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NMR Line Broadening in Solids by Slowing 

Down of Spin Fluctuations 

M.Mehring and G. Sinning 

Institut flir Physik der Universitat Dortmund, 

46 Dortmund 50/Germany 

and 

A. Pines 

.Department of Chemistry and Lawrence Berkeley 

Labo.catory, University of Cai.1fornic:~., Berkeley,;USA 

Abstract 

The 109Ag nuclear magnetic resonance line in a sample of poly-

crystal] .. ine AgF is observed to broaden substantially Hhen t..~e 

19F spins are i~radiated near the magic angle in their rotating 

frame. This is due to the reduction of 19F-19F dipolar coupling, 

"'hich normally ~auses fluctuations in th~ 19F-109Ag inter-

actions {Abragam and Winter) , inducing ~n exchange narrowing 

analogous to cl~ssical motional narrowing. The 109Ag linewidths 

obtained over the entire motional range at different 19F fre-

quencies aie compared with those calculated exactly from the 

ratio of second to fourth moment. 
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The phenomenon of motional narrot:~ing is _very conunon in magne­

tic resonance 1 '
2 • Starting from a rigid solid in which the 

resonance lines are broadened by static magnetic interactions 

between the spins, the sample is heated and, as rapid thermal 

molecular reorientation and translations ensue, the lines 

narrow until high·resolution spectra typical of isotropic 

fluids are observed. An interesting fact, shown by van Vleck3 

and more comprehensively by Anderson and Weiss 4 is that there 

is another form of motional narrowing \-rhich may be thought of 

' as occuring entirely in spin space without thermal motion.This 

can occur if there are exchange interactions which commute with 

the magnetization operator but not with the perturbation inter-

action responsible for the line broadening. The exchange induces 

rapid "flip-flops 11 of nuclear spins which can average away the 

broadening interactions if the exchange is strong enough. 

As a particular example of considerable current interest,consi­

der the case of the 109Ag resonance in AgF first observed by 

Abragam and Ninter2 ' 5 • The line is. unusually narro\>1 for a 

solid and this is explained by the rapid decoupling of 109Ag- 19F 

19 1 9 . dipolar interactions by the F- F d1polar couplings. The 

effect ls marked since Yp >> yAg and the qualitative analogy 

with thermal motional narrowing is evident. To date,however, 

the analogy has not been complete. l·Thereas in the case of 

classical motional narrowing the rate of fluctuations can be 

controlled and the full regime from rigid to motionally 

narrowed can be covered by variation of temperature, no such 

control has been exercides over spin fluctuations in AgF. 

1 9 19 In particular if it were possible to eliminate the F- F 
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coupling, Abragam has predicted that the 109Ag resonance 

'should broaden, allowing the full rigid lineshape to be 

observed in analogy to thermal cooling. Similar reasoning has 

been applied to dipolar oscillations and spectra by Waugh and 

coworkers 6 • 

In this letter, we demonstrate for the first time a completion 

of the analogy between spin and thermal fluctuations by 

selectively reducing the 19F spin fluctuations. Figure 1 shows 

the observed tehavior. When the 19F spins in a sample of poly-

crystalline AgF are irradiated with a strong radiofrequency 

field such that the effective field in the rotating frame is 

close to the magic angle, the 19F- 19F dipolar i:1teractions are 

reduced7 and the 109Ag resonance is ind.eed observed to broaden. 

A continuous variation of the spin fluctuation rate between 

the limiting cases of extreme narro\'ling and rigid is _at the 

experiment~rs control and is di3cussed in the following. 

We consider an S spin system, with gyro~agnetic ratio Ys where 

dipolar interactions ~o~g the s spins are· neglected coupled 

to an abundant I spin system with gyromagnetic ratio yiplaced 

in a stai:ic magnetic field H
0

• A strong rf field is applied 

close to the Larmer frequency w
0

I of the I spins, with 

'J{ 1 I = 2 w 1 I IX cos w It ( 1 ) 

It is convenient to express the Hamiltonian of the spin system 

in a "tilted doubly rotating frame .. (DTR), represented by the 

transformation DTR8 
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-i(wii + w 8s )t z 0 z =, e 

i ~I 
e y 

-i wei I t z e 

~ = wi/(woi-wi) 

( 2) 

(3) 

(4) 

(5) 

The total Hamiltonian in the DTR frame neglecting time depen-

dent terms is given by: 

with 

?1. = ~II + ~IS 

~I = P (cos ?/()_) ·J( (o) 
2 I II 

'J{IS = cos 
?J ,...__, (o) 

· r ct\ IS 

(6} 

(7a) 

. (7b) 

and AP(o) and 
1:ltii ~i~) are theunperturbed dipolar interactions . 

among the I spins 

'J( (o) = 
II 

L: . . Ai. ( 3I 1 r . - I .• I . ) 
l. <J J z z J l. J 

rv r.J 

and between the I and S spins 

B. I·. 
J ZJ 

(8) 

(9) 

~~ 
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A .. and B. are geometrical parameters and have their usual 
. J.] J ., 

meaning. We see that ~I in (7) scales as P2 (cos .Jr>, when 

the frequency of the rf field is varied, whereas the I-S 

interaction ~IS is scaled as cos ~I! 
This gives experimental control over the ratio of these inter-

actions. 

The physical picture is that "i.IS normally induces a broadening 

·of the S resonance. Ho~u~ver, fluctuations in <Krs caused by 

~II can cause a narrowing of the resonance line. This can 

be described using the approach of Mc._Arthur, Hahn and v·/al­

stedt9 who use an Anderson-Weiss theory for the effect of ~I 

on ~Is· The normalized S free induction decay is given by: 

t . 
S(t) = exp i -M~s jdt'(t-t')a(t'l1 

0 . 

( 10) 

where M~S is the S s~cond moment due to ;,liS aud a(t) is the 

correlation fun~tion for fluctuations in ~IS 

( 11 ) 

where 

AI i 'XIIt 
cf\. IS e 

( 1 2) 

Si.nce-all odd moments of a(t) vanish, the correlation time-r 

for the fluctuations of ~IS' can be expressed by the second 

moment N2 of a(t) as 

(13) 
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which readily results in 

T ( 1 4) 

where Tc is the correlation time for no irradiation ( ~I=O). 
Using the standard notation for moments 2 , Tc is according to 

eq. (13) given by the ratio of fourth to second moment as 

( 1 5) 

Exactly as in the classical BPP theory and the Anderson-Weiss 

theory the parameter determining which regime we are in depends 

on the product of the correlation time of the fluctuations 

and the rigid S linewidth t.w , i.e. from (7b) a!ld (14) 

AWT = ( 16} 

when t.wT >> 1 we are in the rigid limit and when t.wT. << 1 

we have extreme motional narrowing for the s spins. Since the 

trigonometric factor in eq. (16) is at our experimental control, 

w_e .can cover the entire regime, providing of course {M
2
IS) 112

T . c 

ls small enough. For polycrystalline AgF we cal=ulate exactly 

IS 1/2 
Tc = 75.7 ~sec and, .<M2 } = 405 Hz, so this condition is 

clearly fulfilled. 

109 The experimental resul~s of Ag linewidth at half height as 

a function of JI, i.e. as the 
19

F frequenc·y is varied, are 

shown in figure 2. Since the form of the correlation function 
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a(t) is not calculably exactly, we can make no a priori 

·comparison with theory. However, we can qualitatively discuss 

the behavior by using as the linewidth for the S spins 

= 
M 1/2 

4 

which is expected for a Lorentzian-like lineshape2 

( 17) 

The'moments i!l (17} are given in the case of the I irradiation 

by: 

. 2. 0 MIS 
= cos V"'I • 2 

These moments were calculated exactly from the appropriate 

lattice sums for AgF and the calculated linewidth b according 

to (17) is plotted in figure 2 as the solid line, showing the 

observed increase in the 109Ag linewidth. Note that the actual 

experimental and theoretical increase of S linewidth at the __, 
'h. 

magic angle is 3 times larger than shown in figur~due 

to the factor cos '2ji in 'Xs . 
Two final co~~ents are in order here. Firstly, note that 

neither expression (10} nor (17) (Gaussian and Lorerttzian} are 

expected to be valid in the rigid regime,. i.e. P 2 (cos .JI)~ 0. 

Ih fact, the S lineshape at ..JI = 54. 7° were 'd{II = 0 can be 

calculated exactly for spin 1/2 and is given by: 
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( 1 8) 

An exact computer simulation of (18) with a powder average 

for AgF shows indeed the lineshape is neither Gaussian nor 

Lorentziane In fact the exact theoretical linewidth 

t:. v =5 Jrr. is calculated to be 6 v = 507 Hz which is considerably 

larger than that in figure 2. He attribute the fact that we do 

not observe such a large broadening at the magic angle to 

rf field inhomogeneity and non secular terms in the I 

coupling in the DTR frame due to the finite magnitude of H1 • 

Secondly, we mention that we have also investigated other 

systems in this way. !n particular the common case of 
13c-1

H 

has been studied and the 13c resonance in polycrystalline 

adamantane was also found to be spin motionally narrowed, 

broadening by a factor of 2 on irradiation of the 1H spins. 

We believe that with the analogy -..;e habe draW!'l here bet~-veen 

the freezing of thermal motion and the slowing down of spin 

fluctuations by rf irradiation, some advances can be made 

in the extraction of full rigid lineshapes for S spins in 

solids and the measurement of spin correlation function in 

the motional narrowing regime. 
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Figure Captions 

Figure 1 

Silver {109Ag) resonance line at 4.2 MHz in polycrystalline 

AgF with and without irradiation of the 19F spins. 

Irradiation of the 19F spins is performed with an rf field 

of 14 G close to the ~agic angle in their rotating frame. 

·~he scaling factor cos~ has been taken into account in 

drawing the frequency scale. 

Figure 2 

calculated {eq. (17)) and experimental excess half width 

6 v= o /IT of 1 09Ag in polycrystalline AgF at 4. 2~1Hz under 

irradi~tion of the 19F spins with an rf field of 14 Gat the 

angle .J!-I in their rotating frame. The experimental excess 

~alf width has been obtained by deconvolution of the exper~­

mental spectra with the totally fluorine decoupled ( Jr=IT/2) 

silver resonance line. 

,, - . 



• 

/ J 6 6 

0 
E 
'-
0 
c 

E 
::J 
1-

-11-

-uu. 
Q) 0) 

g.<( 

0) -~ 
<( 

0'1 
0 

(/)"'0 
c2 ·a.. 0 
(/):.o 
u. 0 

0'1 t 

N 
:r: 

''; C'i ~ 

c •· 0 (!) 00 
::J "M 
CT ~ 

<lJ 
'--



300 

t.:i 200 
I. 

> 
<l 

.c. 

_j 

10C 

-12-

109Ag in Ag F 

~=54. m 

0°. 10° 20° 30° 1..0° 50° 60° 70° 80° ·goo 

-\Jr 

Fig. 2 

.. 

• 



• 

w u v u I 

.---------LEGAL NOTICE---------·--, 

This report was prepared as an account of work sponsored by the 
United States Governr:nent. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights . 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94 720 

' . . . 




