated (where t i s the i n t e r v a l between sweeps). Then 

t/T^ and hence are found graphically from the universal 

p l o t R(4t/T 1) vs t/T-j^, where: 

R ( 4 t / I l > = [ l I t 1 ' 

Expression (1) i s just equation (5-39) f o r a p a r t i c u l a r case. 

See Fig 1 , r e f /4/ f o r a series of R(nt/T 1) vs t/T curves. 

The best r e s u l t s are obtained when we have a S(4t)/S(t) r a t i o 

i n which t ~£ T . I f t = ^ , an error of 6.3% i n the 

S(4t)/S(t) measurement re s u l t s l n a 10% error i n the value. 

We can also use the S(2t)/S(t) r a t i o s and the appropriate plot 

to get T^, but an error of only 3,1% i n the r a t i o now y i e l d s 

a 10% error i n T^. 

The curves i n t h i s figure were calculated by T.J.R. Oyr 
on the U.B.O. IBM 7040 computer. The author established 
the technique of doubling ARP symmetric sweep in t e r v a l s 
and hand calculated values f o r the i n i t i a l R(4t/T.) vs 
t/T-, curve. See appendix C f o r further comments on 
r e f V V . 
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The r e l a t i o n (5-41) was d i s c o v e r e d a f t e r t h e e x p e r i m e n t s 

d e s c r i b e d h e r e were c o m p l e t e d and the a u t h o r h a d l e f t the 

u n i v e r s i t y . Thus the s i g n a l v a l u e s p r o p o r t i o n a l t o were 

n o t measured and we cannot use the l n ( l - r ) / ( l + r ) v s t p l o t 

d e s c r i b e d i n chap 5 t o o b t a i n T-̂  v a l u e s from o u r symmetric 

sweep measurements. 

The l o n g T^ v a l u e i n the m a l e i c a n h y d r i d e c r y s t a l was 

measured by the two p a s s (TT- Tf/2) method. The magnet sweep 

was c o n t r o l l e d w i t h the hand o p e r a t e d s w i t c h . S e v e r a l e q u i l i 

b r a t i o n t i m e s h a d t o be t r i e d . The f i n a l e x p e r i m e n t was p e r f o r m e d 

a f t e r t h e sample h a d been i n the m a g n e t i c f i e l d 14 h r . 

I I . RESULTS AND DISCUSSION 

A . S i g n a l Shape and the A d i a b a t i c C o n d i t i o n 

In o r d e r t o s i m p l i f y n o t a t i o n l e t us r e w r i t e t h e B l o c h 

a d i a b a t i c c o n d i t i o n (5-1) as 

A = T J H ^ A d H y d t ) » 1 . (2) 

E x p r e s s i o n (2) a l s o d e f i n e s the p a r a m e t e r A and i t s v a l u e w i l l 

t e l l us t o what degree we have s a t i s f i e d the above c o n d i t i o n . 

S i m i l a r l y the weaker c o n d i t i o n ( 5 - 1 9 ) , o b t a i n e d from the Powles 

a d i a b a t i c c o n d i t i o n ( 5 - 1 8 ) , becomes: 
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B 5 TTH-L H j / ( d H / d t ) » 1 . (3) 

S i n c e we s h a l l be e x a m i n i n g r a p i d passage s i g n a l s o b t a i n e d 

u n d e r v a r i o u s c o n d i t i o n s , l e t us w r i t e down now f o r c o m p a r i s o n 

t h e s i g n a l e x p e c t e d when t h e r a p i d passage i s a d i a b a t i c . The 

t r a n s v e r s e component o f t h e m a g n e t i z a t i o n M x r d u r i n g an ARP 

i s g i v e n by eqn (5-13) and s i n c e t h e ARP s i g n a l i s t h a t i n d u c e d 

by M x r , t h e form o f t h e s i g n a l i s : 

S ( h ) = + k MQ H X F ( 4 ) 

[ H l 2 + h 2 + H L 2 ] * ' 

where k i s a p r o p o r t i o n a l i t y c o n s t a n t and we r e c a l l t h a t h 

i s t h e d i s t a n c e from t h e c e n t r e o f the l i n e i n g a u s s . 

F i g 2 shows the v a r i a t i o n o f t h e r a p i d passage s i g n a l shape 

( H i r e s o n a n c e ) i n L i G g w i t h Hx f o r a f i x e d m a g n e t i c f i e l d 

sweep r a t e . The r f f r e q u e n c y i s 16 MHz and d H Q / d t = 226 g a u s s / s e c . 

The H-^ v a l u e s and a d i a b a t i c c o n d i t i o n p a r a m e t e r s A and B 

a r e l i s t e d i n T a b l e I. 

T a b l e I - C o n d i t i o n s f o r L l C l 8 s i g n a l s i n F i g 2 

T r a c e * 
number gauss 

A B # 

27a 0 . 2 0 7 5.1 62 
b 0.155 2.85 47 
c 0 . 1 0 4 1.30 31 

28a 0 . 0 7 8 0.71 2 3 . 2 
b 0 . 0 5 2 0 . 3 2 1 5 . 6 
c 0 . 0 3 7 0.16 11 .0 

a b e l e d a , b , c , from t o p t o bottom f o r each scope p i c t u r e . 
L = 2.53 gauss by ARP. 



F i g 2 Rapid passage signal shape in l i t h 
ium stearate as a function of the 
adiabatic parameter A . 
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Fig 3 - Rapid passage signal shape in CaFpj *o 
HQ along [100], as a function of the ^ 
adiabatic parameter A . 
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We see t h a t f o r low H ( 0 . 0 3 7 G) t h e s i g n a l i s the s t e a d y - s t a t e 

d i s p e r s i o n c u r v e and t h a t the shape t r a n s f o r m s as H 1 i s 

i n c r e a s e d u n t i l a t H-^ = 0.207 we have a t r a c e o f t h e shape 

e x p e c t e d f o r a n ARP s i g n a l . We p r o p o s e t h a t the s i g n a l shape 

c a n be u s e d as a c r i t e r i o n o f whether o r n o t t h e a d i a b a t i c 

c o n d i t i o n i s f u l f i l l e d . F o r T r a c e 28c (B^ = 0.037 G) the Powles 

a d i a b a t i c p a r a m e t e r B e q u a l s 11 .0 and t h i s i s >̂  1. Y e t we see 

t h a t t h e s i g n a l shape i s t h a t o f a d i s p e r s i o n c u r v e . T h i s s u g g e s t s 

t h a t the weaker c o n d i t i o n (3) i s n o t a s a t i s f a c t o r y c r i t e r i o n 

f o r a d i a b a t i c p a s s a g e . The shape o f T r a c e 27a (H^ = 0 . 2 0 7 G) 

a p p e a r s t o be r e a s o n a b l y c l o s e t o t h a t e x p e c t e d f o r an ARP s i g n a l 

( e q u a t i o n 4) and one might e x p e c t t h a t the c o r r e c t a d i a b a t i c 

c o n d i t i o n t o be l a r g e l y s a t i s f i e d . Here A = 5.1 w h i c h i s 

r e a s o n a b l y l a r g e compared t o u n i t y i n c o n f o r m i t y w i t h t h e B l o c h 

c o n d i t i o n ( 2 ) . 

S i m i l a r r e s u l t s a t 16 MHz ( F 1 ^ r e s o n a n c e ) were o b t a i n e d w i t h 

the CaPp powder s a m p l e . A l s o an e x p e r i m e n t was done i n w h i c h H_ 
*- 1 

was c o n s t a n t and dHg/dt v a r i e d . The same dependence o f s i g n a l 

shape on A was o b s e r v e d . 

In o r d e r t o use h i g h e r v a l u e s o f H ^ and t h u s o b t a i n a 

l a r g e r range o f A and B v a l u e s , the f o l l o w i n g e x p e r i m e n t s 

were done a t 8 MHz. The r a p i d passage s i g n a l s o b t a i n e d from the 

CaPg c r y s t a l ([100] a l o n g H Q ) f o r v a r i o u s H 1 v a l u e s are 

r e p r o d u c e d i n P i g 3 . We a g a i n see t h e t r a n s f o r m a t i o n o f the 

s i g n a l from a d i s p e r s i o n c u r v e a t the bottom t o an ARP s i g n a l 

shape a t the t o p . The d a t a f o r P i g 3 a r e g i v e n i n T a b l e I I . 



chap 6 99 

Table II - Conditions f o r CaF^ signals i n Pig 3*. 

Trace 
number gauss 

A ? 
36a 0.800 50 131 

b 0.574 26 94 
c 0.287 6.5 47 
d 0.144 1.62 23.5 

37a 0.075 0.44 12.2 
b 0.075 0.44 12.2 
c 0.034 0.09 5.6 
d 0.017 0.02 2.8 

• f t 

dH Q/dt = 319 gauss/sec. 
# = 2.07 gauss from t h e o r e t i c a l second moment /5/. 

We see i n Pig 3 that traces 37a and 37D s t i l l have a large degree 

of dispersion curve character yet B = 12.2. >A, on the other hand, 

i s 0.44 at t h i s point. The shape of trace 36c appears to be 

sa t i s f a c t o r y and here A = 6.5. 

Pig 4 shows that CaPg c r y s t a l rapid passage signals obtained 

at various values when [ i l l ] i s along H Q. For t h i s c r y s t a l 

d i r e c t i o n i s only 0.86 gauss (from t h e o r e t i c a l second moment 

i n r e f /5/). Thus has to be larger to achieve a given B 

value, but there i s s t i l l a s i g n i f i c a n t amount of dispersion 

character i n the trace f o r which B = 11.2 (51.h). A = 1.9 f o r 

t h i s trace. The adiabatic condition i s probably s a t i s f i e d f o r 

trace 49b. The signal has the shape expected f o r a true ARP 

except f o r a l i t t l e bump on the l e f t side which we s h a l l discuss 

l a t e r . The Bloch adiabatic parameter A f o r t h i s trace equals 

7.7, a value large with respect to 1. The data f o r Fig 4 are 

l i s t e d i n Table I I I . 
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T a b l e I I I - C o n d i t i o n s f o r CaP s i g n a l s i n P i g 4 * . 

T r a c e IL, A B Trace H , A ' 
gauss ganss 

B 

50a 
b 

51a 
b 
c 

0 . 2 3 8 5 . 0 
0 . 2 0 8 3 . 8 
0.178 2 . 8 
0 . 1 4 8 1.9 
0.119 1.2 

17.9 
1 5 . 6 
1 3 . 4 
11.2 

8.9 
49a 

b 

48a 
b 
c 

0 . 5 3 4 25 40 
0.475 20 36 
0.416 15.2 31 
0.356 11.1 27 
0.297 7 .7 22 

d H n / d t = 288 g a u s s / s e c . 

The above r e s u l t s s t r o n g l y suggest t h a t c o n d i t i o n (2) 

d e t e r m i n e s t h e r a p i d passage s i g n a l s h a p e . The f o l l o w i n g 

o b s e r v a t i o n makes u s more c e r t a i n o f t h i s . T r a c e 51c i n P i g 4 

h a s a c h a r a c t e r i s t i c shape t h a t makes f o r e a s y c o m p a r i s o n . 

A = 1.2 f o r t h i s t r a c e and B = 8 . 9 . Now one s h o u l d l o o k a t the 

LiC-j^g and CaPg s i g n a l s i n P i g s 2 and 3 , and i n t e r p o l a t e t o 

f i n d t h e A and B v a l u e s f o r the p o i n t s a t w h i c h t h e shapes 

a r e about t h e same as 51c. One f i n d s t h a t A 1 .0 f o r b o t h , 

whereas t h e B v a l u e s a r e about 27 and 18 r e s p e c t i v e l y . T h e r e f o r e 

we c o n c l u d e t h a t t h e s i g n a l shape depends on t h e a d i a b a t i c 

p a r a m e t e r A and the B l o c h a d i a b a t i c c o n d i t i o n (2) i s t h e 

c o n d i t i o n t h a t must be s a t i s f i e d . 

What r e m a i n s now i s t o d e c i d e how l a r g e A i s r e q u i r e d t o 

b e . As m e n t i o n e d a b o v e , t h e C a P 2 t r a c e 49b (A = 7 . 7 ) i n P i g 4 

h a s a l i t t l e bump on the l e f t s i d e o f t h e s i g n a l . I t a p p e a r s t o 

be some v e s t i g a l d i s p e r s i o n s i g n a l and i s gone when A = 11 .1 . 

There might be a s i m i l a r bump i n t h e C a P 2 t r a c e 36 c (A = 6 . 5 ) i n 

P i g 3 , hut we cannot be s u r e because o f t h e n o i s e . There i s a 

bump on the L I C - L Q t r a c e 27a (A = 5 . 1 ) i n P i g 2. I t i s much 
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s m a l l e r i n a s i g n a l o b t a i n e d w i t h A = 7 .7 and i s p r o b a b l y 

c o m p l e t e l y gone when A = 10. T h e r e f o r e i n v i e w o f t h e above 

r e s u l t s we s u g g e s t t h a t a d i a b a t i c c o n d i t i o n s a r e o b t a i n e d and 

t h e i n v e r s i o n o f m a g n e t i z a t i o n i s complete d u r i n g a r a p i d 

passage when A ^ 1 0 . 

The above r e q u i r e m e n t i s a l i t t l e s t r o n g e r t h a n t h a t 

c a l c u l a t e d by B e n o l t / 6 / . B e n o i t s o l v e d t h e B l o c h /I/ e q u a t i o n s 

w i t h an e l e c t r o n i c a n a l o g computer f o r t h e r a p i d passage 

e x p e r i m e n t . He f o u n d and t a b u l a t e d t h e i n v e r s i o n f a c t o r 

F = Mf/M^ , where Mj_ and M f a r e the magnetic moments i n the 

z - d i r e c t i o n b e f o r e and a f t e r t h e p a s s a g e , f o r v a r i o u s A v a l u e s . 

F o r e x a m p l e : F = - 0 . 9 2 f o r A = 2, - 0 . 9 9 f o r A = 3 . 1 3 , and 

- 0 . 9 9 9 9 5 f o r A = 10. These r e s u l t s have been v e r i f i e d e x p e r i 

m e n t a l l y f o r r a p i d p a s s a g e s i n l i q u i d s / 6 , 8/. Z h e r n o v o i / 9 / 

h a s r e c e n t l y s o l v e d t h e B l o c h e q u a t i o n s f o r t h i s c a s e a n a l y t i c a l l y 

and o b t a i n s t h e e q u a t i o n 

F = 2 - e x p ( - fTA/2) - 1 . (5) 

He s a y s t h a t i t a g r e e s v e r y w e l l w i t h \ B e , n p i t 1 s v a l u e s . 

B . L o c a l F i e l d Measurements 

1. Measurements a t 16 MHz 

F i g 5 r e p r o d u c e s a p a i r o f ARP s i g n a l s ( F 1 ^ r e s o n a n c e ) 

o b t a i n e d a t 16 MHz f o r w h i c h the r f l e v e l and f i e l d sweep r a t e s 

a r e i d e n t i c a l . See T a b l e I V . Number 17 i s o f the C a F P powder 
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sample and 19 o f l i q u i d t r i f l u o r o a c e t i c a c i d (TFA) i n a 10 mm d i a 

t u b e . We r e c a l l t h a t the ARP s i g n a l w i d t h a t h a l f h e i g h t i s 

base l i n e s are g r i d l i n e s 1 cm from bottom o f scope s c r e e n ) . 

T h i s y i e l d s a H L v a l u e o f 1.47 gauss f o r powdered C a F 2 . H L 

c a l c u l a t e d from the t h e o r e t i c a l r i g i d l a t t i c e s e c o n d moment f o r 

p o l y c r y s t a l l i n e CaFg / 5 , 1 0 / i s a l s o 1.47 g a u s s . T h i s e x c e l l e n t 

agreement gave us c o n f i d e n c e i n the method and so we went on t o 

measure i n o t h e r s a m p l e s . 

ARP s i g n a l s from the C a F 2 s i n g l e c r y s t a l w i t h [ i l l ] , [ o i l ] 

and [lOO] s u c c e s s i v e l y a l o n g Hp are r e p r o d u c e d i n P i g 6. The 

c o n d i t i o n s are the same as a b o v e . I n f a c t the m a g n e t i c f i e l d 

sweep and r f l e v e l s e t t i n g s were n o t t o u c h e d . Thus the f i e l d 

sweep r a t e c a l i b r a t i o n o b t a i n e d from t r a c e 19 ( l i q u i d s i g n a l ) 

c a n be u s e d h e r e . The d a t a and r e s u l t s f o r P i g 6 are a l s o l i s t e d 

i n Table I V . 

There i s a g a i n v e r y good agreement w i t h t h e o r y . The p e r 

centage d i f f e r e n c e s between t h e e x p e r i m e n t a l and t h e o r e t i c a l H L 

v a l u e s a r e 2 . 3 , 0 . 4 , and 4 . 0 ^ f o r the [ i l l ] , [oi l ] and [lOO] 

d i r e c t i o n s r e s p e c t i v e l y . The l i n e w i d t h f o r the [ i l l ] d i r e c t i o n 

i s q u i t e o r i e n t a t i o n - s e n s i t i v e / l / and any m i s a l i g n m e n t r e s u l t s 

i n a s i g n i f i c a n t e r r o r i n the measured H ^ . A f t e r t h e s e e x p e r i m e n t s 

were done i t was f o u n d t h a t the n a r r o w e s t s i g n a l was o b t a i n e d when 

the c r y s t a l was r o t a t e d about 2 . 5 ° from the o r i e n t a t i o n we h a d 

t h o u g h t c o r r e s p o n d e d t o [ i l l ] a l o n g H Q . The d i r e c t i o n i n w h i c h 

o u r r e s u l t s d e v i a t e from the t h e o r e t i c a l v a l u e s i s c o m p a t i b l e 

The measured r a t i o 

o f the t p ' s ( C a P 2 t o TPA) i n P i g 5 i s 5 . 8 3 / 1 . 0 ( t p = S H / ( d H 0 / d t ) , 
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w i t h s u c h a m i s a l i g n m e n t - v i z , [ i l l ] H L a l i t t l e t o o h i g h 

and [lOO] t o o l o w . 

T a b l e IV - H ^ measurements i n C a F 2 a t 16 MHz 

T r a c e Sample d i r e c 
t i o n 

Scope# 
sweep 
ms/cm 

p i c . 
cm msec 

e x p t . 
gauss 

H _ * * 
t n e o . 
gauss 

17 powder 20 0 . 9 5 21.1 1.47 1.47 
19 TFA l i q . 2 1 .63 3 . 6 2 

20 X t a l [ I l l ] 10 1.16 
21 ti II II 1.17 12.9 0 . 8 8 0 . 8 6 
22 II [ O i l ] n 1.65 1 8 . 3 1.27 1.27! 
23 n [100] II 2.55 2 8 . 3 1.99 2.07 

* H X = 0 . 2 5 6 G, d H 0 / d t = 245 G / s e c , A = 6 . 7 . 

#Fast sweeps. The slow sweeps t h a t c a n be seen i n the 
X t a l s i g n a l s were u s e d t o h e l p e s t a b l i s h base l i n e 
p o s i t i o n . 

C a l c u l a t e d from the t h e o r e t i c a l s e c o n d moments i n 
r e f / 5 / . 

The l o c a l f i e l d ( H 1 r e s o n a n c e ) was a l s o measured i n a L i C ^ g 

powder sample a t room t e m p e r a t u r e . The c a l i b r a t i o n s i g n a l was 

from w a t e r i n a 6 mm d i a t u b e . (R^ = 0.255 G a t 16 MHz, d H Q / d t = 

227 G / s e c , A = 7 . 7 ) . The measured t p r a t i o , 9 . 9 5 / 1 . 0 , y i e l d e d 

H L = 2.53 g a u s s . T h i s i s l e s s t h a n 6% d i f f e r e n t from 2.68 gauss 

t h e H L v a l u e c a l c u l a t e d from the e x p e r i m e n t a l average s e c o n d 

moment v a l u e g i v e n i n chap 3 . 

The above r e s u l t s were v e r y good I n s p i t e o f the f a c t t h a t 

t h e v a l u e s o f the a d i a b a t i c p a r a m e t e r A were l e s s t h a n we would 

have l i k e d them t o b e . Some asymmetry w h i c h we have a s c r i b e d t o 

r e s i d u a l d i s p e r s i o n c a n be seen i n a l l the s o l i d sample ARP 
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s i g n a l s i n P i g s 5 and 6. The s m a l l amount o f d i s p e r s i o n a p p e a r s 

t o add a l i t t l e t o one s i d e o f t h e l i n e and s u b t r a c t a l i t t l e 

from t h e o t h e r w i t h the n e t r e s u l t t h a t t h e e r r o r i n t h e w l d t h - a t -

h a l f - h e i g h t measurement i s q u i t e s m a l l . 

2. Measurements a t 8 MHz 

The f o l l o w i n g measurements were done a t 8 MHz t o make use 

o f the h i g h e r H-^ l e v e l s a v a i l a b l e a t t h i s f r e q u e n c y . ARP 

s i g n a l s c o u l d t h e n be o b t a i n e d f o r h i g h v a l u e s o f t h e B l o c h 

a d i a b a t i c p a r a m e t e r A . Examples o f the ARP s i g n a l s o b t a i n e d from 

the C a P 2 powder and TPA l i q u i d samples a r e shown i n P i g 7 

(H-L = 0 . 5 9 4 G, d H Q / d t = 329 G / s e c , A = 27, #40 i s C a P 2 , #39 i s T P A ) . 

We see t h a t t r a c e #40 i s q u i t e symmetric and shows no r e s i d u a l 

d i s p e r s i o n . Two 0 a P 2 powder ARP s i g n a l s f o r H x = 0 . 5 9 4 G were 

m e a s u r e d . A p a i r o f TPA l i q u i d sweep c a l i b r a t i o n s i g n a l s were 

o b t a i n e d f o r e a c h . The d a t a and r e s u l t s a r e l i s t e d i n T a b l e V. 

T a b l e V - H-^ measurements i n powder CaPp a t 8 MHz* 

T r a c e Sample 
Scope 
sweep 
ms/cm 

&H 
p i c . 
cm 

t 
P 

msec 

H L 

gauss 

33 
34 
35 

TPA 
II 

C a P 2 

10 
4 

10 

0 . 5 6 
1 .40 
1 .54 

6.22 
6 . 2 2 

17.10 1.52 

38 
39 
40 

TPA 
II 

0 a P 2 10# 

1.38 
1 .43 
1.50 

6.25 
1 6 . 6 7 1.47 

* H X = 0 . 5 9 4 G, A = 27 

^Past sweeps. The slow sweeps s e e n i n P i g 7 are 0 . 5 sec/cm 
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These results (1.52 and 1.47 G) are i n excellent 

agreement with the t h e o r e t i c a l value of 1.47 gauss (the 1.52 G 

resu l t d i f f e r s by only 3.4$). 

ARP signals i n the CaFg single c r y s t a l f o r the usual three 

c r y s t a l directions were also observed and photographed at 8 MHz. 

The data are l i s t e d i n Table VI. Unfortunately H^ values could 

not be obtained here because we did not record a c a l i b r a t i o n 

signal from a l i q u i d sample f o r the p a r t i c u l a r f i e l d sweep 

settings used here*. The square wave amplitude setting on the 

202A generator was the same as that used for the measurements 

l i s t e d i n Table V (CaF 2 powder) but the frequency was d i f f e r e n t . 

Table VI - £H measurements In the CaF P c r y s t a l at 8 MHz 

H 0 &H SK 
Trace di r e c  p i c . r a t i o s * D i f f . 

t i o n cm obs. c a l c . 

45 [111] 1.41 0.83 0.775 6.6% 
44 Con] 1.70 1.00 1.00 
43 [100] 2.42 1.42 1.48 4.1$ 

For H-ĵ  = 0.77 G and t h e o r e t i c a l H L values from 
second moments i n r e f /5/. 

The longer T x i n the CaFg single c r y s t a l dictated a longer 

period between sweeps. (The f i e l d sweep rate calculated from 

trace 43 i s 285 G/sec and so A = 52.) We therefore have l i s t e d 

i n Table VI the observed S H r a t i o s , with respect to S H f o r 

[Oil] along HQ, f o r comparison with calculated r a t i o s . 

Unfortunately t h i s was r e a l i s e d a f t e r the author had 
l e f t the u n i v e r s i t y . 



chap 6 106 

The agreement i s q u i t e good c o n s i d e r i n g t h e f a c t t h a t h e r e 

i s a p p r o a c h i n g and so an e r r o r i n i t s c a l i b r a t i o n i s 

r e f l e c t e d more s t r o n g l y i n $>H t h a n i n the 16 MHz measurements. 

3 . Second moments 

2 h 

The r o o t mean square s e c o n d moment <&H y3 i s e q u a l t o 

H ^ . The r o o t s e c o n d moments o b t a i n e d from o u r average r e s u l t 

f o r H L i n p o l y c r y s t a l l i n e C a F 2 ( a v . o f 2 a t 8 MHz and 1 a t 

16 MHz) and from o u r H L r e s u l t s f o r H Q a l o n g [ i l l ] , [ O i l ] 

and [lOO] i n t h e C a F 2 s i n g l e c r y s t a l (at 16 MHz) are p r e s e n t e d 

i n T a b l e V I I . 

T a b l e V I I - <AH 2>^ i n g a u s s , f o r P 1 9 i n 0 a P 2 

Sample 
' H 0 

d i r e c 
t i o n 

ARP 
t h i s 
work 

P u l s e 

Lowe 

CW 

Bruce 

Theory 

O ' R e i l l y 

powder - 2.58 2.51 2 . 4 9 * 2.55 

X t a l 
II 

II 

[ I l l ] 
[0113 
C100] 

1.52 
2.20 
3 . 4 5 

1 . 4 ? 
2.18 
3 . 5 4 

1.55 
2.2 
3.49 

1.49 
2.21 
3.59 

T h i s work. O t h e r r e s u l t s : 2.53 (Lowe), 2.65 ( O ' R e i l l y ) . 
Lowe: Prom f r e e i n d u c t i o n decay s i g n a l / 3 / . 
B r u c e : Averages o f moments from CW s p e c t r a / l / . 
O ' R e i l l y : T h e o r e t i c a l moments f o r a r i g i d l a t t i c e / 5 / . 

The moments d e t e r m i n e d by B a r a a a l and Lowe / 3 / from f r e e - i n d u c t i o n -

decay c u r v e s , t h e a v e r a g e s o f the moments r e p o r t e d by Bruce / l / , 

and the t h e o r e t i c a l moments c a l c u l a t e d f o r r i g i d l a t t i c e 

p a r a m e t e r s by O ' R e i l l y and Tsang / 5 / a r e a l s o g i v e n i n T a b l e V I I . 

Our r e s u l t s compare v e r y w e l l w i t h t h o s e o b t a i n e d by B a r n a a l 

and Lowe u s i n g an NMR p u l s e s p e c t r o m e t e r . In f a c t o u r r e s u l t 
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f o r C a F 2 powder (where t h e r e i s no e r r o r due t o m i s a l i g n m e n t ) 

i s s l i g h t l y b e t t e r . T h e i r r e s u l t s r e p r e s e n t n i n e y e a r s o f 

r e f i n e m e n t o f the f r e e - i n d u c t i o n - d e c a y - s h a p e measurement 

t e c h n i q u e / 2 , 3 / . See a l s o r e f e r e n c e s i n / 3 / . The p h o t o g r a p h e d 

f i d - c u r v e s have t o be m e a s u r e d , c o r r e c t e d f o r f i n i t e p u l s e 

w i d t h s and r e c e i v e r b a n d w i t h , and a power s e r i e s o r o t h e r 

f u n c t i o n f i t t e d t o them / 3 / . Our ARP method o n l y i n v o l v e s a 

p a i r o f l i n e w i d t h measurements and an c a l i b r a t i o n . A l s o 

t h e a p p a r a t u s i s s i m p l e r t h a n t h a t f o r p u l s e s p e c t r o s c o p y . 

L i k e the p u l s e e x p e r i m e n t , the ARP e x p e r i m e n t i s p e r f o r m e d 

i n l e s s t h a n a s e c o n d . T h e r e f o r e s e c o n d moment v e r s u s t e m p e r a t u r e 

s t u d i e s c a n be done by ARP i n much l e s s t ime t h a n by the u s u a l 

CW t e c h n i q u e . In a d d i t i o n t h e ARP method i s p o t e n t i a l l y more 

a c c u r a t e . There seems t o be l e s s chance o f e r r o r l n the ARP 

s i g n a l l i n e w i d t h measurement t h a n i n t h e r e s u l t o f t h e 

n u m e r i c a l double i n t e g r a t i o n o f t h e CW d e r i v a t i v e s p e c t r u m . 

A l s o a s e c o n d moment measurement c a n be made by ARP even i f the 

s p i n l a t t i c e r e l a x a t i o n t i m e i s v e r y l o n g and the n o r m a l CW 

s i g n a l i s s a t u r a t e d . 

C . T-̂  Measurements 

1 . CaP^ s i n g l e c r y s t a l 

Some t y p i c a l ARP symmetric sweep s i g n a l s a r e shown i n P i g . 8. 

They were o b t a i n e d from t h e C a P 2 s i n g l e c r y s t a l sample a t 8 MHz. 

H Q i s a l o n g [ i l l ] , K± = 0 . 7 6 gauss and A i s about 6 2 . The scope 
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s low sweep r a t e ( l o w e r t r a c e ) was 1.0 sec/cm f o r p l a t e s 72 and 

7 4 , 2 . 0 sec/cm f o r 7 6 , and 5 . 0 sec/cm f o r 7 7 . The f a s t r a t e 

was 10 msec/cm f o r a l l f o u r . O t h e r d a t a and the r e s u l t s f o r t h i s 

r u n are l i s t e d i n T a b l e V I I I . T h i s t a b l e a l s o shows how the 

scope p h o t o g r a p h s are measured and T-j_ c a l c u l a t e d . A summary 

o f t h e 0 a F 2 s i n g l e c r y s t a l T-j_ r e s u l t s o b t a i n e d by ARP symmetric 

T a b l e V I I I - CaFp ARP sym. sweep d a t a f o r P i g 8 r u n , 
H 0 a l o n g [111] 

P l a t e 

# 
t 

sec 
Scope 
mv/cm 

S i g n a l 
cm mv 

S ( 4 t ) 

s ( t ) 

t# 

T l 
h 

77 25 100 3 . 6 2 362 
76 1 2 . 5 50 5 . 9 5 1 i 
75 1 2 . 5 II- 5 . 9 3 J r 297 
7 4 6 . 2 5 II 3 . 8 7 194 1 .87 1 .16 5 . 4 
73 3 .13 20 5 . 3 0 ) 
72 3 . 13 II 5 . 3 5 J 107 2 . 7 9 0 . 6 3 5 . 0 

4* T_ Q 
^ P e a k - t o - p e a k s i g n a l s . F y r e s d n a n c e a t 8 MHz. 
#From g r a p h l i k e t h a t i n F i g 1, r e f / 4 / . 

sweep i s p r e s e n t e d i n T a b l e I X . The r u n a t H 1 = 0 . 2 0 8 gauss 

(an r f f i e l d t h a t c a n a l s o be e a s i l y a c h i e v e d a t 16 MHz) was 

done i n o r d e r t o see i f T ^ ' s o b t a i n e d a t a low v a l u e o f A 

were v a l i d . We would t h e n know whether o r n o t c o r r e c t T-^'s 

c o u l d be o b t a i n e d a t 16 MHz. U n f o r t u n a t e l y A f o r t h i s r u n 

t u r n e d out t o be a l i t t l e h i g h e r t h a n we e x p e c t e d from p r e l i m i n a r y 

c a l i b r a t i o n s . The average T-^ v a l u e f o r H-^ = 0 . 2 0 8 gauss 

(A = 7 . 1 ) was 5 . 0 + 0 . 3 s e c . T h i s i s a l i t t l e l e s s t h a n 

5 . 2 + 0 . 2 s e c , the average v a l u e o f the T ^ ' s o b t a i n e d a t h i g h 

H ^ , but the d i f f e r e n c e c o u l d be due t o e r r o r s c a u s e d by t h e 

p o o r e r s l g n a l - t o - n o i s e - r a t i o a t t h e l o w e r H 1 l e v e l . I f t h e 

d i f f e r e n c e were r e a l , I t w o u l d mean t h a t t h e I n v e r s i o n o f the 
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o f the m a g n e t i z a t i o n i s n o t q u i t e complete d u r i n g t h e r a p i d 

passage when A = 7 . 1 . 

T a b l e IX - T x i n 0 a F 2 by ARP, F 1 9 a t 8 MHz, H Q a l o n g [ i l l ] 

P l a t e s H l 
gauss 

dHo/dt 
G/sec 

A 
h 

sec 
h 

sec 

5 4 - 6 3 0 . 2 0 8 154 7.1 5 . 3 4 . 7 
64-71 0.77 154 97 5 . 5 5 . 0 
72-77 0 . 7 6 241 62 5 . 4 5 . 0 

T-L i n C a F 2 , w i t h HQ a l o n g [ i l l ] , was a l s o measured by ARP 

symmetric sweep at 16 MHz. The c o n d i t i o n s w e r e : H-̂  = 0.253 G, 

and A = 5 . 4 . The r e s u l t s o f a s i n g l e r u n were 7 . 2 and 8 . 7 s e c , 

t h e average b e i n g 7 . 9 + 0 . 8 s e c . S ( 2 t ) / S ( t ) r a t i o s were u s e d 

t o a v o i d c o m p a r i n g s i g n a l s on d i f f e r e n t scope v o l t a g e r a n g e s . 

A T]_ v a l u e o f 7 . 6 sec was f o u n d by r e c o v e r i n g from s a t u r a t i o n 

(3 c u r v e s ) . The o b s e r v i n g r f l e v e l was q u i t e low (H-^ = 0 . 4 mG), 

t h u s the s i g n a l - t o - n o i s e - r a t i o was r a t h e r p o o r , and c o n s e q u e n t l y 

t h e a c c u r a c y i s n o t e x p e c t e d t o be b e t t e r t h a n 20%. The average 

v a l u e o f T x o b t a i n e d from a l a r g e r number o f r e c o v e r y from 

s a t u r a t i o n c u r v e s from the same sample i s r e p o r t e d i n r e f / 4 / . 

The r e s u l t t h e r e i n i s ^ = 9 . 3 + 1 .8 sec (+ 1.8 sec i s the 

s t a n d a r d d e v i a t i o n c a l c u l a t e d from the 27 r u n s made). An ARP 

t w o - p a s s ( TT-TT/2 t y p e ) measurement, T-j_ = 9 . 5 + l s e c , i s a l s o 

r e p o r t e d i n r e f / 4 / . Our ARP sym. sweep r e s u l t o f 7 . 9 + 0 . 8 sec 

i s l e s s t h a n b o t h o f the above r e s u l t s ( a l t h o u g h i t i s w i t h i n 

t h e s t a n d a r d d e v i a t i o n o f the r e c o v e r y from s a t u r a t i o n v a l u e ) 

and t h i s s u g g e s t s t h a t the i n v e r s i o n o f the m a g n e t i z a t i o n i s n o t 

complete when A i s o n l y 5 . 4 . The ARP sym. sweep T v a l u e 
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g i v e n i n r e f / 4 / f o r t h i s sample i s o n l y 6 . 5 + 1 .0 s e c . T h i s 

must c o r r e s p o n d t o a somewhat l o w e r v a l u e o f the a d i a b a t i c 

c o n d i t i o n p a r a m e t e r A t h a n we r e p o r t h e r e . More work needs 

to be done t o c l e a r up t h e s e p o i n t s . 

The d i f f e r e n c e i n the Tj. 's o b t a i n e d a t 8 and 15 MHz i s 

n o t u n r e a s o n a b l e f o r a sample o f t h i s p u r i t y . See Bloembergen 

A l / . 

2. C a F 2 P ° w d e r sample 

The ARP sym. sweep s i g n a l s o b t a i n e d from the C a F 2 powder 

sample a t 8 MHz a r e shown i n F i g 9 (H^ = 0.76 G, A i s about 

6 2 ) . F i g 9 y i e l d s T v a l u e s o f 0 . 4 5 and 0 . 4 7 s e c . 

The T v a l u e f o u n d a t 16 MHz i s 0 . 4 5 + 0 . 0 5 s e c . 

C o n d i t i o n s w e r e : = 0.253 G, A = 5 . 3 . The independence o f 

T^ on H Q i n t h i s sample a g r e e s w i t h the r e s u l t s and t h e o r y 

o f Bloembergen / l l / . A p p a r e n t l y the a d i a b a t i c c o n d i t i o n i s 

r e a s o n a b l y w e l l s a t i s f i e d i n t h i s c a s e . 

3 . L1C powder sample 
I O 

A T v a l u e o f 12.1 sec ( H 1 r e s o n a n c e a t 16 MHz) was f o u n d 

i n the n o t - f u s e d L i C _ sample a t room t e m p e r a t u r e by ARP sym. 
l o 

sweep. C o n d i t i o n s w e r e : H^ = 0 . 2 5 3 G, A = 5 . 6 . T h i s sample 

i s from the same b a t c h as the sample u s e d i n c h a p t e r s 3 and 4 . 

U n f o r t u n a t e l y the m a g n e t i c f i e l d sweep r a t e s f o r the 
ARP T-, measurements i n r e f / 4 / were n o t m e a s u r e d . 
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T^ I n the l a t t e r sample a t room t e m p e r a t u r e and 56.4 MHz was 

f o u n d t o be 1 7 . 4 sec by p r o g r e s s i v e s a t u r a t i o n o f d i s p e r s i o n 

(PSD), and 1 6 . 3 sec by d i s p e r s i o n s i g n a l decay (DSD). The l o w e r 

v a l u e o b s e r v e d by ARP a t 16 MHz i s n o t u n r e a s o n a b l e / l l / . At 

77°K and 5 6 . 4 MHz a ^ v a l u e o f 95 sec was f o u n d by DSD. The 

r e s u l t s r e p o r t e d i n r e f / 4 / are f o r a d i f f e r e n c e b a t c h o f LIG^Q 

( d i f f e r e n t s t e a r i c a c i d p u r i f i c a t i o n and p r e p a r a t i o n p r o c e d u r e s ) . 

The amount o f p a r a m a g n e t i c i m p u r i t y (which i s b e l i e v e d t o be 

p r i m a r i l y r e s p o n s i b l e f o r s p i n - l a t t i c e r e l a x a t i o n / l l / ) may be 

d i f f e r e n t by r e a s o n o f the v i c i s s i t u d e s o f the p r e p a r a t i o n . 

4. M a l e i c a n h y d r i d e sample 

The s i g n a l s from an ARP two p a s s ( 1 T - fT/2) e x p e r i m e n t on a 

s i n g l e c r y s t a l o f m a l e i c a n h y d r i d e are shown i n P i g 10. The 

sample was a l l o w e d t o e q u i l i b r a t e i n t h e magnetic f i e l d ( j u s t 

above r e s o n a n c e ) 14 h r b e f o r e t h e f i r s t p a s s was made. The 

r e t u r n p a s s was made 20 min 35 sec l a t e r . We see t h a t the s i g n a l s 

are b o t h o f the same s i g n and so T^ i s l o n g e r t h a n the i n t e r v a l 

between the sweeps. The r e s u l t i s T^ = 76 m i n . The e q u i l i b r a t i o n 

t ime t h e n was 11 t i m e s g r e a t e r t h a n T-̂  and s h o u l d be s u f f i c i e n t . 

T h i s i s a p a r t i c u l a r l y good example o f an a p p l i c a t i o n o f 

the ARP t e c h n i q u e . A s i g n a l c o u l d n o t even be seen by c o n v e n t i o n a l 

CW NMR s p e c t r o s c o p y / 1 2 / . The T-j_ measurement c o u l d be made by 

the u s u a l p u l s e t e c h n i q u e , but i t i s d i f f i c u l t t o m a i n t a i n the 

e x a c t r e s o n a n c e c o n d i t i o n s r e q u i r e d by t h i s t e c h n i q u e f o r l o n g 

p e r i o d s o f t i m e . In t h e ARP method we w a i t o f f r e s o n a n c e between 

sweeps. T h e r e f o r e h i g h f i e l d s t a b i l i t y i s n o t r e q u i r e d and v e r y 

l o n g I , v a l u e s c a n be m e a s u r e d . 
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c h a p t e r 7. 

VARIATION OF THE NORMAL AND SATURATION NARROWED 
LINES IN LITHIUM STEARATE WITH TEMPERATURE 

I . EXPERIMENTAL 

The same V a r i a n DP 60 s p e c t r o m e t e r d e s c r i b e d i n chap 3 

was u s e d e x c e p t t h a t a s p e c i a l V a r i a n " p r o t o n - f r e e " i n s e r t and 

probe were u s e d . The i n s e r t was 15 mm i n d i a m e t e r and a c c e p t e d 

the t e m p e r a t u r e a p p a r a t u s d e s c r i b e d i n r e f / l / . We o b t a i n e d 

t h i s i n s e r t and probe a f t e r o b s e r v i n g t h a t the b a c k - g r o u n d 

s i g n a l a t h i g h H ^ l e v e l s from the u s u a l system was n e a r l y as 

l a r g e as o u r s i g n a l . 

The p u r i f i c a t i o n o f the s t e a r i c a c i d u s e d t o make the l i C j g -

h a s been d e s c r i b e d l n r e f / I / and / 2 / . The s t e a r i c a c i d h a d a 

f r e e z i n g p o i n t o f 6 9 . 6 ° 0 ( i t i s i n c o r r e c t l y g i v e n as 6 9 . 5 ° C i n 

r e f / 2 / ) . The p r e p a r a t i o n o f the two LiC-^g s a m p l e s , b o t h d r i e d 

but o n l y one o f them f u s e d , i s d e s c r i b e d i n r e f e r e n c e / 2 / . The 

sample n o t f u s e d i s the same one u s e d i n c h a p t e r s 3 and 4. 
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I I . RESULTS AND DISCUSSION 

Normal a b s o r p t i o n l i n e w i d t h s & H a f o r the LIC 1 Q f u s e d on 

p r e p a r a t i o n and f o r the L i C . Q n o t f u s e d on p r e p a r a t i o n are shown 
l o 

i n P i g 1 as a f u n c t i o n o f t e m p e r a t u r e . E v i d e n c e o f two phase 

t r a n s i t i o n s c a n be s e e n . In t h e sample n o t f u s e d , the f i r s t o f 

t h e s e t r a n s i t i o n s o c c u r s between 1 1 0 ° and 1 1 9 ° C , and i s thought 

t o be a change from one c r y s t a l l i n e form t o a n o t h e r . The s e c o n d 

o c c u r s between 1 8 4 ° and 1 9 1 ° C and has the c h a r a c t e r o f a change 

from a c r y s t a l phase t o a waxy p h a s e . We see t h a t i n the sample 

f u s e d on p r e p a r a t i o n the c r y s t a l phase t r a n s i t i o n i s n o t as s h a r p 

and t h a t b o t h t r a n s i t i o n s o c c u r a t l o w e r t e m p e r a t u r e s . The 

b e h a v i o u r o f t h e f u s e d sample o v e r the t e m p e r a t u r e range - 1 9 6 ° 

t o 230°C has been d i s c u s s e d b e f o r e / 2 , 3 / . Data and s p e c t r a f o r 
o o 

the n o t - f u s e d sample i n the r e g i o n 136 t o 193 C are a l s o p r e s e n t e d 

and d i s c u s s e d i n t h e s e p a p e r s . We have now e x t e n d e d t h e s t u d y o f 

the n o t - f u s e d sample down t o room t e m p e r a t u r e and have i n c l u d e d 

the c r y s t a l phase t r a n s i t i o n . 

S a t u r a t i o n n a r r o w e d a b s o r p t i o n l i n e w i d t h s ZiH__ f o r the 
ctS 

n o t - f u s e d LiC-^g are shown i n P i g 2 as a f u n c t i o n o f t e m p e r a t u r e . 

The n o r m a l l i n e w i d t h s from P i g 1 are r e p r o d u c e d h e r e f o r c o m p a r i s o n . 

We see t h a t t h e r e a r e sudden drops i n the A H a s v s t e m p e r a t u r e 

p l o t s i m i l a r t o t h o s e i n the u s u a l A H & V S t e m p e r a t u r e c u r v e and 

t h e y o c c u r a t about the same t e m p e r a t u r e s . T h i s i s not u n e x p e c t e d 

because the s a t u r a t i o n n a r r o w e d l i n e w i d t h i s r e l a t e d t o t h e 

s e c o n d moment o f t h e u n s a t u r a t e d a b s o r p t i o n l i n e , t h u s 



F i g 1 - Line width i n fused and not-fused lithium stearate as a function of 
temperature. 



p i I I i I 
0 5 0 100 150 2 0 0 2 5 0 

Temperature °C 

P i g 2 - S a t u r a t i o n n a r r o w e d and n o r m a l l i n e w i d t h s i n n o t - f u s e d l i t h i u m s t e a r a t e ^ 
a s a f u n c t i o n o f t e m p e r a t u r e . M 
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(1-45) 

Second moments o f t h e u n s a t u r a t e d a b s o r p t i o n l i n e as a f u n c t i o n 

o f t e m p e r a t u r e i n ^ i ^ g * f u s e d and n o t - f u s e d , a r e g i v e n i n 

P i g 3. The more a b r u p t drops i n t h e s e c u r v e s c o r r e s p o n d t o t h o s e 

i n the n o r m a l a b s o r p t i o n l i n e w i d t h v s t e m p e r a t u r e p l o t s i n P i g 1 

and so the s a t u r a t i o n n a r r o w e d l i n e w i d t h s are e x p e c t e d t o do so 

t o o . We have s e e n i n P i g 2 t h a t f o r the n o t f u s e d sample t h i s 

does o c c u r . 

I t t h e r e f o r e a p p e a r s t h a t one might be a b l e t o s t u d y phase 

t r a n s i t i o n s by u s i n g s a t u r a t i o n n a r r o w e d s p e c t r a . I n samples 

w i t h v e r y l o n g s p i n l a t t i c e t i m e s t h i s may be t h e o n l y t y p e o f 

s p e c t r u m t h a t c a n be o b s e r v e d . Even i n o t h e r c a s e s when the 

n o r m a l a b s o r p t i o n s p e c t r a c a n be o b s e r v e d , the s a t u r a t i o n 

n a r r o w e d s p e c t r a have a more f a v o r a b l e s i g n a l t o n o i s e r a t i o and 

hence w o u l d be u s e f u l i n o b s e r v i n g t r a n s i t i o n s i n samples when 

the p a c k i n g f a c t o r i n t h e p r o b e i s p o o r . 

More work needs t o be done, h o w e v e r , t o see whether o r n o t 

the above p r o c e d u r e can be u s e d . I f we l o o k a t P i g 2 and P i g 3 

a g a i n , i t i s a p p a r e n t t h a t the TX'/ TD r a t i o c a n a l s o change w i t h 

t e m p e r a t u r e . The s a t u r a t i o n n a r r o w e d w i d t h does n o t change 

between 25 ° and 110 °0 , y e t the s e c o n d moment d e c r e a s e s by about 

32$ o v e r t h i s r a n g e . We do n o t know howvmuch t h i s phenomenon 

w i l l c o m p l i c a t e t h e use o f s a t u r a t i o n n a r r o w e d s p e c t r a i n 

d e t e c t i n g phase t r a n s i t i o n s i n s o l i d s . I t w o u l d seem t o be w o r t h 

i n v e s t i g a t i n g f u r t h e r . I d e a l l y one would l i k e t o measure £>Ha, 

^ A H 2 ) , A H , T-j, and T D f o r a v a r i e t y o f samples as a 



F i g 3 - Second moment i n f u s e d and n o t - f u s e d l i t h i u m s t e a r a t e as a f u n c t i o n o f 
; t e m p e r a t u r e . 
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f u n c t i o n o f t e m p e r a t u r e . T h i s c o u l d be done i f b o t h a CW and 

a s u i t a b l e p u l s e s p e c t r o m e t e r were a v a i l a b l e . 
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z^gj^^>?g?:--• APPENDIX A 

Two Pass ARP w i t h Low t h e n H i g h H-^ 

S l i c h t e r and H o l t o n / l / i n " A d i a b a t i c D e m a g n e t i z a t i o n i n a 

R o t a t i n g R e f e r e n c e System" as w e l l as s t u d y i n g the t i t l e s u b j e c t 

d i d some two p a s s ARP e x p e r i m e n t s o f t h e 1T - TT/2 t y p e . The 

e x p e r i m e n t s were p e r f o r m e d on the N a 2 ^ r e s o n a n c e i n a s i n g l e 

c r y s t a l o f N a C l . The s t a t i c magnetic f i e l d was a l o n g the LlOO] 

d i r e c t i o n . A c c o r d i n g t o G o l d b u r g /2/% i n t h i s d i r e c t i o n i s 

0 . 6 1 G , t h e o r e t i c a l and e x p e r i m e n t a l . G o l d b u r g s u g g e s t s t h a t 

S l i c h t e r and H o l t o n ' s H^ c a l i b r a t i o n was p r o b a b l y i n e r r o r 

because t h e y f o u n d e x p e r i m e n t a l v a l u e s o f 0 . 8 8 t o 0 . 9 5 G a l t h o u g h 

t h e i r c a l c u l a t e d v a l u e was 0 . 5 7 G. 

Two p a s s e s were made t h r o u g h r e s o n a n c e , t h e f i r s t p a s s w i t h 

low H-L ( H ^ H j / 4 ) , the r e t u r n p a s s w i t h h i g h ( H 1 s 2.5 H ^ ) . 

The B l o c h a d i a b a t i c c o n d i t i o n seems t o have been s a t i s f i e d f o r 

each c a s e . The r e t u r n p a s s w i l l i n v e r t the m a g n e t i z a t i o n 

c o m p l e t e l y and the q u e s t i o n i s , " w i l l the f i r s t ? " . F i g 7 was 

e x h i b i t e d as p r o o f t h a t the f i r s t p a s s i n v e r t e d the m a g n e t i z a t i o n 

and i t was s t a t e d t h a t the r e s u l t s t h e r e i n behave j u s t as one 

would e x p e c t i f t h e f i r s t p a s s i n v e r t e d M Q, and i f s p i n - l a t t i c e 

r e l a x a t i o n t o o k p l a c e b e f o r e the r e t u r n p a s s . We have a n a l y s e d 

the e x p e r i m e n t a l i t t l e f u r t h e r and f i n d t h a t one c a n get the 

s i g n a l b e h a v i o u r shown i n F i g 7 even i f the f i r s t p a s s o n l y 

p a r t i a l l y i n v e r t s MQ. 

The e q u a t i o n s we need have a l r e a d y been d e r i v e d i n chap 5. 
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I f the f i r s t pass o n l y I n v e r t s a f r a c t i o n x of the m a g n e t i z a t i o n 

MQ, the formula f o r the m a g n e t i z a t i o n 1B e q u a t i o n ( 5 - 3 3 ) 

M z = M Q - 2XMQ exp (-t/T x) . ( A l ) 

Now s i n c e the r e t u r n pass i s made wit h h i g h the s i g n a l 

equals -fcMz (k being the p r o p o r t i o n a l i t y c o n s t a n t ) , r a t h e r than 

-kxM z as i n case 2 i n chap 5, we get the f o l l o w i n g e quation 

-S t = kM Q - k2xM Q exp ( - t / ^ ) . (A2) 

Then on s u b s t i t u t i n g f o r the long-time s i g n a l S ^ = -kM Q we 

get 

- S t = 2xS^, exp (-t/T!) , (A3) 

which i s i d e n t i c a l to equation ( 3 5 ) . We see t h a t a p l o t of 

l n (Sco - S t ) vs time w i l l s t i l l be a l i n e o f slope -1/T^. 

Therefore o b t a i n i n g a c o r r e c t T t h i s way i s not proof t h a t 

the f i r s t pass completely I n v e r t e d the m a g n e t i z a t i o n . However 

we can t e l l whether or not x = 1.0 i f we examine the i n t e r c e p t 

of t h i s p l o t which i s l n 2x3^ . 

S l i c h t e r and Holton's "long-time asymptote" s i g n a l S ^ 

i s 2.0 d i v i s i o n s and so 2 3 ^ = 4.0. T h i s i s c l o s e to the 

i n t e r c e p t value 3.7 from t h e i r semilog p l o t . I f the d i f f e r e n c e 

i s r e a l , we can f i n d x by s e t t i n g 2x2.0 = 3.7. The r e s u l t i s 

x = 0.92 and t h i s suggests t h a t the f i r s t pass may not be 

performing complete i n v e r s i o n . However, the i n v e r s i o n i s 

probably complete; x = 1.0 r e q u i r e s an experimental e r r o r o f 

o n l y Q% i n t h e i r Soo v a l u e . 



A n o t h e r d i f f e r e n c e from t h e case o f complete i n v e r s i o n on 

b o t h p a s s e s i s t h a t now Ŝ . p a s s e s t h r o u g h a n u l l when 

t n u l l = T-j_ In2x i n s t e a d o f T 1 l n 2 . I f j u s t the l a t t e r f o r m u l a 

i s u s e d we g e t T x = 11 sec from t h e i r r e s u l t s . T h i s compares 

w e l l w i t h T i = 12 sec f o u n d by Wlkner e t a l / 3 / . 

(1) C P . S l i c h t e r and W . C H o l t o n , P h y s . Rev. 122. 1701 (1961) 

(2) W . I . G o l d b u r g , P h y s . Rev. 128, 1554 (1962) 

(3) B . G . W l k n e r , W . E . B l u m b e r g , and E . L . H a h n , P h y s . Rev. 
118, 631 ( I 9 6 0 ) . 
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APPENDIX B 

WRJ T r i g g e r P u l s e D e l a y U n i t 

D e l a y range i s 1.5 t o 450 m i l l i s e c o n d s . 

3N8l i s a G e n e r a l E l e c t r i c s i l i c o n c o n t r o l l e d s w i t c h . 

C a p a c i t a n c e i s i n m i c r o f a r a d s u n l e s s marked o t h e r w i s e . 

INPUT: - w i l l t r i g g e r on a -18 v o l t 1.3 m i c r o s e c p u l s e . 

OUTPUT: - a +10 v o l t p u l s e t h e n a d e l a y e d -11 v o l t p u l s e . 

The o u t p u t p u l s e s have h a I f - w i d t h s o f a b o u t 5 m i c r o s e c s . 
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APPENDIX 0 

Comments on " A d i a b a t i c R a p i d - P a s s a g e E x p e r i m e n t s i n 
Some S o l i d s " by J a n z e n , C y r , and D u n e l l / l / 

The r e a d e r may be w o n d e r i n g why we are p r e s e n t i n g now i n 

s e c t i o n 1 o f c h a p t e r 6, T-̂  measurements w h i c h are s t i l l 

somewhat c r u d e , whereas s u p p o s e d l y more r e f i n e d r e s u l t s have 

a l r e a d y been p u b l i s h e d i n r e f / l / . The r e a s o n f o r t h i s i s t h a t 

the p r e s e n t a u t h o r , h a v i n g c o m p l e t e d h i s e x p e r i m e n t s i n June 

1967, l e f t the U n i v e r s i t y t o t a k e up employment i n e a r l y J u l y 

1967* The work was c a r r i e d on by a n o t h e r s t u d e n t . The a u t h o r 

r e g r e t s t h a t c ommun ic at ion s were n o t v e r y good and t h a t magnetic 

f i e l d sweep r a t e s were n o t measured f o r the ARP T^ measurements 

and f o r P i g 5 i n the above p a p e r . 

(1) W.R. J a n z e n , T . J . R . C y r , and B . A . D u n e l l , J . Chem. P h y s . 
4 8 , 1246 ( 1 9 6 8 ) . 


