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A spectral line at the rotational tunneling frequencyvT , due to nonmagnetic transitions within the
ground state manifold of a tunneling atomic group, has been observed in the Fourier spectrum
Zeeman polarization evolution in the rotating frame of proton spins. These observations suggest a
2D NMR method. We propose that the underlying conditions which make the nonmagneticvT peak
observable in NMR experiments are quite general and are related to the properties of dipolar interac
under spin rotations. [S0031-9007(99)08732-3]
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In a series of field cycling experiments, Horsewil
et al. [1,2] observed a spectral line at the rotationa
tunneling frequency [3]vT , which was interpreted as
being due to nonmagnetic transitions within the groun
state manifold of a tunneling methyl group. We want t
show that this observation is not specific for field cyclin
experiments nor for methyl groups, and that, in gener
the nonmagnetic transitions affect the time evolution o
nuclear Zeeman polarization.

NMR spectroscopic information about the dynamic
of an atomic group containing protons is obtained b
measuring its Zeeman polarization:

$Mstd  gph̄ Trhrstd$Ij , (1)

wheregp is the proton magnetogyric factor,$I is the total
proton spin, andrstd is the density matrix whose time
evolution is governed by the HamiltonianH  HZ 1

HR 1 HD 1 Hrfstd. The meaning of the various terms
is as follows: HZ  2h̄v0Iz is the Zeeman Hamiltonian,
HR is the rotational Hamiltonian [4],HD is the dipole-
dipole interaction term [5], and the rf Hamiltonian is
Hrfstd  2gp h̄$I ? $Hrfstd. The proton Larmor frequency
in the static magnetic field$H0, whose direction defines
the z axis of the laboratory fixed coordinate system
is v0  gpH0. The radio-frequency pulse employed to
make the coupling between the rotational motion an
spin dynamics experimentally observablesv0 ¿ vT d is
$Hrfstd. A representative Zeeman rotational energy lev

scheme is shown in Fig. 1.
Considering the form of the dipole-dipole interaction

term [5] HD , it follows that the transitions contributing to
the Fourier spectrum of (1) are those associated with t
change of the magnetic quantum number of the proto
by DM  0, 61, 62. However, the relative magnitudes
of the various energy terms are such that only the lin
corresponding tojDMj  1 and 2 are observed normally,
providing that the magnetization is measured immediate
after the rf field is switched off. In actual experiments
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however, there is, due to dead time, always a time de
t between the end of the field pulse and the instant wh
the magnetization is measured. Therefore, to be rigoro
the time evolution of the magnetization during this tim
interval should be accounted for also. When this is don
the Fourier transform of the magnetization$Mst 1 td with
respect to timet (t denotes the duration of the rf field
pulse) shows theDM  0 line, the so-calledvT peak, of
observable intensity.

As a specific example, let us consider a tunnelin
methyl group in a static field$H0 and rotating transverse rf
field at exact resonance. In this case, referred to as nor
rotating frame, we haveHrfstd  2h̄v1fIx cosv0t 2

Iy sinv0tg, wherev1  gpH1, andH1 is the magnitude
of the rotating rf field. Measuring thex component
of the magnetizationMxst 1 td, and retaining only the

FIG. 1. Schematic reproduction of the energy level schem
for an isolated tunneling methyl group. The arrows indica
the matrix elements of dipolar Hamiltonian contributing t
DM  0 transitions. The numbers on the right represent thez
component of the CH3-proton spin corresponding to the given
eigenstate of Zeeman Hamiltonian.
© 1999 The American Physical Society 2587
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DM  0 terms which are due solely to the time evolutio
during the time delayt, we obtain

Mxst 1 t; DM  0dygph̄ 

hAsb, td f1 1 cosVsbdtg 2 Bsb, tdj cosv0st 1 td ,

(2)

where we have defined

Asb, td  Fsbd h1 1 cosVsbdt 2 2 cosfVsbdty2g

3 cosvsbdtj , (3)

Bsb, td  Fsbd h sinVsbdt 2 2 sinfVsbdty2g

3 cosvsbdtj sinVsbdt , (4)

vsbd 
1
2

vT 2
9

32
vDs1 2 3 cos2 bd , (5)

and

Vsbd 

Ω∑
vT 1

3
16

vDs1 2 3 cos2 bd
∏2

1
81

128
v2

D sin4 b

æ1y2

. (6)

In the above equations,vD  g2
p h̄yR3

0 is the dipolar
frequency (whereR0  1.78 Å is the CH3 proton-proton
distance), andb is the angle between the methyl grou
symmetry axis and the direction of the external magne
field $H0. The functionFsbd is rather lengthy and will
not be given since it is not needed for the discussion th
follows (it will be used, however, to plot Fig. 2).

The DM  0 contribution toMxst 1 td is due to time
evolution of the spin-rotational system during time inte
val t, governed byHZ 1 HR 1 HD and, as seen from
(3) and (4), vanishes in thet ! 0 limit. It follows from
(2) that, in spite ofv0 ¿ vT , vD, the dipolar interac-
tion does affect spin dynamics in the high field through i
secular part modulated by tunneling motion. This com
about because the secular dipolar interaction in the h
field acquires in the rotating frame additional terms [5
which generateDM  62 transitions responsible for the
vT peak (Fig. 1). In the case whenv1 ¿ vD , the in-
tensity of this peak is proportional tov2

Dyfs2v1d2 2 v
2
T g,

and is thus comparable to the intensityv
2
Dys2v1 2 vT d2

of the tunneling satellite centered at2v1 2 vT . Their ra-
tio for methylmalonic acid, a well studied material with
CH3 tunneling splitting ofø71 kHz, is approximately 1
at H1  25 G.

The Fourier transform of (2), with respect tot, is
defined as

Mxsv, td 
1

p
2p

Z `

2`

dt eivst1tdMxst 1 td . (7)

For a given orientation of the methyl group with respect
the direction of the external magnetic field$H0, the Fourier
components contributing to theDM  0 line of (7) are
centered atv  Vsbd as defined by (6). To compare
2588
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FIG. 2. The calculated spectrum of the magnetization evo
tion of a CH3 group in the rotating frame, shown as a functio
of time delayt, after the rf field pulse has been switched of
The selected tunneling frequency isvT ygP  15 G, v1ygP 
45 G, and the broadening parameters  1 G. Note that the
position of the nonmagneticsDM  0d peak depends ont as
well. It should be kept in mind, however, that the growth of th
DM  0 peak intensity is eventually attenuated because of
T2-type spin dephasing. This consequence of the dipole-dip
interaction was not taken into account in this calculation. Sin
T2 of the CH3 group is around20 msec and even shorter for the
NH4 group, the tunneling peak decays to noise level in abo
50 msec. In the inset, the oscillations of theDM  0 spectral
line intensity (in the magic tilt experiment) in NH4I are shown.
In this case, the intensity of thevT peak oscillates while the
position of the peak does not. The main tunneling splitting
this material is 77 kHz. The period of the oscillations show
in the inset is approximately11 msec, which corresponds to a
frequency ofø90 kHz.

the calculations with the experiments which were done
powdered polycrystalline samples, we have to average
with respect tob. By broadening the calculated spectr
with a Gaussian function with a broadening parameters,
and taking the absolute value of the real part of (7), t
spectrum shown in Fig. 2 is obtained. Please note th
instead ofv, the off-field H  sv 2 v0dygp is used as
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a variable. We notice that the intensity and the position
theDM  0 peak depend on the time delayt (see Fig. 2).
For example, fort . 15 msec, the intensity of the real
part of the powder averagekMxsH, t; DM  0dl becomes
comparable and often larger than the intensity of th
low-field tunneling satellite centered at2H1 2 vT ygp .
Unfortunately, the dead time of the NMR spectromete
limits the experimentally accessible range oft values
to the s10 30d msec interval. The imaginary part of
kMxsH, t; DM  0dl is not shown in Fig. 2 because it is
qualitatively similar to the real part.

These predictions were confirmed by experimen
[6] performed on CH3CD2I svT ygp > 4.3 Gd and
methylmalonic acid svT ygp > 17 Gd. Measurements
of the proton magnetization in the rotating frame
were made using the spin-locking pulse sequen
Afpy2gy 2 BfH1stdgx. The pulseA of this sequence
rotates the equilibrium magnetization through 90± into
the x-y plane, where it is “locked” along the rf field
pulseB. This prepares the initial state of the system,r

st  0d. The subsequent evolution of the spin system
during the time intervalt, when the field pulse$Hrfstd is
on, and during the time intervalt in the main magnetic
field (after the field pulse has been switched off), i
monitored by detecting the amplitude of the decayin
transverse magnetization. By increasing the length of t
rf pulse in unit incrementsDt  1 msec, for a total of
N > 200 progressively longer spin-locking times (each
pulse group is delayed from its predecessor long enou
to allow for a spin-rotational system to reach therma
equilibrium with the lattice), we obtain a quasicontinuou
oscillatory pattern which by Fourier transform yields
the spectrum. Furthermore, the real (absorption) a
imaginary (dispersion) components of the magnetizatio
are acquired separately using quadrature detection at
or more differentt values, or “time windows,” along
the free induction decay. Because of receiver dead tim
sø10 msecd, the first time window is delayed by12 msec
following the end of the rf field pulse, with subsequen
time windows progressively delayed by an additiona
1.4 msec each. Thus, a magnetization arrays40 3 200d
of kMxst 1 tdl was obtained as a function of both, the
rf pulse durationt and the detection window timet, for
each detector channel. For each solid, the 90-degr
pulseA was 50 G (of1.2 msec duration) and the rf field
pulseB amplitudeH1 chosen in such a way that thevT

peak and the low-field tunneling satellite atv1 2 vT , did
not overlap.

To improve the resolution of theDM  0 tunneling
line and satellites, the magnetization was also measur
in the rotating frame tilted [7] at the magic angle
QM  54±, with respect to the external magnetic field$H0
using the same experimental acquisition method describ
above. In this frame, the secular part of the dipola
of
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interaction vanishes, resulting in narrower spectral pea
sø3 kHzd and, in addition, the dipolar shifts of the
spectral lines become negligible.

In general, in all of the spectra, the nonmagnetic pea
at vT , as well as the main dipolar peaks at2v1 and v1
with their tunneling satellites at2v1 6 vT andv1 6 vT ,
are observed. The up-field satellites2v1 1 vT and
v1 1 vT , however, are often lost in noise. The inse
in Fig. 2 shows the oscillations of theDM  0 peak
amplitude in NH4I, acquired in magic frame at 30 K, at
proton frequency 30 MHz, as a function oft. In this
material, the oscillatory dependence of the peak intens
on t is clearly visible. The Fourier transform of this
pattern yields a frequency which is about 15% larger tha
its vT of 2p 3 77 kHz (see Fig. 2). This difference is
due to the remaining small dipolar shifts as seen from (6

In conclusion, the reported observation of theDM  0
peak of a tunneling atomic group by Horsewillet al. [1,2]
has been complemented by measuring the time evoluti
of the magnetization in the rotating frame. The analys
described above has shown that, in order to make th
line observable in NMR experiments, it is essential tha
nuclear spins are subjected to a sequential time evoluti
governed by two distinct Hamiltonians defined on the tim
intervals s0, td and st, t 1 td, respectively. Since this
method offers the possibility of two-dimensional Fourie
analysis (with respect tot and t) of the experimental
data, it could be termed the two-dimensional Zeema
polarization spectroscopy. This technique will delineat
the tunneling peaks better, particularly in those system
exhibiting multiple tunneling frequencies.

The DM  0 mechanism described applies to th
experiments done by Horsewillet al. [1,2]. However,
these conclusions are quite general and should apply in
cases of rotational tunneling of atomic groups in solids, a
well as in other spectroscopic methods where sequen
evolutions can be monitored experimentally.
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