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Observation of CH3 Tunneling Manifold by Level-Crossing NMR
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Rotational tunneling spectra of strongly hindered CH3 torsional oscillator pairs which do not interac
among themselves are reported. These results are obtained by applying the Zeeman-tunnelin
matching method in the proton spin rotating frame. Two noninteracting CH3 particle manifolds explain
the observed CH3 multiquantum transitions driven by intramolecular andyor intermolecular dipole-
dipole interactions to first or second order. Level matching resonances indicating that two m
groups simultaneously undergo a symmetry breaking transition are observed. The dependen
level-crossing transitions on Zeeman-tunneling mixing time and tilt angle are reported.
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We are reporting a renewal of an experiment with whi
tunneling spectra of atomic groups such as CH3 or NH4 can
be obtained with improved resolution and excellent sign
The experiment is a Zeeman-tunneling level matching
which mixing times are set long enough for the dens
matrix to nearly attain its diagonal form. Unlike the e
tablished NMR methods, the reported technique, which
tects population equalization at level-matching resonan
gives the ground state manifold spectrum with resolut
beyond the nuclear spin dipolar linewidth.

It has been generally agreed that the ideal model sys
for studies of quantum coherence is the methyl group C3

embedded in a rigid lattice [1]. This model is favore
for its simplicity and for the extraordinary number o
diverse environments in which the CH3 group is found.
The reported results on a few model compounds are w
understood since they conform to the single particle in
effective potential model. However, most interesting a
observations of spectra with features which have not b
seen before.

Since the strongly hindered model methyl oscillato
with small tunneling splittings (of 10 kHz to 1 MHz
generally remain in a coherent state to rather h
temperatures, a lot of emphasis was placed on develo
detection methods for such small tunneling splittings. T
first NMR observation of a tunneling “wing” of a proton
free induction decay [2] was followed by a level matchin
NMR in the rotating frame [3,4]. A year later the tim
evolution of nuclear magnetization to semiequilibrium
a spin rotating frame (SPOTS) was Fourier transformed
give tunneling satellites [5]. After this, a high to low fiel
cycling NMR, combined with low frequency irradiation
was introduced. The ensuing spectrum showed w
defined tunneling satellites [6]. In addition, high-fie
level-crossing techniques have been developed to st
the tunneling above the MHz range [7,8].

The rotating-frame level-crossing experiment [3] begi
by transferring the nuclear spin Zeeman polarization a
high magnetic field of,1 T into the proton spin rotating
frame of a low magnetic field of,1 mT. In this sudden
change of the magnetic field which the spins experien
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the large proton equilibrium magnetization is oriente
along a small field generated in a coil by an rf pulse (sp
locking). In equilibrium at a high field, the proton spin
magnetization isM0  CH0yTL, where C is the Curie
constant,H0 , 1 T, and the lattice temperaturesTL is
about 10 K. Once this high-field magnetization is locke
in the rotating frame ofH1 . 1 mT, the ensuing Zeeman
spin temperatureTS becomes,10 mK. Colloquially,
nuclear spins in their rotating frame become cold. Th
transfer of polarization from high static field to low
rotating-frame field is achieved in,1 ms, while typically
the equilibrium of spins and lattice is established in a fe
seconds. This allows many manipulations to be carri
out while the spins are essentially isolated from the lattic

The method employs a three rf pulse sequenceAxsud 2

Bystd 2 delaystd 2 Cystd, where the subscripts indicate
the phase. The sequence is shown as an inset in Fig
The spin rotation by the rf pulseA is usually selected
to be 90±. The rf field amplitudes, H1, of pulsesB and
C are the same. Their durations, which are also equ
are varied between 100ms and 100 ms, and the delayt
betweenB andC pulses is usually set so that10T2 ø t ø

T1r , T1t. HereT2 andT1r are the spin-spin relaxation
time in the laboratory frame and the spin-lattice relaxati
time in the rotating frame, respectively, andT1t is the
spin conversion time (tunneling relaxation time). If th
large Zeeman polarization in theB pulse rotating frame
is partially lost while the pulseB is “on,” by implication,
the discrete energy states of the methyl group may ha
taken on some of this polarization. If so, some polarizati
could be “returned” to the Zeeman system during the pu
C. For this reason, pulseC is established suddenly at a
time when the nuclear spin coherence in thex-y plane
is already phased out, to ensure that any signal after
pulseC is turned off can be due only to the polarizatio
exchange between the CH3 tunneling states and Zeema
states established by the rf field of the pulseC.

To reduce the dipolar line broadening the dipol
Hamiltonian can be manipulated by tilting the magnet
field in the rotating frame. This effective fieldHe is a
vector sum of the rf rotating fieldH1  H1ŷ and the
© 1996 The American Physical Society 527
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FIG. 1. The energy ground state manifold in a progressiv
larger magnetic field of a single CH3 group in an effective
hindering potential of threefold symmetry and, below, t
Zeeman-tunneling level-crossing spectrum of methylmalo
acid at 30 K with rf irradiation of 100ms. The solid line is
the fit with two Gaussians. Pulse sequence used for the no
and tilted rotating frame experiments is shown as an in
The pulses on the upper line have rf phasex, on the lower
line, phasey. The sequenceAxspy2d-Bystd alone is the spin-
locking sequence. In the tilted frame version, pulseA is tilting
the magnetization by a desired angleu (e.g., 54.7±), and pulses
B andC are off resonant byh such that cotanu  hyH1. The
90± pulse train destroys any remaining magnetization along
z axis as well as the dipolar order.

so-called off resonance fieldh  2psn0 2 ndygẑ, where
n0 is the Larmor frequency,n the actual frequency which
is slightly different from the resonant frequencyn0, and
g is the proton spin gyromagnetic ratio, whileŷ andẑ are
unit vectors along they and z axes, respectively. The
field He could be tilted atu with respect to the main field
H0. The best appear to be the level-crossing spectra
the u  80± tilted frame, while spectra at the tilt angl
of u  54.7± are most narrow. The effect of the 54.7±

tilt (magic angle) is striking, since the leading term
the dipolar interaction vanishes, because3 cos2u 2 1
becomes zero.

The search for unknown Zeeman-tunneling sta
matching conditions where polarization transfer wou
occur is conducted with pulsesB andC of equal rf field
amplitudes. We usually begin withH1  0.1 mT and
proceed in 0.01 to 0.05 mT increments, up to 5 mT.
the B and C rotating frames are tilted, for each new
field H1 the off field h has to be adjusted to maintain th
tilt angle constant at all H1.

The first experiment was performed with methylmalon
acid. With mixing time of only 100ms a level-crossing
peak is observed atn1 

1
2 nt and another atn1  nt , in

excellent accord with the CH3 single-particle ground state
multiplet (Fig. 1). Under the polarization equilibration a
528
ly

e
ic

mal
et.

he

in

f

es
ld

If
f
e

ic

t

n1 
1
2 nt and n1  nt the magnetic quantum number

change byjDMj  2 andjDMj  1, respectively. From
the positions of the polarization transfer maxima the tu
neling frequency of the methylmalonic acid is estimated
be76 6 1 kHz, in agreement with the published value [9

As this spectrum is the direct result of the transf
of polarization between the Zeeman and tunneling lev
(during the pulseB) and back (during the pulseC),
the magnetization following pulsesB and C should
depend on the durationt of these pulses when populatio
equilibration (mixing) occurs. Therefore, the time durin
which a level-crossing signal reaches its extremum c
be measured by increasing the equilibration (or mixin
time t until the signal followingB is minimum and the
signal followingC is maximum. For methylmalonic acid
the mixing times of maximum intensities atn1  38 and
76 kHz were found to be,1.5 and,5 ms, respectively.
It follows that in Fig. 1 the full intensities of the two
level-crossing peaks have not been reached yet since
equilibration was allowed to run only 100ms.

When the mixing time is increased to 10 ms, to establi
full intensities of the two level-crossing peaks and fo
weaker transitions to bring about a measurable polarizat
transfer, a spectrum with six peaks turns out (Fig. 2). T
account for these, the two-particle statesAA, AE, andEE,
with spins of 3, 2, and 1, respectively, are invoked [10,11
It should be noted that three or more (noninteracting) C3

multiplets, e.g.,AAA, AAE, and so on, have the sam
level-crossing spectrum as in Fig. 2 with additional leve
matching resonances. However, since only two-parti
level-matching resonances were observed, the two-part
manifold is employed as the simplest model for discussi
the observed level-crossing spectra. The level crossi
at ne 

2
3 nt andne  2nt demonstrate that two tunneling

CH3 groups undergo a simultaneous symmetry break
transition which is induced by the intermethyl dipola
interaction. The transition atne 

1
4 nt is a four quanta

sjDMj  4d event, and the transitions atne 
2
3 nt and

ne 
1
3 nt are three quantasjDMj  3d events.

Since the dipolar interaction which couples the expe
mentally matched (degenerate) levels is a tensor oper
of rank 2, it gives rise to matrix elements between ener
states whose magnetic quantum numbers differ by0, 61,
or 62. Thus thejDMj  3 andjDMj  4 transitions are
forbidden in first order. However, these second-order tra
sitions bring about polarization transfer if orders of ma
nitude longer mixing times are allowed. To illustrate thi
spectra of hexane with various mixing timest in the nor-
mal rotating framesu  90±d are shown in Fig. 3. Here
the second-order transition peaks atn1 

1
4 nt (71 kHz)

and n1 
1
3 nt (97 kHz) do not show up until the mix-

ing time becomes 1 ms. In 1 ms the1
2 nt peak is nearly

at its maximum. As the mixing time is increasing, th
jDMj  3 (at n1 

1
3 nt) and jDMj  4 (at n1 

1
4 nt)

transitions continue to grow while then1 
1
2 nt peak re-

mains of constant intensity.



VOLUME 76, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 15 JANUARY 1996

n

ro

t

f

h
b

r
a
p

v
-

n
i
e
s

t
t

b
w

s
e

th

The
at

,4-

of
],

in
le-

all

the

a

l

ial
FIG. 2. The energy level diagram of two nominally noni
teracting methyl groups with level crossings atne  nnt for
n 

1
5 , 1

4 , 1
3 , 1

2 , 2
3 , 1, and 2. At the bottom is the tunneling

spectrum at 30 K of methylmalonic acid obtained in the
tating frame tilted byu  54.7±. The durationt of pulsesB
and C was 100 ms. Note that the level crossing atne  1

5 nt
is not observed. The symbols on the ordinate refer to
product states of two noninteracting tunneling CH2 groups:
jAl jAl, jAl jEl, and jEl El. When their energies are added th
lowest is EA 1 EA, next is EA 1 EE , followed by EE 1 EE .
In this picture these states are separated bynt . Since the spins
of the two noninteracting CH3 groups add up, the total spin o
the jAl jAl state is 3, of thejAl jEl states is 2, and of thejEl jEl
states is 1.

It is well known that the dipolar Hamiltonian term whic
connects energy states with magnetic quantum num
differing by61 is proportional to sinu cosu, while the term
responsible for thejDMj  2 transitions is proportional to
sin2u. Consequently, in the normal rotating frame, whe
cosu  0, odd transitions are not allowed. The same
gument can be extended to higher order transitions. S
tra of propionic acid in Fig. 3 illustrate theu dependence
of the intensities of level-crossing lines. As the effecti
field tilts away from thex-y plane the even quantum num
ber peaks atne 

1
4 nt (52 kHz) andne 

1
2 nt (107 kHz)

begin to decrease, while the odd quantum number tra
tion line atne  1

3 nt (71 kHz) begins to increase. Here
should be noted that our rf coil may not be exactly perp
dicular to the main field H0; this enables odd transition
n1 

1
3 nt at u  90± (Fig. 3)

Level-crossing spectra of methyl rotators in four la
tices, with high hindrance for rotation and, subsequen
low tunneling splittings, are presented in Fig. 4. The m
terials are methylmalonic acid, dimethyl sulfide, prop
onic acid, and hexane. The mixing times were all 10 m
during which the level-crossing peaks brought about
second-order processes grew substantially. The four t
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FIG. 3. Spectra of hexane at 30 K with different mixing time
t are shown at the left side. The normal rotating fram
with u  90± was employed. Spectra of propionic acid wi
different tilt anglesu are at the right side. The mixing timet
and the temperature were 10 ms and 30 K, respectively.
vertical lines represent level crossings (from left to right)
1
4 nt ,

1
3 nt , and 1

2 nt .

methyl states spectra indicate that CH3 groups in all these
solids are noninteracting.

A magic frame spectrum at 10 K of acetyl acetone (2
pentanedione, CH3COCH2COCH3) is shown in Fig. 5.
This material is known to have low hindering potential
threefold symmetry. With INS and NMR methods [12
two A to E tunneling splittings were arrived at:,10 GHz
and a few hundred MHz. The level crossing peaks
Fig. 5 demonstrate the existence of yet another sing
particle-like tunneling splittings120 6 2 kHzd character-
istic of a strong hindering threefold potential. The sm
jDMj  3 level-crossing peak at,40 kHz, wherene 
1
3 nt , is also seen, but none atne 

2
3 nt . We have no ex-

planation for the broad level-crossing base from which
level-crossing peaks stand out.

For a pair of noninteracting methyl groups having
Zeeman and rotational Hamiltonian̂HZ 1 ĤR and a much
smaller dipolar interaction̂Hd, consisting of an intramethy
group partĤintra

d and an intergroup part̂Hinter
d , the 26

zeroth-order eigenstates are denoted byjGMl. Here G

indicates the symmetry andM is the magnetic quantum
number. These symmetry-adapted wave functionsjGMl
which satisfy the Pauli principle are products of a spat
part jGl and a spin partjMl.
529
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FIG. 4. Spectra at 30 K with mixing times of 10 ms ar
shown (from top to bottom) for methylmalonic acid, dimethy
sulfide, propionic acid, and hexane. In the left column a
spectra in the rotating frame withu  90±, and in the right
column are the spectra in the magic frame,u  54.7±.

The first-order Zeeman-tunneling transition rate is pr
portional to

jkG0M 0jĤG00

d jGMlj2,

where G0  G00 3 G, M 0  M 6 1 or M 6 2, and
ĤG00

d is the symmetry-adapted dipolar Hamiltonian. I
first order, Ĥintra

d and Ĥinter
d induce, respectively, the

FIG. 5. Shown is the signal following pulseC of acetyl
acetone at 10 K in the tilted rotating framesu  54.7±d with
mixing time of 10 ms.
530
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single-particle and two-particle transitions betwe
those energy levels whose magnetic quantum nu
bers differ by jDMj  1, 2. For example, a transition
between the zeroth-order Zeeman-tunneling sta
jsEaEadspacesEbEbdm21l and jsAAdspacesAAdm22l, is
induced atne  2nt by the intermethyl group dipole-
dipole interactionĤinter

d . This transition line is weaker
by sR0yRijd6, where R0 and Rij are the intragroup and
intergroup proton-proton distances, than the first-ord
single symmetry breaking transition which is driven b
Ĥintra

d . The factor depends on lattice geometry and m
have a value anywhere between,0.5 and,1022.

Without going into detail, all even quanta transitions d
pend on sin2u and the odd ones on sinu cosu. This de-
pendence can be explored by tilting the rotating frame.
addition, the1

4 nt ,
1
3 nt ,

2
3 nt , and2nt transitions are driven

by Ĥinter
d as well asĤintra

d , while the 1
2 nt andnt transitions

are byĤintra
d only. The population equilibration is fastes

if coupling is first-order intramolecular (1
2 nt andnt). Next

come first order intermolecular processess2ntd. Slowest
are second-order intermolecular processes (1

4 nt ,
1
3 nt , and

2
3 nt). This is in good accord with observations. Howeve
if enough mixing time is allowed at each level matching, a
corresponding populations are equalized yet not all pe
have the same amplitude. In such a situations, the
nal depends entirely on the magnetization change wh
a particular population equalization brings about. For e
ample, a weak coupling may bring about a large magn
zation changes 2

3 ntd while a strong coupling may result in
a smaller magnetization changesntd. A calculation of the
transition rates and magnetization changes, together w
experimental details, will be published elsewhere.
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