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The time evolution of proton Zeeman magnetization in the
otating frame at exact resonance, v 5 v0, is evaluated for an
solated tunneling methyl group CH3. The Fourier transform of
his evolution in time is calculated and both its real and imaginary
omponents are presented. It is shown that the real component
oes not depend significantly on the strength of the preparation
ulse when the tunneling splitting of the methyl rotator ground
tate is less than 100 kHz. It is also found that the imaginary
omponent of the transform is inversely proportional to the
trength of the preparation RF pulse. This is a consequence of the
artial dephasing of proton spins during the preparation pulse.
he results of the calculation compare well with the experimental

pectra of CH3CD2I. © 1999 Academic Press

INTRODUCTION

At low temperatures symmetric atomic groups, e.g.,3

nd NH4, embedded in a solid lattice are often in a stat
unneling between equivalent neighboring potential min
s a consequence, the degeneracy of their ground state
eneral, removed; it is said that the ground state is spl

unneling. The magnitude of this splitting is of interest beca
t relates to the strength and symmetry of the crystal pote
nd is also influenced by the interaction between diffe
tomic groups (1). This splitting, which is written in terms o

he tunneling frequencyvT as \vT, can be detected, in th
nergy range 10210 to 1029 eV, accurately by NMR.
Initially, the information onvT was derived from NMR

ineshape. This approach, which is experimentally the ea
nfortunately requires a different lineshape analysis for
alue ofvT (2).
Another method is the level-crossing spectroscopy in

otating frame (3). Its main advantage is good signal-to-no
atio (S/N) and has, when level-crossing occurs in the m
ngle tilted rotating frame, also an excellent resolution4).
nfortunately, the search for level-crossing resonance
agic frame requires a different off-resonance field for e
ifferent RF amplitude along the magic direction (5). This is
ery time consuming. An extension of the level-crossing in

otating frame to much larger values of tunneling splitting hat
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een realized by the so-called dipolar-driven NMR (6). This
ethod, which has an excellentS/N, is experimentally de
anding because it first establishes Zeeman polarization
igh magnetic field and then requires the sample to be dro

nto a different magnetic field of low intensity. This is n
nlike the spin-locking in the rotating frame. However,
otating frame RF field is limited to#1022 T, while there is no
estriction for the low magnetic field of the dipolar-driv
ethod.
The last method, which is also the subject of this pape

he magnetization evolution following establishing a none
ibrium in the rotating frame by spin-locking the spins a

onitoring their evolution toward semiequilibrium (7). The
ourier transform of this evolution in time gives the spectr
his technique, while similar to both level-crossing method
xperimentally much easier. It offers also an excellent res

ion when the evolution is monitored in a magic angle ti
otating frame, but it has a lowerS/N in comparison with bot
evel-crossing methods. A recent extension of this metho
wo time domains, one in the rotating frame and the other in
igh field following the end of the RF pulse, allows a

or a nonmagnetic (DM 5 0) detection of the tunnelin
requency (8).

We propose to investigate the time evolution of the pro
agnetization, of an ensemble of isolated methyl groups
edded in a crystal lattice in an external dc magnetic fieldHW 0,
nd exposed to RF pulses which are short in comparison

he spin–lattice relaxation time. The pulse sequence fo
easurement ofMx(t), the Zeeman magnetization in the

ating frame at exact resonance, is as follows. The first pu
he so-called 90° pulse. Its phase defines the orientation o
ransverse axes in the frame of reference which is rot
bout the direction ofHW 0, which itself is pointing along th
-axis of the laboratory coordinate frame. By convention
F field, which causes the 90° rotation, is directed along
-axis. The RF spin-locking pulse which follows immediat
fter is shifted in phase by 90° with respect to the 90° pulse

s thus along thex-axis of the rotating frame.
Once the spin-locking pulse is switched off, the free ind
sion decay (FID) in the high field begins. Because of the

1090-7807/99 $30.00
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10 DAMYANOVICH, PETERNELJ, AND PINTAR
nstrumental dead time, a 10-ms delay is usually chosen befo
he FID amplitudes are recorded.

The density matrix for spins in the 90° tilted rotating fra
ollows from

i\
s

t
5 @H, s#, [1]

hereH is the Hamiltonian of the system. Equation [1] m
e supplemented by the initial conditions(t 5 0) [ s(0),

mposed on the density matrix; the timet 5 0 refers to the
nstant when the RF field pulse is switched on. It is a com
ractice to assume that a good approximation fors(0) is

s~0! } e2bzHz2bL~HR1H D
00!, [2]

here b 5 1/kT, and the Zeeman temperatureTZ in the
otating frame equals the lattice temperatureTL timesH 1/H 0.
he termHD

00 is the secular part of the dipolar interaction in
otating frame (see below). Time evolution ofMx(t) in the
otating frame at exact resonance and based on the above
ondition has been studied previously (7). The purpose of th
resent investigation is to examine whether the use o

nitial condition [2] entails any loss of spectroscopic inform
ion that would be otherwise available from the calcula

x(t). To this end we assume only, instead of employing
hat prior to the application of the 90° pulse, the Zeem
otational system is in thermal equilibrium with the latti
ollowing this, the time evolution of the spin system during
0° pulse will be taken into account, resulting in a modi

nitial condition compared to [2]. This is mandatory whene
he magnitude of the 90° pulse is comparable to the streng
he spin-locking field pulse.

The calculated expressions forMx(t) will always refer to the
nd of the field pulse. In actual experiments, however,
ecorded time “point” on the FID is delayed by for a timt
fter the end of the field pulse. Thus, to compare the ex
ental results consistently with the calculated ones, the

ution of the Zeeman-rotational system during this time inte
(when spins evolve in the laboratory frame) should be

idered as well. A significant consequence of this delay
eported recently (8).

The experimental data on CH3CD2I corroborate the theore
cal results conclusively.

THE HAMILTONIAN OF THE SYSTEM AND THE
EQUATION OF MOTION FOR THE DENSITY

MATRIX IN THE ROTATING FRAME

The Hamiltonian describing the dynamics of an isola
ethyl group in the laboratory frame, and on a timescale s
ompared to the spin–lattice relaxation time, is t
t

n

tial

e
-
d
],
-

.
e

r
of

e

ri-
o-
l
-
s

d
rt

H 5 HZ 1 HR 1 HD 1 HRF~t!. [3]

he Zeeman Hamiltonian reads

HZ 5 2\v0I z, [4]

hereI z 5 I 1z 1 I 2z 1 I 3z is thez-component of the total sp
f the methyl group protons, whilev 0 5 g pH 0 is the proton
eeman frequency. The rotational HamiltonianHR does no
ave to be given explicitly; it is sufficient to recall its threef
ymmetry and that the hindering potentialV3 is large enough t
imit the tunneling frequency of the methyl group to be co
arable to the dipolar frequencyvD 5 gp

2\/R0
3. Taking the

alue of the proton–proton distanceR0 > 1.78 A, weobtain
D 5 134 kHz orvD/gp > 5 G.
The dipole–dipole interaction written, with a minor chan

n the form as given in Ref. (9), is

HD 5 \vD O
k522

2

~21! k O
i,j

U ij
2kV ij

k . [5]

he operatorsUij
2k andVij

k are

U ij
2k 5 ~6p/5! 1/ 2Y2

2k~u ij , w ij!, [6]

ith the spherical harmonics defined in (9), and the pola
ngles (u ij , w ij ) determining the orientation of the proto
roton vectorRW ij . The spin operators are (9)

Vij
0 5 2~8/3! 1/ 2@I i

0I j
0 2 1

4 ~I i
11I j

21 1 I i
21I j

11!#, [7a]

Vij
61 5 6~I i

0I j
61 1 I i

61I j
0!, [7b]

Vij
62 5 2I i

61I j
61, [7c]

here I i
0 [ I iz and I i

61 5 I ix 6 iI iy.
The radiofrequency field applied to the sample is a rota

ransverse magnetic field. The corresponding interaction H
ltonian is

HRF~t! 5 2\v1~I xcosv0t 2 I ysin v0t!, [8]

1 5 gpH 1, I x 5 I 1x 1 I 2x 1 I 3x and similarly forI y.
The equation of motion for the density matrixrr in the

otating frame is approximated by

i\
r r

t
5 @2\v1I x 1 HR 1 \vD O

i,j

U ij
0Vij

0, r r#. [9]

t is related to the density matrixr in the laboratory frame b

he unitary transformation
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11A STUDY OF SMALL TUNNELING SPLITTING
r 5 eiv0tI zr re
2iv0tI z. [10]

Next, the 90° tilted rotating frame, also called on-resona
otating frame, is introduced by making the transformatio

s 5 ei ~p/ 2!I yr re
2i ~p/ 2!I y, [11]

ith the resulting equation of motion fors

i\
s

t
5 @H0 1 V, s#, [12]

here

H0 5 2\v1I z 1 HR 1 H D
00, [13]

H D
00 5 d00\vD O

i,j

U ij
0Vij

0, [14]

nd

V 5 O
kÞ0

d0k~\vD O
i,j

U ij
0Vij

k! ; O
kÞ0

d0kV
k. [15]

The coefficientsd0k, for 22 # k # 2, are theu 5 p/2
alues of the expressions (9)

d00~u ! 5 ~3 cos2u 2 1!/ 2, [16a]

d061~u ! 5 6~3/ 2! 1/ 2sin u cosu, [16b]

d062~u ! 5 ~3/8! 1/ 2sin2u. [16c]

DIAGONALIZATION OF H0

We shall diagonalizeH 0 in the basis of the eigenstates
\v 1I z 1 HR, which we write as

cn,M~g! 5 fn~g!xñ~I , M! ; unM&. [17]

he rotational componentsfn(g), whereg is the angle describ
ng the rotation of the methyl group around its symmetry a
re

fn~g! 5
1

Î3
Ff0~g! 1 e2i ~2p/3!sf0Sg 1

2p

3 D
1 ei ~2p/3!sf0Sg 2

2p

3 DG . [18]

0(g) are the so-called pocket states ands 5 0, 1, and21
orrespond ton 5 A, Ea, andEb, respectively, which, in turn
abel the irreducible representations of the point group C3 (1).

s usual, we will restrict ourselves to low temperatures, suca
e

,

hat only the lowest three rotational levels are appreci
opulated. The symmetry adapted spin states are (1)

xAS3

2
,

3

2D 5 uaaa&,

xAS3

2
,

1

2D 5
1

Î3
@uaab& 1 uaba& 1 ubaa&#,

xEaS1

2
,

1

2D 5
1

Î3
@uaab& 1 euaba& 1 e* ubaa&#, [19]

heree 5 ei2p/3 and the asterisk denotes complex conju
alue. It holds thatxEb(1/ 2, M) 5 x*Ea(1/ 2, M). In addition
andb represent thez-components12 and2 1

2 , respectively, o
he proton spin, and the spin states with negative valuesM
re obtained from [19] by interchanginga and b. The Paul
rinciple imposed on the protons demands that only com

ions (n, ñ) [ ( AA, EaEb, EbEa) occur in [17].
The Hamiltonian identical toH 0, apart from the factord00 in

14], has been discussed previously by Andrew and Ber
without the HR term) (10) and Apaydin and Clough (11).
onsequently, repeating and extending their calculation
btain

H0uA, 63/ 2& 5 F7
3

2
\v1 2 2\aG uA, 63/ 2&, [20a]

H0uE, 61/ 2& 5 F7
1

2
\v1 1 \DG uE, 61/ 2&, [20b]

H0u~ AE!6, M& 5 F 2M\v1 1 \D

1 S\a 2
1

2
\DD 6 b1/ 2G u~ AE!6, M&.

[20c]

he eigenstateuA, 63/ 2& is defined by [17] and [19], while

uE, 61/ 2& 5
1

Î2
@e* uEa, 61/ 2& 2 euEb, 61/ 2&#, [20d]

nd

u~ AE!6, M& 5 C6@a6uA, M& 2 e* uEa, M&

2 euEb, M&], for M 5 61/ 2. [20e]

he zero of energy was chosen such that^ A, MuHRuA, M& 5
, and^Ea,b, MuHRuEa,b, M& 5 \D. The quantities introduce

hbove are
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12 DAMYANOVICH, PETERNELJ, AND PINTAR
a 5 3
16 d00vD~1 2 3 cos2b!, [21a]

b 5 Sa 2
1

2
DD 2

1 2Sa 1
3

8
d00vDD 2

, [21b]

c6 5

22Sa 1
3

8
d00vDD

H8b1/ 2Fb1/ 2 6 Sa 2
1

2
DDGJ 1/ 2 , [21c]

a6 5

Sa 2
1

2
DD 6 b1/ 2

a 1
3

8
d00vD

, [21d]

hereb denotes the angle between the external magnetic
W

0 and the symmetry axis of the methyl group. Inspectio
he results reveals that the eigenvalues given in [20] a
xcept for the multiplying factord00 and the uniform shift of a

he levels, with the corresponding values obtained by Clo
nd Apaydin (11, see p. 934).

TIME EVOLUTION OF THE ZEEMAN POLARIZATION
IN THE ROTATING FRAME

The equation of motion [12] fors is solved by using th
nteraction representation defined by

s I~t! 5 e~i /\! H0ts~t!e2~i /\! H0t. [22]

n the interaction picture the density matrix,s I(t), is given, to
he second order in the dipolar interactionV, as

s I~t! 5 s I~0! 1 S2
i

\D E
0

t

dt1@V~t1!, s I~0!#

1 S2
i

\D
2 E

0

t

dt1 E
0

t1

3 dt2@V~t1!, @V~t2!, s I~0!## 1 · · · , [23]

here

V~t! 5 e~i /\! H0tVe2~i /\! H0t, [24]

nd, of course,s I(0) [ s(0).
The initial density matrixs(0) describes the state of t

ystem in the 90° tilted rotating frame immediately after
0° pulse was switched off. Prior to the application of the
ulse the spin-rotational system is assumed to be in the
quilibrium with the lattice at temperatureTL. It is also well

nown that, when the strength of the 90° pulseH91 is large m
ld
f
e,

h

e
°
al

ompared to the strength of the rotating transverse mag
eld H 1 which, in turn, is assumed large compared tovD/gp, it
s permissible to consider the 90° pulse as a rotation ope
ts effect is to rotate all the spins around they-axis. On the
ther hand, ifH91 is comparable toH 1, spin dephasing durin

he 90° pulse due to dipole–dipole interaction should be t
nto account in order to analyze the experimental data co
ently.

Assuming that the RF field corresponding to the 90° pul
long the negativey-axis we obtain, by employing the hig

emperature approximation and keeping only terms up to
rder in dipolar interaction, the following form

s~0! 5 s0~0! 1
ibL\v0

Z
z

1

\v91 E
0

p/ 2

due2ihR~p/ 22u !

3 O
k

kd0k~u !VkeihR~p/ 22u ! 1 · · · , [25]

heres0(0) > (1 1 bL\v0I z 1 . . .)/Z is the high temperatu
orm of [2], Z is the partition sum, andhR 5 HR/\v91, with
91 5 gpH91. The second term in [25] represents the sough
odification of the initial condition [2] due to spin dephas
uring the 90° pulse.
The Zeeman polarization along thex-axis of the laborator

rame is

Mx~t! 5 gp\Tr$r~t!I x%, [26]

r, in terms of the interaction picture density matrixs I(t),

Mx~t! 5 gp\Tr$s I~t!I z%cosv0t

1 gp\Tr$s I~t!e
~i /\! H0tI ye

2~i /\! H0t%sin v0t. [27]

he calculation of the traces in [27] is performed in the b
efined by [20] and is carried to the second order in dip

nteraction. To make the lengthy calculations a bit easier
mitted a few terms of the order (vD/v91)

2 which contribute
nly to the Fourier peak centered atv1, whose dominan
ontributions are due to terms in [27] which are proportion
vD/v91). Furthermore, the presence of the rotational Ham
ian HR in the second term of [25] indicates that ma
lements of the typên 1Mue(i /\) HR tun 2M& must be calculated
ven thoughHR is strictly diagonal in the basis defined by [2
nly in the limit vD/D 3 0, we will nevertheless replace su
atrix elements bye(i /\)^n1MuHR un2M&d n1 n2. This simplifies the

alculation and does not affect the results significantly.
Before presenting detailed results of the above calcula

et us examine the role of various terms in the equatio

otion for s(t). Upon examination of [12] we attempt to
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13A STUDY OF SMALL TUNNELING SPLITTING
nticipate the time dependence ofMx(t). The formal solution
f [12] is s(t) 5 e(i /\)(H01V)ts(0)e2(i /\)(H01V)t. If we ignore the
ipolar interaction termV and, moreover, retain just the fi

erm in [25], then only the first term of [27] contributes. Th
x(t) 5 g p\Tr{ s 0(0)I z}cos v 0t [ M 0cosv 0t, representin

he magnetization rotating in thex–y plane. When also th
-term is included in [12], while we continue to use the fi

erm only of [25], it is more convenient to use the perturba
xpansion [23] for calculation of traces in [27]. Since the st
efined by [20] are eigenstates ofI z and, because theVk terms
ontained inV as defined by [15] obey [I z, Vk] 5 kVk it
ollows that V generates additional time-dependent te
hich modulateMx(t). These terms oscillate with frequenc
etermined by the transitions among the eigenstates [20
uced by the variousVk terms. However, in the 90° tilted fram
061 5 0 as seen from [16b] and, consequently, up to
econd order inV only the frequency 2v1 (shifted by the
unneling splittingD and HD

00 part of the dipolar interaction
ill occur in Mx(t). Again, only the first term of [27] give
onzero contributions. Finally when, in addition, the sec

erm of [25] (which includes theV61 terms as well) is used, th
agnetizationMx(t) acquires also modulations at freque
1, generated by the second term of [27] and shifted simi
s 2v1 modulations. This is confirmed by the detailed

engthy calculation which yields, for 2v91 @ D, the result

Mx~t! 5 M0cosv0t 2 O
l56

4AlHv D
2 @1 2 cos~2v1 1 dl!t#

~2v1 1 dl!
2

1
v D

2 @1 2 cos~2v1 2 dl!t#

~2v1 2 dl!
2 Jcosv0t

1 O
l56

Sp 2

2
2 2D Al

cl
2D

v91

3 Hv D
2 @1 2 cos~2v1 1 dl!t#

v91~2v1 1 dl!

2
v D

2 @1 2 cos~2v1 2 dl!t#

v91~2v1 2 dl!
Jcosv0t

2 O
l56

pAlHv D
2sin~2v1 1 dl!t

v91~2v1 1 dl!

1
v D

2sin~2v1 2 dl!t

v91~2v1 2 dl!
Jcosv0t

2 O
l56

9

32
BlSvD

v91
D 2

$cos~v1 1 dl!t

2 cos~v1 2 dl!t%sin v0t 2 O Sa l
2 2 1

al
DAlBl
l56 f
,

t
n
s

s

n-

e

d

ly

3 Hv D
2 @cos~v1 1 dl!t 2 cosv1t#

v91~2v1 1 dl!

2
v D

2 @cos~v1 2 dl!t 2 cosv1t#

v91~2v1 2 dl!
Jsin v0t

2 O
l56

Sa2lal 2 1

al
DA2lBl

3 Hv D
2 @cos~v1 1 dl!t 2 cos~v1 2 2lb1/ 2!t#

v91~2v1 1 dl 2 2lb1/ 2!

2
v D

2 @cos~v1 2 dl!t 2 cos~v1 1 2lb1/ 2!t#

v91~2v1 2 dl 1 2lb1/ 2! J
3 sin v0t. [28]

he symbols used above are defined in [21]. We have i
uced also

dl 5 1
2 D 1 3a 1 lb1/ 2, l 5 6 , [29a]

Al 5 9
256 M0cl

2@2al~1 2 3 cos2b! 1 3 sin2b# 2, [29b]

Bl 5 1
6 M0alcl

2@2al~1 2 3 cos2b! 1 3 sin2b. [29c]

To represent these results graphically, it is best to defin
ourier transform ofMx(t) as

mx~v, cosb! 5
1

Î2p E
2`

`

dtMx~t!e
ivt. [30]

he expression for a polycrystalline sample is

^mx~v!& 5 1
2 E

21

1

d cosbmx~v, cosb!. [31]

sing [28], [29], and [30],̂ mx(V)&, whereV [ v 2 v0, is
alculated. By broadening the spectra with a Gaussian b
ning function according to

^mx~V; s!& 5
1

Î2ps 2 E
2`

`

du^mx~u!&e2~V2u! 2/ 2s 2, [32]

igures 1a and 1b are obtained. To make these spectra
omparable with the experimental ones, the figures are pl
s functions of the off-field parameterh [ V/g p, instead o
requency.
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14 DAMYANOVICH, PETERNELJ, AND PINTAR
FIG. 1. (a) The absolute value of the real part of the Fourier transform of Expression [28]. In these graphsH 1 [ v 1/g p 5 40 G, the strength of the 9
ulse isH91 [ v91/g p 5 50 G, andvD/gp 5 5 G. The tunneling parameterD/gp was chosen to be 0, 5, 15 (dotted lines), and 30 G. The curves are plo

unctions ofV/gp. The intensity is given in arbitrary units. The broadening parameters 5 1 G. Only theDM 5 2 peak and its satellites at65, 15, and 30 G
re shown since theDM 5 1 peak is zero for the real component. (b) The absolute value of the imaginary component of the Fourier transform of

unneling parameterD/gp is 0, 5, 15, and 30 G, respectively. The remaining parameters are the same as in (a). It should be noted that even in the m
pin-locking experiment a small missalignment ofM 0 alongH 1 cannot be avoided. As a result, experimentally, a small part ofM 0 is precessing aroundH 1. This

recession atv1 contributes a strong, experimentally observed peak atH 1 whose intensity dependence is shown in Fig. 2.
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15A STUDY OF SMALL TUNNELING SPLITTING
DISCUSSION OF THE RESULTS AND COMPARISON
WITH EXPERIMENTS

It is well known (7) that the Fourier transform of Zeem
olarization in the rotating frame at exact resonance sho
onvanishing intensity only in the vicinity of 2H 1, whereH 1 is

he magnitude of the spin-locking field pulse (we are intere
nly in the Fourier components which are peaked atH 1 and
H 1. We neglect the Fourier component atV 5 0, which is
lways present, but is also always distorted because of e

mental limitations). However, when the evolution of the Z
an-rotational system during the 90° pulse is also accou

or, the Fourier transform acquires a nonzero intensity atH 1 as
ell. The intensity is proportional tobZuHZu(\vD/\v91). This
tructure disappears in the limitH91 3 `. In practice it is
arely observable whenH91 is '60 G.
In Fig. 1a we show the absolute value of the real part o

ourier transform of the Zeeman polarization in the rota
rame at exact resonance for various values of the tunn
arameterD. These results are in agreement with the res
iscussed previously (7). The structure of the peak centered
H 1 was studied also for values ofD which are small com
ared tovD, a case not treated in (7). We found that the effec
f tunneling splitting is already noticeable whenD is much
maller thanvD. Furthermore, the real part of the Four
ransform does not depend much on the magnitude o
reparation pulse, at least for theD considered. For examp

he spectra in Fig. 1 did not change when a fictitiously h
91 5 1 K G was used in the calculation.
The imaginary component shown in Fig. 1b, has, unlike

eal component, a nonvanishing intensity both atH 1 and a
H 1. However, the intensity of theH 1 peak is proportional t
/H91 and thus goes to zero in the limit of a strong 90° pu
he structure and the relative intensity of the peak center
H 1 (whereH91 5 50 G andH 1 5 40 G) is roughly the sam
s the structure and relative intensity of the real componen

s weaker than the intensity of the peak centered atH 1 by a
actor of '3. The tunneling side bands are seen adjace
oth peaks.
As was already pointed out, the real component of

ourier transform^mx(V; s)& at exact resonance shows
onvanishing intensity only in the neighborhood of 2H 1. Spe-
ifically, at D 5 0 there is a single peak centered at 2H 1 with
width of 3.8 G at half intensity. As the tunneling splitting\D

ncreases, a double peak structure appears at relatively
alues of D. The peak-to-peak separation of the resul
unneling satellites is, over the whole range ofD, given by
h(peak to peak)> (2D 1 vD/5)/gp for D # vD andDh(peak

o peak)> (2D 2 vD/5)/gp for D . vD. At D/gp roughly equa
o 6 G adipolar double peak of fairly low intensity emerg
rom underneath the receding tunneling sidebands. The pe
eak distance of this dipolar line is>5 G. It is also observe

hat the intensity of the tunneling satellites on the low field

s higher than the corresponding intensity on the high field sid5
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n agreement with the general results presented in the pre
ection.
Unlike the real component, the imaginary componen

mx(V; s)& shows a nonzero intensity both atH 1 and at 2H 1.
he structure of the peak centered at 2H 1 together with its

unneling satellites is almost identical to the structure of
eal component. Also the peak-to-peak distance of the tu
ng satellites obeys the same relationship as given ab
igure 1b shows that the imaginary component of^mx(V; s)&

s characterized by a relatively strong double peak with a s
usp centered atH 1. At D 5 0 its intensity is three times larg
han the intensity of the peak at 2H 1. The peak-to-peak di
ance atH 1 is roughly 5.1 G whenD 5 0, and drops to 4 G
henD $ 6 G. The tunneling satellites become visible atD '

FIG. 2. The experimental CH3CD2I proton magnetization evolution o
esonance. The real (absorption) component of its Fourier transform, a, a
maginary (dispersion) component, b, detected in two separate chann
hown. Note the strongDM 5 1 peak atH 1 5 39 G with which theH 1 is
etermined. The tunneling parameterD/gp is 4.26 0.2 G. Note also that th
atellites of theDM 5 1 peak are split more due to the dipolar contribut
hich is in this case significant in comparison with the smallD. As D

ncreases, the dipolar shifts of theDM 5 1 satellites become relative
maller. TheDM 5 2 satellites are shifted by6D.
e,G and their separation isDh(peak to peak)> (2D 2 vD/5)gp,
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16 DAMYANOVICH, PETERNELJ, AND PINTAR
or 5 # D # 20 G. The dipolar interaction shifts the tunnel
atellites corresponding touDMu 5 1 and 2 by the sam
mount.
If we compare the results shown in Fig. 1 with the exp
ental Fourier transform of the Zeeman polarization obta

or CH3CD2I at 40 K with H 1 5 38.76 G (Fig. 2), the
greement between the calculated spectra and the experim
easonable.

To conclude we would like to emphasize that the mag
ation given by [27] is evaluated immediately after the en
he field pulseH 1. However, the recording of the FID signa
elayed by a timet ('10 ms) after the end of the field puls
or this reason we should have taken into account als
volution of the magnetization in the laboratory frame un

he action of2\v 0I z 1 HR 1 HD
0 (here only the secular pa

f the dipolar interaction as defined in the laboratory fram
o be considered). A calculation entirely analogous to the
escribed above shows that the real and imaginary compo
f the Fourier transform of̂I x(t 1 t)& become mixtures of th
eal and imaginary parts as defined on the basis of [27]
lso (12). The corresponding weight factors are rapidly os

ating functions of the time delayt. When comparing th
alculated spectra [28] with the experiment this fact shoul
ept in mind. Moreover thet-evolution causes the appeara
f a new “nonmagnetic” peak centered at the off-field va
orresponding to the tunneling frequencyvT [ D the intensity
f which is comparable to the intensity of the line centere
H 1; see (9) and (13).
In summary, we have shown that the approach to semi

ibrium in the spin rotating frame depends, in general, als

he 90° RF pulse amplitude. In particular, the Fourier transform
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f Zeeman polarization in the rotating frame at exact reson
hows a nonvanishing intensity not only at 2H 1, whereH 1 is
he magnitude of the spin-locking field pulse, but atH 1 as well.
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