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The frequency dependence of the spin-lattice relaxation time Ti was measured at three tem-
peratures near one of the Zeeman-tunneling level matching resonances for pentamethylbenzene. 
These measurements are correlated with 71 temperature dependence data from the literature. It 
is shown that the frequency dependence of the Zeeman-torsion coupling time cannot be ex-
plained in terms of the semiclassical perturbation theory using time correlation functions. A three 
bath polarization transfer model is also employed and the applicability of both models discussed. 
Zeeman-torsion coupling is further investigated using a saturation sequence and the results are 
compared with the predictions of the three bath polarization transfer model. 

I. Introduction 

The effect of rotat ional tunnel ing on the proton 
spin-lattice relaxation of C H 3 torsional oscillators 
embedded in a solid matr ix has been s tudied exten-
sively. The initial theoret ical models [1,2] have 
been modif ied to fit the extensive experimental 
data. These data are mainly t empera tu re depen-
dences of the proton spin-latt ice relaxat ion t ime for 
lattices with very d i f fe ren t h inder ing barriers. The 
theoretical approaches presently used are based on 
the BPP per turba t ion calculat ion [ 3 - 7 ] , where it is 
assumed that the same r andom process governs all 
the relaxation processes in the sample. The resulting 
equat ion for the relaxat ion rate (which is identif ied 
with the initial slope of the relaxat ion decay) con-
tains spectral densities of the fo rm 

T 
J(kcot±n COQ) a — — — - ^ T , 

1 + (k cot ± n co0) t 

with A: = 0 ,1 ; « = 1 ,2 , (1) 

where co0 is the f requency of the resonant r.f. field, 
OJ, the tunnel ing f requency , and r the correlation 
t ime of the r andom mot ion which causes the relax-
ation. 

This model ^ a s developed to explain the experi-
mental t empera ture dependence of the relaxation 
t ime F , . Since r and cot are both t empera tu re de-
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pendent, the following relations have been sug-
gested to account for the t empera tu re dependence 
[6]: 

— = — e\p{-Ea/RT} 
* To 

+ X — e x p {-E0i/RT} , 
i Tt' 

w to + X o j n e x P {£o » / / ? r j 
/ 

X exp {E0i/RT} 

(2) 

(3) 

where R is the universal gas constant, E0l the energy 
difference between the ground torsional state and 
the /-th excited torsional state, cou the tunneling 
splitting of the /-th torsional level (in rad s e c - 1 

units), Ea the activation energy (in the classical 
sense) of thermal r andom mot ion and T the temper-
ature. The parameters r 0 and r u are phenomeno-
logical constants in the assumed Arrhenius- type 
tempera ture dependence. 

From (1) and (2) it follows that in the develop-
ment of the tunnel ing assisted relaxation theory 
(TART) is was assumed implicitly that the cou-
plings between di f ferent reservoirs (Zeeman, tun-
neling and the lattice) are affected by the relaxation 
processes in exactly the same manner , so that the 
same "effect ive" correlat ion t ime T enters all spec-
tral densities. In other words, the lattice (phonons) 
always supplies or absorbs the necessary amoun t of 
energy to compensate for any mismatch of the 
energy levels involved. 
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The T A R T approach has been very successful. It 
quanti tat ively describes the t empera tu re depen-
dence of 7~] for samples with very low hindering 
barriers (i.e. satisfying the condit ion co{(T) P co0). 
In particular, it explains the presence of an addi-
tional ex t remum (caused by the condit ion w t r ~ 1) 
on the relaxation curve as well as the di f ferent "ap-
paren t" activation energies on the high and low 
tempera tu re sides of the relaxat ion peak [6], For 
samples with higher h inder ing barriers, such that at 
some tempera ture the "level ma tch ing" condit ion 
cot = n co0 can occur, it quant i ta t ively describes the 
experimental values of T,, as long as the experi-
ments are pe r fo rmed at f requencies far f rom the 
resonant matching condit ions cot = co0 and co, = 
2 co0. It also correctly predicts the presence of addi-
tional " resonance" extrema in the T} t empera ture 
dependence when the cot = co0 or the co{ = 2 co0 level 
matching occurs. However , there is a very signifi-
cant consistent discrepancy between the measured 
and modelled values of T\ at the matching f requen-
cies [ 4 , 7 - 9 ] . It is very diff icul t to identify the 
source of this p roblem f rom the t empera tu re depen-
dence data alone. In the spectral densities, (1), both 
r and cot are t empera tu re dependent , so that near a 
level-matching condi t ion both inf luence the proton 
spin relaxation rate. An insight into these problems 
can be obtained by studying the f requency depen-
dence of T f 1 at several chosen temperatures . More-
over, in the level-matching region the relaxation is 
usually distinctly nonexponent ia l . The study of all 
relaxation components , instead of the initial slope 
only, also provides addi t ional informat ion , in par-
ticular about the validity of (2), since these com-
ponents depend different ly on di f ferent couplings 
between various energy reservoirs. 

Finally, one can per fo rm a so-called "popula t ion 
t ransfer" experiment , by applying a saturat ion se-
quence of 7i/2 pulses, separated by a t ime t, to the 
sample when the f requency satisfies a level-match-
ing condit ion [10]. It is very diff icul t to explain the 
results of this type of exper iment in terms of TART, 
since the initial slope is hardly affected by the 
change in the state of the tunnel ing system. How-
ever, the data provide impor tan t new informat ion 
about the specific heats of the reservoirs involved. 

In order to unders tand the source of the discre-
pancies between the exper imental data and T A R T 
we per formed a set of spectroscopic experiments 
( frequency dependence of T\ at a few selected tem-

peratures) , as well as sa turat ion exper iments in the 
level-matching f requency range with a sample for 
which the tempera ture dependance of T} has been 
known. We have chosen pen tamethy lbenzene (PMB) 
since in the l i terature several t empera tu re depen-
dences of the spin-lattice relaxat ion t ime at several 
f requencies [ 1 1 - 1 6 ] have been reported. In addi-
tion, published exper imenta l da ta indicated that 
one of the level-matching condi t ions (cox = 2 co0) 
falls within the range of f requencies , 5 - 6 5 MHz, 
which are experimental ly accessible in our labora-
tory. 

We have used T A R T to model the known tem-
perature dependencies as accurately as possible 
(which has not been a t t empted before) , and com-
pare the obtained pa ramete r s with our f requency 
dependent results as well as with the results of the 
resonant popula t ion t ransfer experiments . In this 
way we were in a posi t ion to ident i fy the discre-
pancy between the predict ions of the T A R T model 
and the experiment in the level-matching regions 
rather accurately. On the basis of the publ ished ex-
perimental results and the present exper imental evi-
dence, in part icular in the Zeeman- tors ional re-
sonant range of f requencies , it was possible to 
identify the origin of the fai lure of the correlation 
approach to deal with the resonant Zeeman- tor -
sional transitions. 

II. Experimental 

The 99% pure polycrystalline pen tamethy lbenzene 
(PMB) used in this research was purchased f rom the 
Aldrich Chemical Company . It was crushed and the 
powder sealed under vacuum in an 8 m m O.D. glass 
tube. 

The T, t empera ture dependences presented in this 
paper were obtained f rom the l i terature [13, 15, 16, 
17], These measurements were pe r fo rmed using 
standard techniques. At 60 M H z some of the recov-
ery functions were nonexponent ia l and, where pos-
sible. were characterized by a fast and a slow t ime 
constant [15, 16], At all o ther f requencies the re-
covery functions were exponential . 

These tempera ture dependences were supple-
mented by r , f requency dependences which were 
obtained using a Bruker SXP var iable f requency 
spectrometer and a Varian 15" electromagnet . These 
experiments were pe r fo rmed using a ti/2-t-ti/2 
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pulse sequence. The length of the n/2 pulse was 
around 3 ps and the dead t ime ranged f rom about 
4 ps at the highest f requencies to a b o u t 10 ps at 
lower frequencies. The signal to noise rat io varied 
f rom 30 : 1 to 150: 1 depending on the tempera ture 
and frequency of the experiment . When the signal 
to noise ratio was low, several acquisi t ions of the 
free induction decay (F ID) were taken and averaged 
so that in all cases the effective signal to noise rat io 
was about 100:1 or better. The N M R signal was 
phase detected and fed into a Biomation 805 analog 
to digital converter, which was on-line to a Hew-
lett Packard 9845 A computer . The signal was re-
corded at about 20 d i f ferent t ime windows on the 
FID. The magnetizat ion value at each of these 
windows was obtained by averaging over 2 ps of the 
FID. 

A saturation sequence consisting of a train of four 
n/2 pulses separated by r, 7t/2~[t - t t /2]3 , was also 
applied to the sample using a s tandard Bruker pulse 
programmer . This sequence was used to saturate the 
magnetizat ion selectively [18]. The ampl i tude M„ of 
the F ID recorded at the end of each pulse was mea-
sured for various pulse spacings z. 

The sample, which was housed in a Janis 5 R D 
liquid helium cryostat, was kept at a constant tem-
perature by balancing the rate of f low of cold 
hel ium gas past the sample with the current through 
a heater which sur rounds the sample container. 
With this technique it was possible to keep the 
sample tempera ture stable to within ± 0.1 K. F o r 
temperatures above 30 K the sample t empera tu re 
was monitored by a p la t inum sensor placed near the 
sample, whereas for tempera tures below 30 K a ger-
man ium sensor was used. The sample was cooled 
f rom room tempera ture to the desired tempera ture 
in about two hours. 

The probe and sample holder were home buil t 
and the matching scheme was based on a design by 
Clark [19], 

III. Results 

From published da ta it is known that PMB has 
two solid phases with the phase transit ion occurring 
at 297 K [11]. In the low tempera ture phase there 
are three non-equivalent types of methyl groups, 
and their ground state tunneling splittings are cof / 
2n ~ 1 MHz [13, 16, 19], a)?/2n= 160 ± 8 MHz [8, 

Fig. 1. The temperature dependences at 10, 25, 30 and 
40 MHz are indicated by circles, crosses, asterisks and tri-
angles, respectively. The theoretical curves were computed 
using all of the spectral densities in (4) and the parameters 
given in Table 2. At ß % 30 K"1 and 40 MHz the effect of 
the resonant spectral density J (2 co0 - <yt) begins to show 
up. 

Fig. 2. The temperature dependence at 10 MHz indicating 
the various groups of spectral densities and where they 
contribute. The solid line is the total F f 1 value. The dotted 
lines correspond to the spectral densities J (aj0) + J (2 co0) 
while the dashed lines represent the contributions due to 
J (nco0 ± cot) for n= 1 and 2. The letters A, B and C refer 
to the three non-equivalent methyl groups as described in 
the text. 
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Fig. 3. The temperature dependence at 60 MHz. The cir-
cles represent initial slope values and the crosses represent 
the long time constant when the recovery functions were 
decomposed. The dotted lines correspond to the spectral 
densities J (n co0) for n = 1 and 2 while the dashed lines 
represent the contributions due to J (n a>0 ± cot) for n = 1 
and 2. The "dot-dot-dash" line represents the full T f 1 

value with all spectral densities considered and the solid 
curve corresponds to the full F f 1 value minus the resonant 
spectral density J (2co0- a>x). The letters A, B and C refer 
to the three non-equivalent methyl groups as described in 
the text. 

9], (of / 2 7T — 1.5 ± 0.1 G H z [20], Thei r relative pop-
ulation ratios were estimated to be 2 : 2 : 1 [20], 
From the tempera ture dependence of T, (Figs. 
1 - 3 ) it is apparent that in the low tempera tu re 
phase there are three Tl min ima [13, 15, 16, 17]. T h e 
high tempera ture min imum, which occurs at about 
114K. follows the classical BPP type behavior but 
the T, min imum at 40 K is independent of fre-
quency. The Tx m i n i m u m at about 25 K. while it 
does show a f requency dependence, cannot be ex-
plained using the BPP modelling. Fur the rmore , 
since it is not well resolved, the quant i ta t ive analysis 
of this min imum was never completed. These f ind-
ings were also supported by T]Q and TXD experi-
ments [13. 17]. 

At 60 MHz another clearly resolved 7"] m i n i m u m , 
which was not seen at lower frequencies, has been 
observed at 32.2 K [15, 16], This min imum, which 
coincides with appreciable nonexponential i ty in the 
magnetizat ion recovery, was at t r ibuted to the level 
matching condition cot=2co0. F rom this in forma-

tion. a long with the usual form of the tunneling 
split t ing tempera ture dependence, it was concluded 
that at 32 K the tunnel ing splitting co?/2 n has de-
creased to about 120 MHz. F rom this observation it 
has been deduced that the ne ighbour ing min imum 
at 40 K is due to the co0 = cof resonance. This means 
that at 40 K the tunnel ing f requency co?/2 n has de-
creased to 60 MHz. 

The T] frequency dependences reported in this 
paper were pe r fo rmed at 25, 32 and 40 K. The 
relaxation was apparent ly exponential between 20 
and 40 MHz at all three tempera tures but above 
40 M H z it became nonexponential . In this higher 
f requency region the Tx decay was fit to the sum of 
two exponentials at all windows on the FID. Thus 
all of the high f requency Tx decays were charac-
terized by a relaxat ion rate and a magnet izat ion 
fract ion for each of these two components . The ac-
curacy of any of the relaxation rates measured was 
better than 10%. W e shall designate the larger Tx 

value as TXL and the smaller Tx value as Txs. T]L 

follows the classical BPP behavior and agrees with 
the da ta in the l i terature [11-16] . T 1 S , however, has 
a strong frequency dependence which exhibits a 
"resonance-l ike" m a x i m u m . The magnetizat ion 
componen t associated with the long relaxation t ime 
accounted for about 75% of the total magnetization. 
Since there was very good agreement at all windows 
for each relaxation t ime, the final values were ob-
tained by averaging over all windows. 

The results of the relaxation rate measurements at 
25 K are presented in Figure 4. In the frequency 
range 2 2 - 4 3 MHz the relaxation is apparently ex-
ponential . Two components were barely distinguish-
able in the range 43 —50 MHz whereas at f requen-
cies h igher than 50 MHz two components were 
clearly resolved. T^s increases monotonical ly with 
f requency up to the upper limit of the frequency 
range of our appara tus . T x i at this tempera ture is 
almost frequency independent . 

The results of measurements at 32 K are present-
ed in F igure 5. These experiments were performed 
in the f requency range 4 8 - 6 5 MHz. has an ex-
t e r n u m (Ti5 min = 26 m sec) at the frequency 
62 MHz. TXl is a lmost constant in the frequency 
range studied. 

At 40 K measurements were pe r fo rmed in the fre-
quency range 14 to 63.5 MHz and the results are 
shown in Figure 6. F o r frequencies between 44 and 
63 M H z the observed magnetizat ion recovery was 
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Fig. 4. The frequency dependence at 25 K. The dots repre-
sent values taken from the literature while the asterisks 
correspond to data obtained in our lab. In the region where 
only one time constant is reported the F f 1 value was de-
termined by using all of the spectral densities. In the region 
where two time constants were used the long component 
was fit using all but the resonant spectral density (solid 
line) and the short component was fit using only the re-
sonant term (dashed line). 

Fig. 6. The frequency dependence at 40 K. The dots repre-
sent values taken from the literature while the circles cor-
respond to data obtained in our lab. The meaning of the 
lines is the same as in Figure 4. 

Fig. 5. The frequency dependence at 32 K. The dots repre-
sent values taken from the literature while the crosses cor-
respond to data obtained in our lab. The meaning of the 
lines is the same as in Figure 4. 

decomposed into two exponential recoveries. F f s 
again exhibits a resonance-like behavior but, in 
this case, it is not as sharp as it was at 32 K. The ex-
t remum of this relaxation t ime ( F 1 S min = 27 ms) 
was found at 58 MHz. FfL ' decreases with f requency 
in the whole range of observation. 

The results of a four-pulse saturat ion exper iment , 
per formed at 32 K and 62 MHz, for var ious mixing 
times T are presented in Table 1. At this f requency, 
which corresponds to the m a x i m u m in the F f J re-
sonant peak, F 1 S is 26 ms and TXL is 480 ms. It was 
observed that the magnet izat ion af ter the « t h pulse 
is smaller than the magnet izat ion following the 
(n - l) t h pulse. This is consistent with the results of 
similar experiments per formed on other materials 
which show that the sub-system contr ibut ing the 
magnetizat ion can be saturated in a t ime much 
shorter than and for this reason this system must 
be something other than the lattice [10, 18]. These 
results will be discussed in more detail later in 
terms of the polarization t ransfer model . 
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Table 1. Results of a four n/2 pulse saturation experiment on PMB at'32 K and 62 MHz. r is the mixing time between 
pulses. The values of T, 5 and Tx L are 26 and 480 ms, respectively. 

Experimental Calculated 
llUSj 

Tx s M\/Mq m2/M0 M}/M0 M2/Mx M3/M2 M,/M0 M2/M0 M3/M0 M2 /M, M3 /M2 

10 0.39 0.11 0.07 0.06 0.68 0.85 0.07 0.07 0.06 0.94 0.93 
20 0.77 0.14 0.10 0.08 0.71 0.83 0.13 0.11 0.10 0.89 0.89 
40 1.54 0.17 0.13 0.11 0.77 0.83 0.20 0.17 0.15 0.85 0.86 
60 2.31 0.21 0.15 0.13 0.73 0.84 0.26 0.21 0.19 0.84 0.87 

100 3.85 0.28 0.21 0.18 0.74 0.87 0.33 0.28 0.25 0.86 0.89 
200 7.69 0.40 0.32 0.29 0.79 0.93 0.46 0.42 0.39 0.91 0.94 

Table 2. Numerical values of constants used in modelling. 

Type of 
CH, group [s"2] 

Dipolar constants Correlation times 
[s] 

Activation energies 
[kcal mole -1] 

Tunneling splittings 
[rad s"1] 

C i E 4 Fi •c-a i Hi k 0Jlk 

8.0 x 107 9.0 xlO8 2.33 xlO"13 1.0x10" 10 2.02 0 6.24 xlO6 

1 1.94 1 4.52 xlO8 

2 0.00 2 0.00 
3 0.00 3 0.00 

1.7 x 108 6.48 xlO8 1.2 xlO"13 2.0x10- 10 0.80 0 1.00 xlO9 

1 0.31 1 3.00 xlO10 

2 0.63 2 7.00x10" 
3 1.00 3 8.40 xlO12 

7.3 xlO7 5.77 xlO8 1.2 x 10~13 1.0x10" 10 0.60 0 9.43 xlO9 

1 0.24 1 5.00x10" 
2 0.40 2 2.80 xlO12 

3 0.75 3 3.00 xlO13 

IV. Discussion and Conclusion 

N o at tempt to use T A R T to rigorously fit the 
t empera tu re dependence data for PMB has yet been 
reported, so as a first step we decided that this 
should be a t tempted. 

The fit t ing was done on a compute r by varying 
the parameters until satisfactory agreement between 
model and exper iment was obtained. The results of 
this analysis are presented in Figs. 1 to 3 and 
Table 2. The equat ions used to model these tem-
peratures dependencies are [2, 9, 21] 

i F j = A. B. C 
AE 2 _2 1 + ( a j t / - too) Ti c; 

4 r cj 

1 + (coi j + w0) - rc
2/ 1 + (cotj- 2 co0)' 

4 Tr 

1 + (aj{j + 2 COq) Tc 

-EE + 
4 Tr 

1 + (Oo Tc j 1 + 4 COQ TC j 

where zcj and cotJ are given by 

— = 4 exp {— EJ/RT] 
Tc j TQ 

i Tt i 

and X cou e x P \ ~ E l u / R T \ 
_i_ 

(4) 

(5) 

(6) 

respectively, where RJ
0 and r(J are constants, the EJ

0I 

are the energy di f ferences be tween the ground and 
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/'th excited torsional states and the coJ
u are the tun-

neling splittings of the /'th torsional state. The sum 
over j is necessary because there are three non-
equivalent methyl groups in the sample which we 
label, A, B and C, with methyl g roup A having the 
smallest tunneling splitting and C the largest. The 
effective dipolar constants C{E and within 
TART, are not easy to de te rmine accurately because 
of their dependence on paramete rs such as Ö2, the 
effective relaxation efficiency factor and the contri-
but ion f rom inter methyl g roup interactions. How-
ever, since these factors are expected to be of the 
order of 1 and 0.1, respectively [8], it was not diff i -
cult to get a reliable est imate for them. F ine tuning 
was then done by adjus t ing the parameters inter-
actively until the best fit be tween the model and the 
exper iment was obta ined. 

For each non-equivalent methyl group, the first 
four spectral densities in (4) behave similarly as do 
the last two. Thus, in the discussion that follows and 
in Fig. 2 and 3 we consider each of these groups of 
spectral densities as a unit for each non-equivalent 
methyl group. This leaves us with only six groups of 
spectral densities instead of eighteen individual 
ones. 

The modell ing of publ ished Tx t empera tu re de-
pendencies studied at 10, 25 and 30 M H z [13] shows 
very good agreement between theory and experi-
ment. The biggest discrepancy is near 30 K for 25 
and 30 MHz and is less than a factor of 2, F igure 1. 
It should be noted that at t empera tu res a round 30 K 
all of the spectral densities for methyl groups B and 
C contr ibute about equally to the relaxation. Fur-
thermore , the excited torsional states begin to play a 
role in this t empera tu re d o m a i n since higher order 
terms in r c / and cotJ start to become impor tan t (see 
(5) and (6)). Qui te clearly the T A R T modell ing 
works very well at these tempera tures and f requen-
cies and any discrepancies may be a t t r ibuted to un-
certainty about the structural parameters . This ap-
parent fit is very misleading, however, as it will be 
shown below. 

The 40 MHz tempera tu re dependence [15, 16] also 
agrees qui te well with the T A R T model l ing except 
that the calculated curve shows a small indicat ion of 
a Zeeman- tunnel ing resonance at about 40 K which 
is not seen in the exper imental data. This should 
correspond to a small nonexponent ia l i ty in the re-
covery function, however; the indicat ion is that it 
was not resolved in the relaxat ion rate analysis. 

The Ti recovery funct ions at 60 M H z [15,16] 
show a strong nonexponential i ty in the t empera tu re 
region 25 to 35 K. T, values were obta ined f rom 
these recovery functions both f rom the initial slope 
and by decomposing the recovery funct ions into two 
exponential decays and calculating the correspond-
ing t ime constants. The initial slope Tx value and 
r , L are shown in Figure 3. 

The fitting obtained for the 60 M H z data is qual i-
tatively satisfactory a l though quanti tat ively there 
are significant discrepancies. The fit to the long 
component , which we obta ined by removing the 
resonant spectral density f rom the equat ion for Tf 
is good in the region where the recovery funct ions 
have been decomposed into a long and a short com-
ponent. However, when we consider the initial slope 
values we get satisfactory agreement between the 
experimental and theoretical curve (which includes 
the resonant spectral density) only near the resonant 
peak. For tempera ture above the resonant peak the 
disagreement between the model and the experi-
ment may be the result of the nonexponent ia l i ty of 
the recovery functions. It is possible that the report-
ed experimental T, values correspond to a weighted 
average of the two t ime constants [15, 16]. At lower 
temperatures, this discrepancy is always significant. 

It remains to est imate the accuracy of the fitted 
parameters , Table 2. According to the T A R T theory 
the fitted constants should be [8] 

CAE = - ^ d 2
P j ( l + X i ) ö } , and (7a) 

C L = ^ d 2
P i X { d j , (7b ) 

where d2 = 1.79 x 1010 s - 2 is the d ipolar constant for 
a p r o t o n - p r o t o n interaction within the methyl 
group, pj the fraction of equivalent protons (pA = 
pB = 6/16, Pc = 3/16), Ö2 the relaxation efficiency 
factor, typically 52 ~ 0.6 to 0.8, and X{ and X{ are 
the contributions f rom inter-molecular d ipolar in-
teractions: 0 < X{, X{< 1. With <52 = 0.77 and Xx = 
X2 = 0.1 all the values presented in Table 2 are 
within a factor of 2 of the values predicted by 
TART. It is hard to est imate the correlat ion t imes 
tf), and t{,-. The values quoted agree reasonably well 
with values given in the l i terature [8, 9, 14]. The ac-
tivation energies E{ agree very well with earlier re-
sults [11, 15, 16], 
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Tunnel ing splittings for ground torsional levels 
were used to est imate the barr ier heights for the dif-
ferent non-equivalent groups ( V* = 2.7 kcal /mole, 
Vf = 1.25 kca l /mole and Vf =0.78 kcal /mole) . 
These values were then used to calculate the higher 
order tunneling splittings f rom a Math ieu equation, 
leading to satisfactory agreement with the data 
quoted in the last co lumn of Table 2. 

The next phase of our research was to use the 
parameters obta ined f rom this fit of tempera ture 
dependences to explain the measured 7", disper-
sions. The results are shown in Figs. 4. 5, and 6. In 
the resonant region, between about 40 and 65 MHz. 
the T] recovery funct ion is characterized by two 
relaxation times, TiL and T]S. Since no such re-
sonant region is observed at lower frequencies, this 
resonance corresponds to the fulf i l lment of the con-
dit ion 2 co0 = co?. Consequently, in this frequency 
range we have tried to model the f requency de-
pendence of T\s using J (2 co0 — co?), while the 
other spectral densities were used to represent 77/]. 
Below 40 MHz, which corresponds to the "off-reso-
nance" region, all of the spectral densities, including 
J (2 COQ - co?) were used to model the data. 

Using this procedure we find a very reasonable, 
a l though not complete agreement between the ex-
per imental results and the theoretical curves for the 
f requency dependencies of the long component of 
the relaxation data (Figures 4, 5, 6). This is not the 
case for 77s . However, since the resonant peak has 
been detected in the t empera tu re dependence of Tx 

at 60 MHz and 32 K. the fit to the frequency de-
pendence at 32 K is still qui te good (Figure 5); with 
the same paramete r set theoretical curves were gen-
erated at 25 K and 40 K which are far f rom satisfac-
tory (Figures 4. 6). We suspect that this behavior is 
the result of fitting the resonant peak for the tem-
pera ture dependences at 60 MHz. We have tried 
also to readjust some of the parameters which gov-
ern the spectral density J (2 co0 — co?) to get better 
fits to f requency dependencies at 25 and 40 K with-
out spoiling the fit to the t empera tu re dependencies, 
however, this a t tempt has failed. N o parameter set 
within T A R T can provide satisfactory theoretical 
curves for all three f requency dependencies of 77s1 

as well as for the t empera tu re dependence of 
This is clear evidence that the semiclassical theory 
does not describe correctly the behavior of the sys-
tem at or near Zeeman- tunnel ing resonant peaks, al-
though it is able to predict the f requency at which 

the m a x i m u m occurs. Consequent ly , we are propos-
ing an alternate way of deal ing with these resonant 
peaks [10]. 

It should be possible to calculate 77$ near a 2 co0 

= a;, resonance f rom an equa t ion of the fo rm 

T~1 -1 1 c — 
4n_ 

7 J 
\ ( E \ \ \ ^ V \ A j - } > | 2 < 5 ( £ , - £ f ) , (8) 

where the ket \ A - - j } represents the symmetr ic 
1 
2 C H 3 torsional ground state with / = f and m = - j , 

| represents the ant isymmetr ic C H 3 torsional 
ground state with I = \ and E = y , is the di-
polar Hamil tonian, Ei the initial energy and E{ the 
final energy in the transit ion. We will approx imate 
the delta funct ion in (8) by the inverse of the tun-
neling line width r<r ' . Since our sample is a powder 
we have taken the powder average to get 

7Ti = — — = 1.40 XlO9 s - T - ' , 
1 5 16 20 / 2 t: 

(9) 
where y is the gyromagnet ic rat io and r, the inter 
proton distance, was taken to be 1.79 A. The factor 
of 6/16 is necessary since we are deal ing with only 6 
of the 16 protons per unit cell. Since in practice a 
77s is necessary to de te rmine r c we will proceed to 
calculate Tc f rom (9) and compare these values with 
the full width at half m a x i m u m values, T e x , deter-
mined f rom the exper imenta l f requency depen-
dences. When this is done we find that, at 40 K, F c 

equals 37.8 M H z compared with 48 MHz for Tex 

while at 32 K we get 35.9 and 12 MHz for r c and 
r e x , respectively. At 25 K the data do not allow an 
unambiguous de te rmina t ion of 77s a t 2co0=col so 
that the calculation of Tc at 25 K cannot be done. 

On the basis of these results, we propose that the 
T A R T model cannot proper ly explain spin-lattice 
relaxation when the Z e e m a n and tunneling energy 
levels are near a resonant matching. It was suggested 
that the reason for this fa i lure is that near resonance 
TZ1 becomes so short that , on the t ime scale of 
T Z J , the tunneling system can no longer be con-
sidered strongly coupled with the lattice. Fur ther-
more. it is likely that the resonant t ransfer of order 
between the Z e e m a n and tunneling systems is 
caused by a microscopic mechanism which is dif-
ferent f rom the ones that de te rmine the other 
relaxation processes in the material . This resonant 
transfer should, therefore , have a d i f ferent correla-
tion t ime the t empera tu re dependence of which is 
not known. 
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We also investigated the Zeeman tunneling re-
sonance using saturat ion experiments which were 
pe r fo rmed at a t empera ture and frequency such that 
twice the Z e e m a n splitting, h co0, was equal to the 
tunneling splitting, hcot. The condition a> t=co0 

should yield s imilar results. The appropr ia te fre-
quencies were chosen using the F, f requency de-
pendences ment ioned above. 

In Table 1, the results of the four pulse saturat ion 
exper iment are compared with the calculated values 
for the magnet iza t ion following each pulse. The cal-
culations are based on the assumption that the 
popula t ions equi l ibra te if the matching is resonant. 
This can be called an order transfer three bath 
model [10, 18]. According to this model the magne-
tization fol lowing the nth pulse (when the cot=2co0 

condit ion is fulf i l led) should be 

M 0 , (10) 

where M 0 is the equi l ibr ium magnetization, and 
y = exp (— T / T X S ) . This equat ion can be used as 
long as both r and F 1 S are much smaller than TXT. 
In PMB, however , the longest r used was of the 
order of T ] L . As a result, the magnetizat ion growth 
due to the Zeeman-la t t ice flow was not negligible. 
It was assumed, however, that both processes are in-
dependent , and that the Zeeman-lat t ice relaxation 
(which is concurrent with Zeeman-tunnel ing trans-
fer) changes only the apparent semi-equi l ibr ium 
magnet iza t ion value observed at the end of the 
order- t ransfer process. By extrapolating this value to 
shorter t imes and assuming an exponential growth 
of both components , we obtained the equat ion 

r - 4 + c MN = M0 \R 

+ 
2 + ' 

( 1 - C - t / 7 V ) (11) 

where R is the fract ion of the methyl groups which 
fulfill the cot = 2 co0 condit ion. We used R = 0.4 [20]. 

Using this model we find good qual i ta t ive agree-
ment between the experimental values and the cal-
culated ones, but quant i ta t ively they d i f fer by as 
much as 30%. 

The results of the sa turat ion experiments do 
prove, however, that in a t ime of the order of TXS 

the system supplying order to the Zeeman reservoir 
becomes saturated. This is precisely what we would 
expect if the order were supplied by the torsional 
(tunneling) reservoir since it has a finite specific 
heat. The lattice, on the other hand , has at these 
tempera tures an essentially infinite specific heat 
and can therefore never become saturated with this 
technique. This evidence along with the f requency 
dependence of the short relaxation t ime can only be 
explained by interpret ing F 1 S as the t ime constant 
which characterizes the t ransfer of order between 
torsional and Z e e m a n systems and does not involve 
the lattice. In other words, it is a measure of the 
strength of the Zeeman- tors ion coupling; i.e., 
T\ s = T z t . 

In conclusion, it was shown that the f requency 
dependence of the Zeeman- tors ion coupling t ime 
cannot be explained in terms of the semiclassical 
per turba t ion theory. This demonst ra tes that the pro-
cesses determining the tunnel ing l inewidth are dif-
ferent f rom the processes de termining the spin-
lattice relaxation. The former is de te rmined by 
symmetry conserving torsional ground state to first 
excited state transit ions (where both states are in 
the same potential well) while the latter is caused 
by transitions above the h inder ing barrier . For this 
reason the problem of tunnel ing assisted spin-lattice 
relaxation is complicated. F h e f requency depen-
dence of the Zeeman-tors ional coupl ing does, how-
ever, provide very accurate in format ion on the C H 3 

tunneling f requencies and on the tunneling line-
width, while the sa turat ion exper iments yield infor-
mat ion about the specific heat of the di f ferent re-
servoirs involved in the observed relaxation. These 
kinds of data , unlike the t empera tu re dependence of 
the relaxation t imes at f ixed frequencies , provide a 
bet ter insigth into the effect of rotat ional tunneling 
in solids. 
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