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Furthermore, "light shifts" of the dispersion
type' which depend on the displacement of struc-
ture in the lamp spectrum from the center of the
absorber line cannot be caused by the broad
spectrum of a white-light source. This freedom
from light shifts may recommend white-light
sources for high precision optical pumping at
lower pressures.
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TUNNELING-ASSISTED NUC LEAR SPIN-LATTICE RE LAXATION
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The tunneling splitting of the torsional-oscillator ground state of a hindered methyl
group is taken into account in calculating the temperature dependence of the proton spin-
lattice relaxation time. Thermal vibrations cause spin-independent transitions leading
to a Quctuation in the sign of the splitting parameter. It is predicted that a second max-
imum in T

&

' may occur at low temperature due to a tunneling-assisted process. This
effect is detected in some methyl-substituted benzenes in good agreement with the theory.

Recent electron-spin resonance'~' and electron-
nuclear double-resonance (ENDOR)' experiments
have demonstrated important consequences of the
splitting of the torsional-oscillator ground state
of a hindered methyl group due to tunneling rota-
tion. In one case the splitting has been measured
by ENDOR, ' but it may also be estimated roughly
from the hindering barrier height using a rela-
tion due to Hecht and Dennison. ' The splitting is
also necessary to explain the narrow NMR lines
observed at low temperatures, ' ' but no satisfac-
tory expression exists for calculating its effect
on the temperature dependence of T„ the spin-
lattice relaxation time.

Numerous experimental studies of T, have been
interpreted in terms of the classical Bloemberg-
en-Purcell-Pound theory which usually fits the
data at high temperatures, though low-tempera-
ture anomalies have been observed. 9 " The
problem was discussed semiquantitatively by
Stejskal and Gutowsky" who recognized the pos-
sibility of tunneling resonances when the splitting
coincides with the Larmor frequency and the fact
that lattice vibrations broaden the splitting spec-

trum. In this Letter we give a theoretical model
which describes both high- and low-temperature
phenomena. It leads to detailed predictions con-
cerning a low-temperature relaxation process
related to the tunneling frequency and provides
an explanation for the experimental data from
methyl-substituted benzenes in the range 20-200
K.

We consider first a methyl group constrained
by some static hindering potential to small oscil-
lations about its symmetry axis. The orientation
of the group is characterized by an angle p which
may be regarded as the position coordinate of a
particle in a three-well potential. The wave
functions are therefore linear combinations of
three harmonic-oscillator functions. Two types
of combinations are possible, having regard for
the threefold symmetry of the potential, corre-
sponding to the A and E representations of the
group C,. The energy splitting between these
states depends on the overlap of the harmonic-
oscillator functions and is closely related to the
frequency for tunneling between the wells. Par-
ticle indistinguishability requires that the pro-
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duct of spatial wave function and spin function

shall have A-type symmetry; so the eigenfunc-
tions are of the form A x A or EXE. The spin
states are therefore separated and this fact can
be introduced into the spin Hamiltonian by means
of an exchange operator. The energy levels in-
cluding the nuclear Zeeman energy in the exter-
nal field H, are given relative to the zero-point
energy of the harmonic oscillator by

E = yhH-m-KT[F(F+1)-7/4].
0

(5)

x
J f((u)

( )2
md&a). (6)

0 c

the frequency spectrum f(~):
t

exp[i f 3J(t')dt'] = f f((u) exp(-iwt)dt's.

Now we replace exp(t3Jt) in (4) by (5) and inte-
grate over time to obtain

E is & for the A states and 2 for the E states,
while m takes values from I" to -I". The E
states are doubly degenerate. The tunneling

splitting is 3Jh.
The agent of spin-lattice relaxation is that part

of the interproton dipole-dipole interactions
which has matrix elements Dab between differ-
ent Zeeman levels and is of E-type symmetry
(since this is modulated by rotation). Because of
the thermally activated rotation of the methyl
group the matrix elements are random functions
of time:

(D (t')D (t'+ t)) = (D ') exp(-t/r )
ab ab ab C

(2)

with T~ the correlation time for the rotation. It
obeys the Arrhenius equation

7. = 7 exp(E/kT).c 0

The activation energy E is assumed to be ap-
proximately equal to the height of the hindering
barrier above the ground state. The transition
probabilities for spin-lattice relaxation are ob-
tained from time-dependent perturbation theory:

W =2(D ')f exp(-t'/~ }
ab ab C

xexp[it'(E -E )/&)dt'.
a b

(4)

Now E is given by (1) for a methyl group mov-
ing in a static potential when the nuclear spin and
space coordinates are completely correlated.
However, as the temperature rises the thermal
vibrations of the lattice cause transitions be-
tween the methyl-group torsional-oscillator
states. Since these transitions are spin indepen-
dent the spatial part of the wave function must be
regarded as fluctuating between A and 8 types
without fluctuation of the spin part. The result-
ing effect on (4) is that the sign of J in the expo-
nent fluctuates randomly. %e therefore define

The superscript n takes the values 1 and 2 indi-
cating a ~m =n transition, and +0= WHO. The left-
hand side of (5) will be recognized as the free-
induction decay for a spin of & jumping randomly
between two sites with well-defined resonance
frequencies +3J. The spectrum is well known'4:

—=—(Q'W +4 Q 'W, ,).
1 1

T, 12
b

ab, b,
a'b''

a, b a', b'
(8)

Since we may expect that the two correlation
times are very different, it will usually happen
that (6) is small except in two temperature re-
gions where the integral is solved trivially. At
high temperatures f(&u) is a 6 function at ~ = 0,
while at low temPeratures 7c/r[l+(&u nau0)'7c']-
is a 6 function at &u =novo. Then evaluating (8)
one finds

1
=C +1+~ 27 2 1+4(d 27-

1 0 c 0 c

8y
w6&[x' +2m'(2y'-1)+ 1]

(~) =

with x = ~/3J and y = —,'J~t. We have introduced a
second correlation time Yt to describe the ran-
dom fluctuation of the sign of J. Assuming that
the transitions responsible for this fluctuation
occur via the excited torsional-oscillator levels,
we expect 7t to obey (3) with an activation energy
Et corresponding to the height of the first excited
state. Thus 7t refers to transitions to levels
within the potential well and 7~ to transitions to
levels near the top of the barrier.

Vile make the usual spin temperature assump-
tion" that the populations of the levels during re-
laxation are linearly dependent on m so that re-
laxation within the eight levels is described by a
single relaxation time. This just involves sums
over the transition probabilities:
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FIG. 1. The temperature dependence of the proton
spin-lattice relaxation rate T&

~ for pentamethylben-
zene measured with a resonance frequency of 25 MHz.
The curve is calculated from (9) with parameters giv-
en in the text. The peak around 45'K is attributed to
tunneling-assisted relaxation.

The first two terms in the bracket in (9) consti-
tute the usual Bloembergen-Purcell-Pound for-
mula. The other two terms represent the tunnel-
ing-assisted relaxation expected to be important
at low temperatures.

The model introduces the parameters Et and

3J which roughly fix the width and height of the
low-temperature maximum in T, '. For a sim-
ple cosine barrier these parameters have a
known relationship with the barrier height E.
Consequently, E determines the general form of
the temperature dependence of T, '. Of course,
the barrier shape probably departs substantially
from a simple cosine function but the latter pro-
vides some guidance for the parameters. Figure
1 shows measurements for pentamethylbenzene
obtained by standard pulse methods using a reso-
nance frequency of 25 MHz. The curve is calcu-
lated from (9) with (o0/3J= 1.7, rc = 1.22X 10
xexp(1180/T), and T&=7.8x10 "exp(380/T), the

parameters being chosen to fit the data at the

turning points. The value 1160'K corresponds to
a height of the barrier above the ground state of

2.3 kcal mole '. For a cosine barrier this would

give 37=4 MHz and Ef/k=300'K instead of the

values 14 MHz and 380'K used above.
Secondary maxima in T, ' have also been ob-

served in 1, 2, 3, 4- and 1, 2, 3, 5-tetramethylben-
zenes. ~ If the latter is cooled rapidly the results
are very similar to those in Fig. 1. Low-tem-
perature maxima in T, ' can also be recognized
in 1, 2, 3- and 1, 2, 4-trimethylbenzenes, "dimeth-
ylbutanes" and trimethylpentane. " Although oth-
er reasons have been given for these effects, ' re-
cent studies on deuterated isomers' have shown

this former interpretation to be incorrect. The
present theory provides a more satisfactory ex-
planation for what is evidently a fairly general
phenomenon.

In summary, the theory finds support from the
available data and it brings the T, temperature
dependence into line with the NMR linewidth, the
ESR, and ENDOR measurements, all being inter-
preted in a consistent way from the same basic
model.
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