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Tunneling spectroscopy by matching energy levels in the spin-rotating frame
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Tunneling spectra of strongly hindered CH3 in methylmalonic acid, dimethyl sulfide, propionic acid, and
hexane are reported. The Zeeman-tunneling level-matching resonances are detected atvZ5nvT , n5

1
4 , 1

3 , 1
2 ,

2
3 , 1, and 2 when the level matching is maintained for 10 ms in the 54.7° tilted proton spin-rotating frame. A
ground-state manifold of two noninteracting but equivalent methyl groups accounts for these spectra. All the
transitions, which bring about the population equalization whenever a matching resonance occurs, are driven
by time-independent dipole-dipole interactions. The resonance peaks atvZ5

2
3 vT and vZ52vT , which are

observed in a tilted rotating frame only, indicate that pairs of methyl groups undergo a symmetry conversion
simultaneously. The calculated magnetization changes, which are the consequence of population equilibration,
reproduce the observed resonance peaks intensities well.@S0163-1829~97!04934-5#
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I. INTRODUCTION

It has been shown recently1 that level-matching NMR in
the spin-rotating frame is a good technique for tunnel
studies of strongly hindered CH3 groups at low temperatures
The transfer of polarization occurs as a result of matchin
precooled nuclear Zeeman state to a tunneling state at la
temperature. After this step the rotating frame is remov
only to reintroduce the same level matching a few ms la
with all Zeeman states equally populated. In the second-le
matching pulse the tunneling states are still strongly po
ized and are used to polarize the saturated nuclear s
Following this tunneling to Zeeman polarization transfer
considerable nuclear spin magnetization is detected.
magnetization monitored as a function of Zeeman splitt
gives the level-matching tunneling spectrum. Establishm
of a level-matching resonance for a long time enables e
the weak second-order transitions to bring about a mea
able polarization transfer.

The dipolar Hamiltonian which drives the transitions b
tween matched levels can be manipulated experimentally
tilting the effective field in the rotating frame.1–3 If the ef-
fective field is tilted from 90° to 45° with respect to the ma
magnetic fieldH0 the form of the dipolar interaction change
considerably. In this way the particular quantum numb
changeDm can be established for all transitions. The ev
quantum-number transitions (uDmu52,4, . . . ) aredriven in
the normal rotating frame withu590°. If the effective field
is less tilted, the odd quantum-number transitio
(uDmu51,3, . . .) are induced as well. In addition, atu
554.7° the secular dipolar interaction is removed. In t
tilted frame the level-matching lines are expected to
broadened by the underlying tunneling linewidths.

At low temperatures the methyl groups have their grou
state manifold dominated by rotational tunneling. In mo
cases, the tunneling energy splitting can be success
modeled by a single-particle Hamiltonian with an effecti
potential of threefold symmetry.4 Due to the coherent tunne
ing the threefold-degenerate torsional ground state is s
into anA state of spin3

2 and a degenerate pair ofE symme-
try states of spin1

2 ~Ea andEb!. The tunneling splittingvT ,
560163-1829/97/56~10!/5954~7!/$10.00
g

a
ice
,
r
el
r-
ns.

he
g
nt
n
r-

-
y

r
n

s

s
e

-
t
lly

lit

which depends on the potential barrier hindering the reori
tation of the group, is the energy difference between theE
andA states, Fig. 1.

When torsional coupling between methyl groups becom
non-negligible, the ground torsional states split furth
Weak5 and strong6 torsional interactions were investigated
explain the observation in dimethyl sulfide. A straightfo
ward explanation of the spectra was obtained when pair
noninteracting CH3 groups were introduced.1 In such a situ-
ation the torsional energies for group I and group II sati
@HT(I) 1HT(II) #C IC II5(EI1EII)C IC II . The 26 nuclear
spin functions of a methyl pair are reduced under the dir
product group according to 16uAA&18(uAEa&1uAEb&
1uEaA&1uEbA&)14(uEaEa&1 uEaEb&1 uEbEa&1uEbEb&).
The maximum spin of the product states is 3 foruAA&, 2 for
uAE&, and 1 foruEE&. The energy differences between th

FIG. 1. The torsional ground-state manifolds of a single rota
CH3 and of two noninteracting CH3 rotators. Due to tunneling, the
A-symmetry state of a single rotator is shifted downward byD
from E0 and theE symmetry state (Ea,Eb) upward by D. The
splitting 3D is defined as the tunneling splitting\vT . The numbers
in brackets next to the symmetry symbol denote the degenerac
the torsional states. The energy of two CH3 states is the sum of
energies of a single CH3 state. If the magnetic field is switched o
the Zeeman states split. The multiplicity is 2I 11, see Fig. 5.
5954 © 1997 The American Physical Society
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56 5955TUNNELING SPECTROSCOPY BY MATCHING ENERGY . . .
AA andAE states and theAE andEE states are both equa
to \vT , Fig. 1.

In this work spectra of strongly hindered methyl groups
four different lattices are shown, which demonstrate that
CH3 groups do not interact. The matrix elements of the
polar Hamiltonian are employed to second order. With
dependence of the spectra on the tilt angle the nature o
population transfer transitions is easily identified. It w
shown7 that, assuming that the populations of the match
levels equalize and that spin diffusion among methyl gro
is negligible, the calculated magnetization changes for
lated CH3 groups are in good agreement with the experime
The calculated magnetization changes in level matchings
volving two noninteracting CH3 groups reproduce the obse
vation well. However, the origin of the larger linewidth o
level-matching peaks which involve theEE states—this
most likely indicates a weak torsion-torsion coupling
remains unexplained.

II. TRANSITION PROBABILITY

For two noninteracting equivalent CH3 groups in a mag-
netic field, the energies of the ground torsional statesujm&
with symmetryj and magnetic quantum numberm areEjm
52\(nvT1mvZ), where \ is Planck’s constant, andn
takes on values21, 0, and 1 for theuAA&, uAE&, anduEE&
states, respectively. The symmetry-adapted eigenstatesujm&
are products of torsional and Zeeman vectors. They are
ally written asu(jIjII)

T(jIjII)
Zm&, wherejk denotes the sym

metry of groupk. HereT andZ denote torsional states an
Zeeman states, which are the complex conjugate of e
other.

The dipolar HamiltonianHD is a sum of intragroup and
intergroup operators,HD

intra1HD
inter. The symmetry-adapted

form8 of the intragroup dipolar Hamiltonian is

HD
intra5\vD

intra (
m522

12

~21!m@UA
2mVA

m1UEa
2mVEb

m
1UEb

2mVEa
m

#,

~1!
n
y

te
e
-
e
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d
s
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t.
n-

u-
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where \vD
intra is the proton dipolar energy within a CH3

group and the spatialUj and the spinVj operators are de
fined for the point groupC3 . To symmetrize the intergroup
dipolar Hamiltonian, the symmetries of the two meth
groups have to be taken into account. It may be written

HD
inter5\vD

inter (
m522

2

~21!m(
jIjII

UjIjII

2mV
j̃I j̃II

m
, ~2!

where \vD
inter is the intergroup proton dipolar energy an

j̃k denotes the complex conjugate ofjk . The operators
UjIjII

andVjIjII
are written9,10 in the standard form

XjIIjII
5(

i 51

3

(
j 54

6

Sj Ii
Sj II j

Xi j , ~3!

where the transformation matrixS is defined for a CH3 group
and the subscriptsi and j label the protons of group I and
group II, respectively. In evaluating the matrix elements
HD , the spin- and space-dependent matrix elements ma
calculated separately, since the spatial and spin degree
freedom are separable. Symmetry arguments may be
ployed to identify which matrix elements do not vanish. T
symmetry ofHD which drives transitions between two spin
torsional states is selected by the symmetry multiplicat
rules: Ea,bA5Ea,b andEaEb5A.

The uDmu51 anduDmu52 level-matching transitions ar
first order. The transition rate between the initialuj i

Tj i
Zmi&

and final state uj f
Tj f

Zmf& is proportional to

u^j f
Tj f

Zmf uHD

jD
T

H
D

jD
Z

uj i
Tj i

Zmi&u2. The selection rules for the
symmetry and the magnetic quantum number arej f

T5jD
T

3j i
T , j f

Z5jD
Z 3j i

Z , and umf2mi u50,1,2. In first order,
HD

intra andHD
inter induce, respectively, single-group and tw

group symmetry-conversion transitions. For examp
consider the transition between the single-group sta
uAA2 3

2 & and uEaEb1 1
2 & due to the terms withm52 in Eq.

~1!. These contain spin operators likeI i
1I j

1 and connect
states whose magnetic quantum numbers differ by 2. S
metry multiplication rules show that matrix elements such
K EaEb1
1

2 U~U12
221«U23

221«* U31
22!~ I 1

1I 2
11«* I 2

1I 3
11«I 3

1I 1
1!UAA2

3

2L ~4!
up

st
er
are nonzero. Consequently, when the statesuAA2 3
2 & and

uEaEb1 1
2 & become degenerate at a level-matching resona

the matrix element~4! determines the transition probabilit
which drives the population equilibration.

We may also investigate the dipolar terms withm51 and
consider transitions between two-group sta
u(EaEa)T(EbEb)Z21& and u(AA)T(AA)Z22&. These states
are coupled by the spin operatorsI i

0I j
1 . One of the contrib-

uting matrix elements is

^~EaEa!T~EbEb!Z21uUEbEb
21 VEaEa

11 u~AA!T~AA!Z22&,
~5!

where the torsional and spin operators are, see Eq.~3!,
ce

s

UEbEb
21

5U13
211«U14

211«* U15
211«U24

211«* U25
211U26

21

1«* U34
211U35

211«U36
21, ~6a!

VEaEa
11

5V13
111«* V14

111«V15
111«* V24

111«V25
111V26

11

1«V34
111v35

111«* V36
11. ~6b!

In this transition the spin and spatial wave functions of gro
I and also those of group II are converted fromA to E sym-
metry. Since two groups are involved in the transition it mu
be driven byHD

inter. The transition rate is therefore weak
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5956 56CHANGHO CHOI AND M. M. PINTAR
than the single group transitions by (vD
inter/vD

intra)2. This ratio
depends on lattice geometry and could be as small as 122.

For theuDmu53 anduDmu54 transitions which are for-
bidden in first-order, second-order perturbation theory ha
be employed. Consider auDmu53 transition from ua&
[u(AA)T(AA)Z22& to ub&[u(EaEa)T(EbEb)Z11&. To
first order theua& state may be written as

ua&01 (
LLL

^~jIjII !
T~jIjII !

ZmuHD
interua&

Ea2E~jIjII !
T~jIjII !

Zm

3u~jIjII !
T~jIjII !

Zm&0, ~7!

where the superscript 0 indicates the zero-order state an
symbolLLL denotes the constraints; i.e.,j I

TÞA, j II
TÞA,

j I
ZÞA, j II

ZÞA, andmÞ22. The off-diagonal terms ofHD
inter

add theu(jIjII)
T(jIjII)

Zm& states toua&. The transition from
ua& to ub& is now possible. The admixture of, for exampl
u(AA)T(AA)Z0& to ua& enablesHD

inter to induce theua& to ub&
transition. Since the admixture is approximately proportio
to vD

inter/vZ , second-order transitions are weaker than fir
order transitions by;(vD

inter/vZ)2, which is typically
<1022. Therefore, to induce measurable level-match
transitions, the duration of the level matching has to
longer by>102. Since theua& to ub& transitions are induced
by HD

inter at vZ5 2
3vT , the transition rate is smaller than th

first-order single-group transition b

(vD
inter/ 2

3vT)
2(vD

inter/vD
intra)2. It can be shown that the third

order uDmu55 transition rate is smaller by

(vD
inter/ 1

5vT)
4(vD

inter/vD
intra)2, which is expected atvZ5 1

5vT .

III. EXPERIMENT

The ABC rf pulse sequence for the level matching in t
rotating frame is A0°(u)2B90°(t)2(p/2 pulse comb)0°
2C90°t, shown Fig. 2~a!. The subscripts 0° and 90° refer t
the phase of the pulse. The pulseA(u) on exact resonanc
rotates the high-field equilibrium magnetizationM0 by u de-
grees off thez axis. After the pulseA is turned off, the
frequency of the transmitter is switched from the Larm
frequencyv0 to a predetermined off-resonance valuev in a
few ms, so that the slightly off-resonance pulseB ~which is
phase shifted by190° with respect to the pulseA! generates
an effective fieldHe along which the rotated magnetizatio
is spin locked. After the pulseB is turned off, the frequency
is switched back tov0 . The comb ofp/2 pulses which fol-
lows is on resonance and the delay between thep/2 pulses is
set at;10T2 . The frequency is switched back to the of
resonance valuev before the pulseC is turned on. The pulse
C generates the same effective fieldHe as the pulseB. Fi-
nally, the frequency is switched again to the resonant va
v0 to allow on-resonance detection of the signal followi
the pulseC.

A comb of p/2 pulses, applied before the pulseC, satu-
rates the Zeeman states. The magnetizations during theABC
sequence without the comb,AB-t-C, are shown in Fig. 2~b!.
MB represents the magnetization along the tilted effec
field He at the end of the pulseB. During the delay
to

the

l
t-

g
e

r

e

e

t(@T2), the x component ofMB is phased out while itsz
componentMz remains unchanged, since the spin-lattice
laxation time is very long. After the pulseC is switched on,
the magnetization component perpendicular toHe decays to
zero due to the spin-spin relaxation in the rotating frame. T
magnetization,M 85MBcos2u, which is the projection of
Mz onto the effective fieldHe , characterizes a Zeeman po
larization at the beginning of the pulseC. At u554.7°, for
example,M 8 is equal to;0.33MB , which is very large~un-
lessMB is small compared toM0!. In this case the tunneling
to Zeeman polarization transfer during the pulseC is not as
efficient as expected even when a level matching is perfe
fulfilled. Therefore, removingMz by applying the comb is
essential for any tilted-frame level-matching experiments

The Larmor condition was established by setting the

FIG. 2. ~a! The rf pulse sequence used for Zeeman-tunnel
level matching in the rotating frame. The 0° and 90° refer to
phases. Theu-degree pulseA and thep/2-pulse comb are on reso
nance frequencyv0 , while the pulsesB andC of durationt and of
magnitudeH1 are off resonance. The time delay between thep/2
pulses of the comb was set at 300ms. ~b! The magnetizations aris
ing when the comb is not applied in the tilted frame experime
MB represents the magnetization at the end of the pulseB. Because
of the longT1 , the projection ofMB onto thez axis, Mz , remains
essentially unchanged during the delay time betweenB andC. In
such a situation, thisMz results in a magnetizationM 8 already at
the beginning of the pulseC. ~c! After the pulseA(u) rotates the
magnetizationM0 it becomes spin locked along the effective fie
He

190° ~which is a vector sum ofH1
190° and the off fieldhẑ!. How-

ever, if the fieldH1 is applied along the negativex axis only a
smaller Zeeman polarizationM0cos(180°22u) is projected along
the corresponding effective fieldHe

290° at the beginning of the pulse
B.
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56 5957TUNNELING SPECTROSCOPY BY MATCHING ENERGY . . .
rameters which result in a null signal following a single
pulse. If the effective fieldHe , which is large compared to
the local field in the rotating frameHL8 , is maintained much
longer than the spin-spin relaxation time in the rotati
frameT28 , the magnetization becomes parallel toHe and the
magnitude is proportional to the off-fieldh5(v02v)/g,
whereg is the proton gyromagnetic ratio. This off-field de
pendence of the magnetization provides a reliable metho
determining the resonance condition precisely.

Maximizing the signal following a spin-locking pulse s
quence is not sufficient for the phase setup of the pulseB
and C in a tilted-frame experiment, in which the pulseA
rotates the magnetization by1u degrees as shown in Fig
2~c!. To obtain an effective fieldHe

190° parallel to the rotated
magnetization,H1 should be along the positivex axis withh
in the positivez direction. This is indicated asH1

190° . If H1

is in the negativex direction, however, the magnetizatio
along the resulting effective fieldHe

290° will be
M0cos(180°22u), which is much smaller thanM0 . There-
fore it has to be determined whetherH1 is in the positivex
direction or in the negativex direction. The signal following
an rf pulse with strengthH1@HL8 and durationt@T28 , was
used to determine the phase. First, the phase of the pul
set between 0° and 180° by adjusting it to give a posit
signal whenv0.v and a negative one whenv0,v. Next
the signal following the spin-locking pulse sequence is ma
mized to have theH1 along the positivex direction.

IV. PROTON MAGNETIZATION CHANGES DUE
TO POPULATION EQUILIBRATION OF MATCHED

ZEEMAN-TUNNELING ENERGY LEVELS

Consider a pair of noninteracting equivalent CH3 groups
in a magnetic fieldH0 , in equilibrium with the lattice. The
populations of spin-torsional statesujm&, in the high-
temperature approximation, should meet the following c
straints:~i! the total population of the states is unity,~ii ! the
ratio of two adjacent Zeeman level populations is 12d0 , and
~iii ! the ratio of two adjacent tunneling level populations
12dT , where d05\v0 /kBTL , dT5\vT /kBTL , and v0
5gH0 . HereTL andkB are the lattice temperature and th
Boltzmann constant, respectively. The population of
pujm& state that satisfies the constraints is164(11md0
1ndT). As vT is small compared tov0 , the third termndT
is negligible. The population is then

pujm&5
1

64 ~11md0!. ~8!

The magnetization is calculated from

M5g\(
jm

D ujm&pujm&m, ~9!

whereD ujm& is the degeneracy of theujm& state. Equations
~8! and ~9! give the initial equilibrium magnetizationM0
5 3

2g\d0 . Since the magnetization is conserved during s
locking the Zeeman temperatureTZ is lowered by
;vZ /v0 , while the tunneling system remains in equilibriu
with the lattice. The Zeeman splittingvZ in the rotating
frame is of the same magnitude asvT . Therefore, immedi-
ately after the spin locking the Zeeman polarization is lar
of

is
e

i-

-

e

n

r

by ;v0 /vZ than the tunneling polarization. In such a sit
ation, when two or more spin-torsional states with differe
populations are matched experimentally their populations
come equal after a sufficiently long time is allowed for mi
ing, thereby resulting in a magnetization change.

The ground torsional state manifold of two methyl grou
in a progressively larger magnetic field is shown in Fig.
Seven level-matching resonances are predicted atvZ
5nvT , with n5 1

5 , 1
4 , 1

3 , 1
2 , 2

3 , 1, and 2. When the Zeema
splitting during the pulseB satisfies, for example, thevZ
5 2

3vT resonance, two level matchings occur: one betwe
uEE0& and uAA23& ~LM1! and another betweenuEE11&
and uAA22& ~LM2!. When the full equilibration of their
populations is achieved the populations are

pLM1~eq!5 1
9 @8puEE0&1puAA23&] 5 1

64 ~12 1
3 d!,

~10a!

pLM2~eq!5 1
6 @4puEE11&12puAA22&#5 1

64 , ~10b!

with d5\vZ /kBTZ . It is assumed that the population tran
fer is an exponential function of mixing timet with a char-
acteristic Zeeman-tunneling coupling time constantTZTr ,7,11

pujm&~t!5pujm&~0!1@pujm&~eq!2pujm&~0!#

3@12exp~2t/TZTr!#, ~11!

where puj,m&(0) is the initial population, Eq.~8!, and
puj,m&(eq) is the equilibrium populations, respectively. Equ
tion ~11! gives the populations of the matched states a
function of mixing time,

puEE0&~tB!5 1
64 @12 1

3 d~12V!#, ~12a!

puEE11&~tB!5 1
64 ~11dV!, ~12b!

puAA23&~tB!5 1
64 @12 1

3 d~118V!#, ~12c!

puAA22&~tB!5 1
64 ~122dV!, ~12d!

whereV5exp(2tB /TZTr) andtB is the duration of the pulse
B. The states which are not matched retain their initial po
lations given by Eq.~8!. Due to the population equilibration
at thevZ5 2

3 vT resonance, the magnetization reduces fr
M0 to

MB~tB!5 1
24 ~1915V!M0 . ~13!

The population has been transferred from the highly po
lated uEE0& and uEE11& states, respectively, to th
uAA23& and uAA22& states. This implies that a fraction o
methyl pairs have undergone theEE to AA symmetry con-
version. When a sufficient mixing time is allowed to com
plete the population equilibration, the Zeeman polarizat
of 5

24 M0 will be transferred to the tunneling states.
Before the pulseC is turned on, the Zeeman system

prepared at an infinite temperature so that when the s
level-matching resonance is reestablished during the p
C, the polarization transfer runs in the reverse direction. T
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5958 56CHANGHO CHOI AND M. M. PINTAR
saturation of spins is equivalent to averaging the populati
within a symmetry. The populations at the beginning of t
pulseC are then

puEEm&~tC50!5 1
64 @12 5

12 d~12V!#, ~14a!

puAEm&~tC50!5
1

64
, ~14b!

puAAm&~tC50!5 1
64 @11 5

12 d~12V!#. ~14c!

The population of theAA states is now larger than theEE
state population. This is as expected, since the tunne
states became polarized during the pulseB. The three popu-
lations in Eq. ~14! show a Boltzmann distribution in th
high-temperature approximation. Such a distribution of
tunneling population also appears in thevZ52vT resonance.
This Boltzmann distribution is maintained during the pulseC
if level matchings occur only between theAA andEE states.
The populations of theAA andEE states then decrease an
increase, respectively, by the same magnitude, while theAE
states maintain the populations attC50. In other resonances
e.g.,n5 1

4,
1
3,

1
2, and 1 the tunneling populations attC50 are

not described by the Boltzmann statistics. Since no spin
fusion is allowed for in the calculation, the occurrence of t
Boltzmann distribution of the tunneling populations duri
the pulseC in the vZ5 2

3 vT and vZ52vT resonances is
solely due to the double-symmetry conversion between
AA andEE states.

When the level matchings LM1 and LM2 are reintroduc
during the pulseC with durationt equal totB , the magne-
tization growth along the effective field will be

MC~t!5 25
432 @12exp~2t/TZTr!#2M0 . ~15!

FIG. 3. Spectra at 30 K of dimethyl sulfide obtained witho
~empty circles! and with ~filled circles! a comb ofp/2 pulses. The
observed peaks are labeled by arrows with the underlying matc
resonance. The mixing timet and the tilt angleu were 1 ms and
90°, respectively. At the first stage of the polarization trans
~pulseB! there is some loss of order to the dipolar reservoir wh
is then destroyed by thep/2 pulse comb. During the reverse tran
fer ~pulseC! some order is again lost to the dipolar reservoir. The
losses are negligible at large magnetic field, i.e., atvZ@vD .
s
e

g

e

f-
e

e

If the pulsesB and C are both longer than 5TZTr , MC is
calculated to be 5.8% ofM0 . The magnetization detected i
the experiment is the projection ofMC onto the x axis,
MC sinu, which is foru554.7° only 4.7% ofM0 .

V. RESULTS AND DISCUSSION

In the low-field NMR in solids, the energy splittings du
to local dipolar fields are comparable to the Zeeman sp
ting. The polarization transfer between Zeeman and dipo
systems therefore has to be considered in level matchin

ng

r

e

FIG. 4. Plot of the magnetizationMC in dimethyl sulfide at 30 K
as a function of mixing timet in the rotating frame withu590°.
Each growth pattern ofMC ~at a particularH1! is labeled with the
matching resonance at which the Zeeman to tunneling~pulseB! and
the following tunneling to Zeeman~pulseC! polarization transfers
have been measured. In pulseB of durationt the transfer is pro-
portional to@12exp(2t/TZTr)# and the same applies in pulseC of
duration t. For this reason the data were fitted toK@12exp
(2t/TZTr)#2 with adjustable parametersK andTZTr , see Table I.

TABLE I. Listed are the Zeeman-tunneling coupling time
TZTr obtained from fitting the function@12exp(2t/TZTr)#2 to the
magnetizationsMC , in dimethyl sulfide, which evolves as a func
tion of the mixing timet in the rotating frames withu590° and
with u554.7°. Note that the value ofTZTr at vZ52vT is for the
CH3 in methylmalonic acid. The quoted accuracy is the stand
deviation.

vZ u TZTr ~ms!

1
4 vT 90° 2.8 60.1

54.7° 6.2 60.4
1
3 vT 90° Not observed

54.7° 1.6 60.1
1
2 vT 90° 0.1060.01

54.7° 0.2160.01
2
3 vT 90° Not observed

54.7° 1.9 60.02
vT 90° 0.4560.02

54.7° 0.3160.03
2vT 90° Not observed

54.7° 3.1360.2
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56 5959TUNNELING SPECTROSCOPY BY MATCHING ENERGY . . .
the rotating frame. Since the dipolar energy levels are po
ized during the pulseB, the signal following the pulseC ~at
low He! is due to the polarization transfer from the dipol
system as well as from the tunneling system. To make
small tunneling peaks observable the dipolar polarization
to be erased by applying ap/2-pulse comb before the puls
C. The effect of thep/2 comb on the level-matching spe
trum is shown in Fig. 3. Without the comb, the dipolar sign
is of nearly the same amplitude as the strongest tunne
peak atvZ5 1

2vT .
In all the studied materials, the measurement with a m

ing time t of ;0.1 ms reveals level-matching resonances
vZ5 1

2 vT and at vZ5vT , Fig. 3. These transitions ar
driven by the intragroup dipolar interaction in first orde
This observation manifests the single-particle picture for
rotational tunneling of methyl groups. Since the magneti
tion changes are the direct results of the population eq
bration, the magnetizations following the pulsesB and C
depend ont strongly. When the mixing timet is increased
further so that the weaker transitions bring about a mea
able polarization transfer as well, a second-order peak
vZ5 1

4vT becomes observable. Generally second-order t

FIG. 5. At the top is the energy level diagram of two noninte
acting equivalent CH3 groups with the matching resonances atvZ

5nvT for n5
1
5,

1
4,

1
3,

1
2,

2
3, 1, and 2 shown. Vertical dotted lines a

drawn at the observed resonances,n5
1
4,

1
3,

1
2,

2
3, 1, and 2. Squares

indicate the level matchings at which theAA-EE transitions occur.
Spectra at 30 K of methylmalonic acid, dimethyl sulfide, propio
acid, and hexane in the tilted rotating frame withu554.7° are
shown. The mixing timest were all 10 ms. Note that theHe axes
for all the spectra are adapted so that allvT coincide.
r-

e
s

l
g

-
t

e
-
i-

r-
at
n-

sitions become measurable if mixing times beyond 5 ms
employed.

The growth of the magnetizationMC in dimethyl sulfide
is presented as a function of mixing timet, in Fig. 4. It
was shown in Sec. IV thatMC is proportional to @1
2exp(2t/TZTr)] 2, which allows determination of the
Zeeman-tunneling polarization transfer rate,TZTr

21 . For dim-
ethyl sulfide theTZTr values obtained from the magnetiz
tion growth patterns are listed in Table I.

The second-order level-matching transitions, for examp
at the vZ5 1

4 vT resonance are weaker b

(vD
inter/ 1

4vT)
2(vD

inter/vD
intra)2, than the first-order transitions a

the vZ5 1
2vT resonance driven byHD

intra. Hence, the ratio of
the two rates is

~TZTr
21 !~1/4!vT

~TZTr
21 !~1/2!vT

516f 4S vD
intra

vT
D 2

, ~16!

wheref 5vD
inter/vD

intra. The ratiovD
intra/vT in dimethyl sulfide

is ;0.10, Fig. 3. As the ratio (TZTr
21 )(1/4)vT

/(TZTr
21 )(1/2)vT

is
0.035, Table I, the ratio of the intergroup to the intragro
dipolar energy,f , equals 0.6860.06. Since the dipolar en
ergy is inversely proportional to the cube of the proto
proton distance, the average distance between two pro
belonging to adjacent methyl groups turns out to be
60.2 Å; the intragroup proton-proton distance was taken
be 1.78 Å. Such a small distance~2.0 Å! would be possible
only when two CH3 groups under consideration belong
adjacent CH3SCH3 molecules.

FIG. 6. ~a! A model spectrum for a pair of noninteractin
equivalent methyl groups. Equal populations of matched ene
levels were assumed. The areas under the peaks were adjus
represent the calculated intensities. The line shapes were mod
to be Gaussian with widths selected to match the observed s
trum. ~b! The experimental spectrum of methylmalonic ac
(HOOCCHCH3COOH). Both in ~a! and ~b!, the area under the
each peak is normalized with respect to the entire area.
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In the tilted rotating frame, the dipolar Hamiltonian whic
couples energy states with magnetic quantum numbers
fering by 1 is proportional to sinucosu, while the interaction
driving the uDmu52 transitions is proportional to sin2u. The
same argument can be extended to second-order transit
The uDmu54 transition peak atvZ5 1

4vT then decreases a
the effective field is tilted away from thex-y plane, while the
uDmu53 transition lines atvZ5 1

3vT andvZ5 2
3vT increase.

Level-matching spectra of methyl groups in four polycryst
line materials, recorded in the rotating frame withu
554.7°, are shown in Fig. 5, together with the energy le
diagram of two equivalent noninteracting CH3 groups. The
mixing times were all 10 ms during which the leve
matching peaks brought about by second-order proce
grew substantially. The resonances atvZ5nvT , with n
5 1

4,
1
3,

1
2,

2
3, 1, and 2 were observed, however, thevZ5 1

5vT
resonance peak due to theuDmu55 transitions between th
uAE12& and uAA23& states, has not been observed. Th
third-order transitions are too weak to cause a measur
polarization transfer even with the mixing time of 100 ms

If the uEE& states are split by the presence of meth
methyl coupling, the resonances involving these states c
be broader than the resonances occurring betweenuAA& and
uAE& states. When the linewidths atvZ5 2

3vT and 2vT reso-
nances are compared with other linewidths, no system
difference is found, as expected of ‘‘noninteracting,’’ or i
deed very weakly interacting methyl groups.

The calculated spectrum for the full population equilibr
tion is shown in Fig. 6. It is in good agreement with th
experimental spectrum of methylmalonic acid. The proto
which do not belong to a methyl group do not contribute
ys
if-

ns.

-

l

es

e
le

-
ld

tic

-

s

the polarization transfer. Therefore the magnetization gro
MC has to be compared to the fraction ofM0 which is due to
methyl protons only. In dimethyl sulfide, the publishe
results6,12 indicate that the two methyl groups in a molecu
are in different hindering potentials, havingvT of 100 KHz
and 750 KHz. ThevZ5 2

3vT resonance peak, detected
He515.6 G, Fig. 5, demonstrates that two groups involv
in the transitions both havevT/2p5100 KHz. This observa-
tion is in accord with the small intergroup proton-proton d
tance~obtained from theTZTr measurements!.

In conclusion, applying a comb ofp/2 pulses between the
B and C pulses improves the level matching in a tilted r
tating frame significantly. Tilting the effective field in th
rotating frame makes it possible to identify the change of
magnetic quantum number during a level-matching tran
tion. Most spectra of strongly hindered CH3 groups so far are
consistent with the existence of a two-equivale
noninteracting-CH3-group manifold. Among the observe
resonances thevZ5 2

3vT and thevZ52vT resonances dem
onstrate that two CH3 groups undergo symmetry conversio
simultaneously. The magnetization changes calculated u
the population equilibration assumption reproduce the ob
vations well. Furthermore, the magnetization change a
function of mixing time gives the Zeeman-tunneling co
pling time TZTr from which the average intergroup proton
proton distance can be estimated.

ACKNOWLEDGMENT

Support from the National Science and Engineering R
search Council, Ottawa is gratefully acknowledged.
. B

a,
1C. Choi and M. M. Pintar, Phys. Rev. Lett.76, 527 ~1996!.
2W. I. Goldberg and M. Lee, Phys. Rev.140, A1261 ~1965!.
3J. R. Franz and C. P. Slichter, Phys. Rev.148, 287 ~1966!.
4W. Press,Single-Particle Rotations in Molecular Crystals, Vol.

92 of Springer Tracts in Modern Physics~Springer, New York,
1981!.

5D. Smith, Chem. Phys. Lett.188, 349 ~1992!.
6P. J. McDonald and M. Pinter-Krainer, Mol. Phys.84, 1021

~1995!.
7K. R. Sridharan, W. T. Sobol, and M. M. Pintar, J. Chem. Ph
 .

82, 4886~1985!.
8F. Apaydin and S. Clough, J. Phys. C1, 932 ~1968!.
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