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Observation of Spin-Torsional Spectrum through Nuclear Magnetization Time Evolution
in the Rotating Frame
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A new experimental technique is introduced by which tunneling splittings of ground
torsional-oscillator states in solids can be obtained directly. Rotating-frame time evo-
lution of the spin-torsional system, monitored by the proton spin magnetization, is pre-
sented for NH4I and CH&CD&I, along with the frequency spectra. The resolution of the
spectral lines is an order of magnitude better than the magnetization-loss spectra.

In a recent paper' experiments were described They are brought about by the coherent exchange
in which the nuclear spin system in the rotating of energy between the two systems, induced by
frame is resonantly coupled to the set of lattice the nonsecular part of the rotating-frame dipolar
states produced by the tunneling splitting of the interaction X~ ",which connects states whose
ground torsional-oscillator state of the NH4' ion Zeeman quantum numbers I differ by + 2. The
in NH, I. During a long field pulse of a spin-lock- frequency 2u. , is the energy separation between
ing pulse sequence, ' the torsional system, initial- such states. The present experiment is analo-
ly at the lattice temperature, Ti, and the spin gous, with the addition of a third system com-
system, initially at a temperature Ts = (H,/H, )Ti prised of the torsional levels.
(FI, and H, are the rotating-frame and laboratory- The time evolution of the nuclear Zeeman sys-
frame fields, respectively), come to a state of tern is monitored by measuring M, (t), the mag-
semiequilibrium describable by a common tern- nitude of the free-induction decay signal follow-
perature. The resulting state is characterized ing a spin-locking pulse sequence, as a function
by a loss of Zeeman polarization (heating) and a of the field-pulse duration t. The results of such
corresponding cooling of the torsional system. an experiment, with the field-pulse amplitude H,
In this Letter we report preliminary experiments = 14 G, are shown in Fig. 1 for NH4I, which is
on the time evolution of the spin-torsional system known' to have a tunneling splitting of about 20 G.
towards a state of semiequilibrium. The magnetization decays on a time scale of the

The approach to semiequilibrium of the isolat- order of T„butthe time dependence, while os-
ed nuclear Zeeman and dipolar spin systems in cillatory in appearance, cannot be described with
the rotating frame in a solid has been studied the- a single frequency 2+,. The corresponding spec-
oretically' and experimentally. It is character- trum, Fig. 2, is the Fourier transform of M„(t),
ized by oscillations at the frequency 2w, =2yFI&, and shows that there is a relatively complex spec-
damped on a time scale on the order of T,. The trum of frequencies contributing to the time evo-
oscillations result from the different initial tern- lution. This result is explained by the presence
peratures of the Zeeman and dipolar reservoirs. of a set of tunneling-split torsional-oscillator
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FIG. 1. Time evolution of M„(t)in NH4I. H& =14 G
and the temperature is 16 K. FIG. 2. Spectrum of NH4I for II&=14 G and T =16 K.
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FIG. B. TimTime evolution of M (t) in C
pera ure is 66 K.

FIG. 5. Spectrum of CH CD I foor H& ——&9 G at T =66 K.

levels in which the characte ' tic
close to th Z

eris ic splittings are

frame. T
e eeman s littin

e. he terms X~" of the di olar
p

' 'ngs in the rotating

to o t t t h aga es whose magnetic q
y+, as in the usu g

e energy separations betw
states which bel

e ween such
onal eve se ong to different tor '

where a. ar
tunneling splittings Cings. onsequentl th

ear in the time evolu p
sys em as it evolves from an i '

n-.q- ib--"t. ~
um. The results of f th

s a e o a state of semie u' '' quilibri-
th xp imental works o urther e er'

gress, which allow the assi g t f

ed later.
r ines in NH I~I, will be report-

The explanation of the time evol

e,-group hindered rotor in
2

this material is
o ave a torsional ground-stat e A-to-E

ou . Unlike the four-spin tetra-

hedron of NH I in4, in which (accordin to t
metry of the cry t i f' rgo io as a ield the r

e split into a maxim um five levels
, ro ator has a simple tors

tho 1 o tuone nneling splitting. Con q
e at two fre u

e ime evolution of the s in tor '

system, correspond' g
um number. The timum . e time evolution da-

G, Fig. 3, indicate the
i erent frequencies. The co po

pec rum, Fig. 4, shows t

t tH =19G
, a a, +3.3 G and 2II —3

'g. , also exhibits twoG, Fi . 5a, + 3.3 0 demonstratin the 2H

dence discussed abse ove. It should
r e is the low-tern er

the splitting which dec, w ich decreases with increas' lng

I I I I I I

1.0—

0.8—

—0.6—

0.4—

0.2— 4—

l

20 30

N jGAUSS)

40
I I

20
I I

40
I I

60 80

FIG. 4.4. Spectrum of CH C
K.

or H&
——12 G and T =66Drf Fj:G.~. 6. Temperature dependence

splitting of CH 3 rotor in CH&CD&I.

ependence of the tunneling

1497



VoLUME 41, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NovEMBER 19T8

temperature. The spectra in Figs. 4 and 5 were taken at 66 K. The resolution and signal-to-noise
ratio obtained with this method are remarkably better than obtained from the NMR line shape or by
the magnetization-loss technique.

The temperature dependence of the splitting, 2~, of the two lines in the spectrum of CH, CD,I has
been measured and is shown in Fig. 6. It is qualitatively the same as that obtained by NMR line-shape
analysis, ' ' displaying a low-temperature asymptote of 4.8 G, and giving a good fit to the form

(6) = 6,[1—exp(-E»/kT]+ 4, exp(-E„/kT).
Here (4) is the observed splitting, and ~, and ~; are, respectively, the splittings of the ground and

first excited torsional levels, which are separated in energy by Eyp The values of Ego and 6y are
found from the slope and the intercept of the plot of in(h, —(6)) vs 1000/T to be 310+ 30 cal/mol and
—11+4 G, respectively. The solid line is generated from Eg. (1) using these values. The negative
value of 6, indicates the well-known inversion of the level scheme in the first excited state relative to
the ground state, with the A level having higher energy than the E levels. The present numbers are
not in agreement with the reported values of 700 cal/mol and —1075 G, respectively, which were ar-
rived at by the NMR line-shape analysis. '

A second-order perturbation calculation has been carried out which shows that the time evolution of
the spin-torsional system is characterized by coherent energy exchanges among the Zeeman, torsion-
al, and dipolar energy reservoirs. The time dependence of the Zeeman energy is given, for example,
by

where

A, = o.Tr(X, '), (3)

2

A.(t) =oZ 2 " '
21&TMI&n "}+3'n' '}IT'M')I'(1 —cos[(~r& —a,'r & )t]],

r~ r'~' (& r~ &r'u')

with

&u~ = —Mv„vr= Br/k, &o» =xi~+ mr, n = const.

(4)

The basis states lTM) are simultaneous eigenstates of the torsional and spin Hamiltonians. The fre-
quencies present in the time evolution are equal to the differences in energy between states connected
by Kn("}, and this gives rise to the selection rule lre~ —v„l

=2a, . The details of the calculation, to-
gether with complete experimental data on NH, I and (NH, ),BeF„willbe presented elsewhere
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