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Fast radio-frequency amplitude modulation in multiple-quantum
magic-angle-spinning nuclear magnetic resonance: Theory and experiments
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Multiple-quantum magic-angle-spinning~MQMAS NMR! spectroscopy has become a routine
method to obtain high-resolution spectra of quadrupolar nuclei. One of the main problems in the
performance of this experiment has been the poor efficiency of the radio-frequency pulses used in
converting multiple-quantum coherences to the observable single-quantum signals. As the MQMAS
experiment is basically an echo experiment this problem can be related to the efficiency with which
continuous wave pulses can normally achieve the multiple- to single-quantum conversion for
different crystallites in a spinning powdered sample. In this paper we investigate various aspects
involved in this multiple-to-single quantum conversion, in the hope to facilitate the devise of new
experimental schemes that can lead to significant MQMAS signal enhancements. We examine in
particular a recently suggested experiment for MQMAS spectroscopy which employs
amplitude-modulated radio-frequency pulses, and which can yield substantial signal and even
resolution enhancements over the commonly used pulse schemes in MQMAS experiments. The
mechanisms of operation of continuous-wave and of amplitude-modulated pulses as applied to the
selective manipulation of spin-3/2 coherence elements are examined in detail, with the aid of the
fictitious spin-1/2 formalism in combination with quadrupolar adiabaticity arguments. New insight
into the nature of the MQMAS experiment is thus revealed, and the superior performance of suitable
amplitude modulations toward the formation of MQMAS powder echoes is justified. Experimental
results highlighting the utility of this scheme in samples possessing multiple quadrupolar sites with
varying quadrupolar anisotropies and chemical shift offsets are demonstrated, as is the relative
insensitivity of the new signal-enhancement technique to the actual level of rf irradiation. Further
implications and uses of this new irradiation scheme are also briefly discussed. ©2000 American
Institute of Physics.@S0021-9606~00!00703-0#
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I. INTRODUCTION

The potential applications of NMR spectroscopy to t
study of materials containing quadrupolar nuclei have b
well documented in a gamut of fields including inorgan
chemistry, catalysis, geochemistry, and cuprate high t
perature superconductivity.1–6 These studies have been r
cently stimulated by the introduction of the multiple
quantum magic-angle-spinning spectroscopy~MQMAS!
NMR experiment, capable of yielding high resolution spec
from half-integer quadrupolar nuclei devoid of both first- a
second-order interactions.7 This experiment averages out a
anisotropic spin interactions by a combination of spatial a
spin space manipulations, and at its core lies the excitatio
2m↔1m multiple-quantum coherences~MQC! and their
subsequent conversion to single-quantum coherences~SQC!
which are correlated in a two-dimensional~2D! fashion.

a!Author to whom all correspondence should be addressed; electronic
civega@wis.weizmann.ac.il
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Such experiment has become quite widespread due to
simplicity of its implementation, and it has enabled new a
plications on a variety of nuclei possessing different s
quantum numbers and coupling environments such as
dium, aluminum, rubidium, oxygen, boron, niobium, chl
rine, and cobalt.8–17

The pulse scheme suggested for the initial MQMAS e
periments has come a long way with several improveme
geared at bypassing its limitations with respect to effici
excitation of MQC, of the subsequent conversion to SQ
and for obtaining spectra with purely absorptive lin
shapes.18–21 Numerous studies have concentrated on ana
ing the effects of spinning speed, rf power, and decoupli
on the efficiency of the MQMAS experiment.18–25 This
progress has been supplemented by the use ofz-filtering,
split-t1 procedures, and synchronized data acquisitions.26–29

Particularly worth mentioning in the context of the prese
analysis is the rotation-induced adiabatic coherence tran
~RIACT! experiment proposed by Griffin and co-workers29

this uses two long continuous-wave~cw! pulses for both ex-
il:
7 © 2000 American Institute of Physics
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citation and conversion of the MQC, and relies on adiaba
transfer arguments30 to enhance quantitativeness and reso
tion along the multiple quantum dimension. Despite all the
significant advancements in both theoretical and experim
tal strategies a basic problem faced by this experiment
mains; namely, the relative inefficiency of the MQC→SQC
conversion. One way to alleviate this problem and there
the potentially poor signal to noise ratio of the spectra is
pushing the limits of rf power, spinning speeds, and m
netic fields used in the experiments.31 Although this criterion
is at the moment a potent driving force for the manufact
of dedicated hardware for this experiment, further progr
will also demand an improved insight into the spin dynam
that occur under the relevant Hamiltonians and their rela
to new pulse sequences. Contributing to such stimulus is
main goal of the present paper.

A common emphasis of the outlined investigations h
been the use of rectangular pulses. Relevant literature
high resolution NMR, however, recommends the use
shaped pulses for efficient excitation in the case of spin
systems.32 Some efforts in this direction have been mad
particularly toward improving the excitation efficiency of th
MQC.33–35 The present analysis emphasizes the modula
and shaping of pulses during the efficiency-limited conv
sion step. In fact the possibility of using amplitud
modulated~AM ! pulses for converting MQC to SQC wa
first examined by Vega and Naor in studies of half-integ
quadrupole single crystals,36 which showed that up to a
threefold increase for the central transition signal of a sp
3/2 was possible by combining selective 90° pulses and
rf acting as simultaneous 180° pulses on the satellites. In
class of experiments the modulation frequency of the
could be exactly matched to the quadrupolar frequency of
nuclei in the single crystal, but these ideas have also b
subsequently extended to the case of powders.37–41 Many of
these latter techniques have in common the use of freque
sweeps, which result in nearly adiabatic inversions of
satellite transitions. Two related advancements have b
very recently made in the field of MQMAS spectroscop
One of these makes use of double frequency sweeps ov
large range covering the satellite transitions of all crystalli
in a powder, to achieve a MQC→SQC conversion.42 The
second method replaces the conversion pulse by f
amplitude-modulated~FAM! irradiation of the satellite tran
sitions, and has been shown to lead to significant sensiti
enhancements on a variety of samples and under various
perimental conditions.43 A principal advantage of the latte
scheme is that FAM is achieved simply by fast 180° ph
shifts of the irradiating rf thereby using the built-in potentia
of standard NMR spectrometers. The present paper exam
the mechanism of operation of these conversion pulses.
ward this end a MQMAS formalism based on fictitious sp
1/2 operators is developed, and used to reveal new feat
not only of FAM-based pulse sequences but also of
proaches based on usage of short cw pulses and of r
induced adiabatic transfers. The results of these new ana
cal formulations are then extensively corroborated by b
numerical and experimental results, which highlight the
age of the FAM scheme toward resolution and selectiv
ic
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enhancement. Furthermore, despite the technical differe
between our new FAM scheme and those proposed on
basis of rf sweeps the physical phenomena involved in b
of these techniques are very similar, and therefore mos
the FAM arguments outlined in the following sections can
extended with only minor modifications to the case of fr
quency sweeps too.

II. THEORY

A. General considerations

It is worthwhile to begin this analysis by reviewing th
basic pulse sequence for MQMAS experiments@Fig. 1~a!#,
that is of common use and has served as a building block
many later developments in the field. The first pulse in t
sequence excites all possible coherences for a given
quantum number, and the desired order of MQC is then
lected by appropriate phase cycling. This is then conver
by a second pulse to observable SQ magnetization aftert1

evolution period; an echo of the anisotropic second-or
quadrupole evolution is subsequently formed at a timet2

equal to a specific fraction oft1 which depends on the spi
quantum number and on the order of MQC that had b
selected.7 The pulse sequence that triggers the present an
sis employs the FAM methodology outlined in Fig. 1~b!,
where the cw conversion pulse has been replaced with
amplitude-modulated profile. We have recently shown
perimentally that this modification—easily carried out, f
instance, by a four-point discrete modulation of the fo
(v1,0,2v1,0)n—can significantly increase the efficiency o
the conversion process. In this paper we describe the eff
of those pulses vis-a-vis cw ones on MQMAS spin-3/2 e
periments with the aid of the fictitious spin-1/2 operat
formalism.44 This expresses both nuclear spin states as w
as the relevant spin Hamiltonians in terms of$I a

pq%a5x,y,z

FIG. 1. ~a! Basic two-pulse scheme employed in MQMAS experiments. T
first pulse is phase cycled asf50°,60°,120°,180°,240°,300°; if the secon
pulse is kept at a constant phase of 0° the receiver is then alternated a
180°. The TQC selected after the first pulse is converted to SQC after
second~cw! pulse and results for a powder sample in an echo along tht2

domain due to the refocusing of all second-order quadrupolar anisotro
~b! Generalized FAM pulse scheme; all pulse and receiver phases are c
as in~a!, but the conversion step is implemented by a symmetric irradia
of the satellite transitions within the spin manifold. Experimentally, t
FAM pulse was implemented in this study via the four-point sche
@0,v1 ,2v1,0#n , with each of these events lasting 1ms and the block re-
peatedn53 – 5 times. Thev1/2v1 modulation of the rf field strength~in
kilohertz! was implemented by shifting the rf phase by 180°.
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operators, wherep,q denote states$u1&,u2&,u3&,u4&% that corre-
spond to the energy eigenstates of the quadrupolar Ha
tonian:u1&5u3/2&, u2&5u1/2&, u3&5u21/2& andu4&5u23/2&. Im-
portant properties of these operators that will be emplo
throughout this study are summarized in the Appendix.

Our focus is the time evolution of a density matrix whic
at time t50 only has TQC as its elements, and which
converted to SQC by the action of either short-cw, long-
~RIACT! or FAM pulses~Fig. 1!. Higher spin systemsI
>5/2 will be discussed at a later stage. We begin here
considering anI 53/2 spin in the rotating frame, whos
Hamiltonian is given by45

H52DvI z1
1
6vQ@3I z

22I ~ I 11!#13$vQ
~2,1!@4I ~ I 11!

28I z
221#I z1vQ

~2,2!@2I ~ I 11!22I z
221#I z%1v1I x ,

~1!

whereDv takes into account the resonance offset and che
cal shift anisotropy~CSA! effects,vQ and vQ

(2,i ) reflect the
first- and second-order quadrupolar frequencies, andv1 is
the rf field strength. It is convenient to present this Ham
tonian also in the language of single transition operators
preparation for the consideration of modulated rf fields
thus rewrite Eq.~1! as

H~ t !52 (
p,q

DvpqI z
pq1vQ~ I z

122I z
34!1~)v1~ I x

121I x
34!

12v1I x
23!S (

n
~an

c cosvmt1an
s sinvmt !1a0D , ~2!

where p,q take values from 1 to 4, theDvpq account for
off-resonance as well as second-order quadrupolar shifts,
vm is the basic frequency with which the rf is potential
modulated. The condition(n@(an

c)21(an
s)2#1/21a051 can

be demanded in this expression and thus result in a gen
Hamiltonian which can account for the simultaneous pr
ence of linearly polarized cw and/or FAM irradiations. Sti
in the ensuing discussions and for simplicity we will de
mainly with modulations of the forma1 cosvmt; the cases
for FAM and cw may therefore be distinguished by

a050 , a1
c51 pure FAM,

a051, an50 pure cw, ~3!

and the Hamiltonian in Eq.~2! can be cast for the following
discussion as

H~ t !52~Dv14I z
141Dv23I z

23!1vQ~ I z
122I z

34!1~)v1~ I x
12

1I x
34!12v1I x

23!~a1 cosvmt1a0!. ~4!

In this expressionDv235Dv1vs(1/2) and Dv1453Dv
1vs(3/2) account for both the shielding and second-or
quadrupolar shifts of the central single-quantum~2–3! and of
the triple-quantum~1–4! transitions, respectively. With thi
general Hamiltonian we shall now concentrate on the s
cific FAM and cw scenarios.
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B. FAM Hamiltonian

As previously mentioned the basic Hamiltonian for t
FAM case can be written witha050 anda151, i.e.,

H~ t !52~Dv14I z
141Dv23I z

23!1vQ~ I z
122I z

34!

1@)v1~ I x
121I x

34!12v1I x
23#cosvmt. ~5!

The time dependence of this nutation Hamiltonian can
eliminated by transforming it into a modulated interacti
frame via the propagator

Um~ t !5exp@ ivm~ I z
122I z

34!t#. ~6!

Transformation ofH(t) by Eq. ~6! yields

Hm5Um
21H~ t !Um

5DvQ~ I z
122I z

34!2~Dv14I z
141Dv23I z

23!

1
)

2
v1~ I x

121I x
34!, ~7!

whereDvQ5vQ2vm and the assumptionv1!vm has been
made. This last approximation enables us to neglect all
efficients oscillating at frequenciesvm and 2vm , as well as
terms like 2v1 cosvmt Ix

23. This modulated-frame Hamil-
tonian can also be written as

Hm5H121H341Hd, ~8!

where all terms commute with one another and their expl
forms are

H125v1
aI x

121D12I z
12,

H345v1
aI x

341D34I z
34, ~9!

Hd5D~ I z
141I z

23!,

with

D125DvQ2Dv1 1
2~vs~ 1

2!2vs~ 3
2!!,

D3452DvQ2Dv1 1
2~vs~ 1

2!2vs~ 3
2!!,

~10!
D522Dv2 1

2~vs~ 1
2!1vs~ 3

2!!,

v1
a5
)

2
v1 .

FIG. 2. Diagrammatic representation of both the cw and the FAM irrad
tion sequences in the rotating frame, with the arrows representing the
quencies of the irradiation fields. As in the text,DvQ5vQ2vm , with vm

the modulation frequency andvQ the quadrupole frequency.
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Both H12 and H34 look like conventional spin-1/2 nutatio
Hamiltonians, whileHd is purely diagonal. Thus it can b
stated that a characteristic of the FAM irradiation is that
focusing on simultaneous manipulations of the satellite tr
sitions, it transforms a complex spin-3/2 nutation manifo
@Eq. ~2!# into two decoupled two-level systems. Figure
shows this diagrammatically by comparing the principal p
sitions of rf irradiation for both the cw and FAM cases in t
rotating frame. Figure 3 on the other hand shows the ene
level diagram of the FAM Hamiltonian@Eq. ~8!# in the
rotating/modulated frame, along with its various single-a
triple-quantum transition frequencies for a system affec
by potential off-resonance and second-order quadrup
shifts. It is worth mentioning in passing that if instead of t
cosine modulation we would have chosen in Eq.~5! a sine
modulation of the form ()v1(I x

121I x
34)12v1I x

23)sinvmt,
the last ~rf ! term in Eq. ~7! would have become
()/2)v1(I y

122I y
34). Still, the important subspace-decouplin

characteristic of the FAM irradiation would naturally hav
been preserved.

A point of interest of these transformations into a mod
lated frame is the way by which they allow us to calcula
analytically the time dependence of the density matrix co
ficients during the pulse. Indeed the density matrix in t
new frame can be written as

rm~ t !5Um
21~ t !rUm~ t !5(

i
(
p,q

ai
pq~ t !I i

pq , ~11!

wherer is the density matrix in the rotating frame andi takes
the indicesx,y andz. Hence, since

rm
235r23,

~12!
rm

145r14,

~where as usual the superscripts 23 and 14 correspond t
blocks of the density matrix characterizing the 1/2↔21/2
and 3/2↔3/2 transitions!, the values of both the single- an
the triple-quantum coherences are independent of whe
the rotating or rotating/modulated frames are chosen for
MQMAS description.

FIG. 3. Energy level diagram of a spin23/2 nucleus subjected to FAM
irradiation represented in the rotating/modulated frame. The positions o
energy levels in this frame are determined by the residual quadrupole i
actionDvQ5vQ2vm and by the chemical shift and second-order quad
polar shift terms inDv. Also depicted are the evolution frequencies of trip
~1–4! and single ~2–3! quantum coherences, given byDv235Dv
1vs(1/2) andDv1453Dv1vs(3/2), respectively.
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As indicated earlier our interest deals with the effects
the second, MQ conversion pulse. Within anI 53/2 frame-
work we thus discuss the time evolution of a TQC given
an initial density matrix of the formr05axI x

141ayI y
14, acted

under the effects of the Hamiltonian given in Eq.~8!. We
will be particularly interested in the conversion process
these coherences intoI x,y

23 , a spin dynamics that can be rep
resented as

I x
14→cxx~ t !I x

231cxy~ t !I y
23,

~13!
I y

14→cyy~ t !I y
231cyx~ t !I x

23.

The time-dependent nutation coefficientscxx and cxy repre-
sent the ‘‘amounts’’ ofI x

23 and I y
23 created fromI x

14, while
cyy andcyx represent the ‘‘amounts’’ ofI y

23 and I x
23 created

from I y
14. Much of the focus in the discussion to follow wi

be on the values and relative signs adopted by these co
cients in the FAM and cw cases, the importance of wh
will become evident during the presentation. For the sake
clarity we begin by exploring their behavior in static an
spinning FAM cases, beginning with the former.

1. FAM-driven conversions in static single crystals

The simplest scenario to consider pertains to nonsp
ning single crystals, as these involve single and tim
independent quadrupole interactions. Furthermore if we c
sider the simplest possible case, which neglects all seco
order quadrupolar and off-resonance shifts and sets
modulation rate of the rf such thatvQ5vm ~i.e., D125D34

5D50!, the Hamiltonian in Eq.~8! reduces simply to

H5v1
aI x

121v1
aI x

34. ~14!

Then according to Eq.~11!, an initial density matrix given by

r05I x,y
14 ~15!

evolves under the action of such Hamiltonian as

r0→r~ t !5I x,y
14 cos2S v1

at

2 D 1I x,y
23 sin2S v1

at

2 D 1¯ , ~16!

where we have ignored all nonrelevant terms of the fo
I x,y

12 , I x,y
13 , I x,y

24 , andI x,y
34 . The appropriate commutation rela

tions used to arrive at Eq.~16! are outlined in the Appendix
It is clear that in this simple approximation, starting withI x

14

or I y
14 as the initial density matrix one gets onlycxx(t)I x

23 or
cyy(t)I y

23. In other words, the TQC upon conversion yiel
pure SQC without the intermixing of thex andy terms. This
does not, however, guarantee the full conversion ofI x

14

→I x
23 or I y

14→I y
23, and one can expect a loss in the amplitu

of the final value taken by the SQC unless the pulse is o
mized for that particular single-crystal orientation. In th
case of Eq. ~16! it may be noted thatcxx(t)5cyy(t)
5sin2(v1

at/2), meaning that the ‘‘amounts’’ ofI x
23 and I y

23

achievable fromI x
14 and I y

14 will be of the same magnitude.
Having discussed this illustrative but special case it

possible to progress into the most general static situat
involving the evolution of the initial density matrix under
general time-independent Hamiltonian withD12Þ0, D34

Þ0. We are thus interested in the evolution ofI x,y
14 under a

Hamiltonian possessing both second-order quadrupolar

e
r-

-
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off-resonance shifts. We begin by inspecting the dynam
under the actions ofH121H34, a problem that can still be
treated as involving two spin-1/2 cases since both of th
Hamiltonians commute. Furthermore, we are only interes
in following the terms:

^I x,y
14 &5Tr~ I x,y

14 U21I x,y
14 U !,

~17!
^I x,y

23 &5Tr~ I x,y
23 U21I x,y

14 U !.

Thus withU5U12U34 andUi j 5exp(iHi j t) the terms of in-
terest are matrix elements such asr23, given by

r23~ t !5^2uru3&

5~^3uru2&!*

5^2uU21I x,y
14 Uu3&

[(
m,n

^2uU21um&^muI x,y
14 un&^nuUu3&

[^2uU21u1&^1uI x,y
14 u4&^4uUu3&

1^2uU21u4&^4uI x,y
14 u1&^1uUu3&. ~18!

The second term in the last line of Eq.~18! drops out because
of U’s block nature; hence the only remaining term of inte
est is

^2uU12I x,y
14 U43u3&5mx,y^2uU12u1&^3uU43u4&, ~19!

where mx51/2 andmy52 i /2. Following a similar proce-
dure for the computation ofr14 @see Appendix A# a straight-
forward calculation yields for the time evolution of the TQ
I x,y

14 ,

I x,y
14 →I x,y

14 cosS v1
12

2
t D cosS v1

34

2
t D 1I x,y

23 cosa12cosa34

3sinS v1
12

2
t D sinS v1

34

2
t D 1¯ , ~20!

where we have focused again only on theI x,y
14 and I x,y

23 coef-
ficients, and

v1
125A~v1

a!21~D12!2,

v1
345A~v1

a!21~D34!2,
~21!

tana125
D12

v1
a ,

tana345
D34

v1
a

@the various terms appearing in Eq.~21! had been explicitly
defined in Eq.~10!#. With this expression for the TQC evo
lution in hand it is simple now to take into account also t
commuting diagonal offset termHd5D(I z

141I z
23), Eq. ~20!

only needs to be modified as
s

e
d

-

I x,y
14 →cosS v1

12

2
t D cosS v1

34

2
t D @ I x,y

14 cosDt6I y,x
14 sinDt#

1cosa12cosa34sinS v1
12

2
t D sinS v1

34

2
t D

3@ I x,y
23 cosDt6I y,x

23 sinDt#1¯ . ~22!

The cosaij terms represent rotations in the 12 and 34 s
blocks associated with TQC→SQC conversions; the maxi
mum conversion efficiency~a50! is evidently obtained in
the on-resonance FAM scenarioDvQ50, D50. Also inter-
esting to note is the fact that because ofHd there is a definite
passage ofI x

14 to both I x
23 and I y

23, unlike the special case
previously considered@Eq. ~16!#. This intermixing ofx andy
components is brought about only by the presence of che
cal shifts and second-order quadrupolar couplings, but
due to the FAM off-resonance termvQ2vm .

2. FAM-driven conversions in spinning single crystals

We discuss now the evolution of an initial TQC matr
under the action of a quadrupolar Hamiltonian that has b
rendered oscillatory time dependent by the action of MA
Emphasis is again placed at this stage on the TQC→SQC
conversion pathway of a single crystallite. In this case o
can identify a variety of different situations depending on t
initial conditions of the density matrix, and on the time d
pendencies of bothvQ(t) and of the modulated rf. A key
factor that will affect the conversion efficiency in both th
cw and FAM pulse sequences will be the manner by wh
the spin system will go through the spinning-induced cro
ing conditions ~DvQ50 for FAM, or vQ50 for cw/
RIACT!. These crossing and anticrossing phenomena
can occur between the energy levels of a quadrupolar
manifold being acted by rf, are best understood on the b
of adiabaticity arguments introduced by Vega.30 These were
initially established for the sake of clarifying spin-lock an
cross-polarization processes in half-integer quadrupo
where it was shown that spin states could remain locked
the initial eigenstates of the Hamiltonian~sudden passage!,
transform themselves into different eigenstates in a cont
ous fashion~adiabatic passage!, or become distributed ove
all populations and coherences~intermediate passage!.46

Since this initial example these concepts have been use
better understand numerous other experiments includ
TRAPDOR,47,48 REAPDOR,49 MQMAS RIACT29,50 and
double frequency quadrupole sweeps.42 As will be shown in
the following the concept of adiabaticity can also provi
insight into the fate of spins whenDvQ ~for FAM MQMAS!
or vQ ~for cw-RIACT! decrease in a more or less sudd
fashion to zero while in the presence of rf irradiation.

a. FAM evolution under an adiabatic passage.We be-
gin the MAS discussion by restrictingD12(t)52D34(t); a
case that demands all off-resonance and second-order
drupolar terms in Eqs.~8!–~10! to be neglected. To examin
the effects of level crossings we will also assume that th
materialize around the middle of the pulse. Starting far fro
the point of crossing implies that the FAM Hamiltonian
t50 takes the form
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H~ t !u t505DvQ~ I z
122I z

34!1v1
a~ I x

121I x
34!

[
1

2 S DvQ v1
a 0 0

v1
a 2DvQ 0 0

0 0 2DvQ v1
a

0 0 v1
a DvQ

D . ~23!

Then, as long asDvQ@v1 , it is clear that theI x,y
14 and I x,y

23

terms of the density matrix will not be influenced by the
As earlier it is of interest to look into the time evolution of
density matrix whose initial form isI x,y

14 ; for clarity we de-
scribe the evolution of each of these quadrature compon
separately. In order to relate theI x,y

14 →I x,y
23 conversion and

the adiabaticity arguments, it is also convenient to go t
reference frame where coherences look like populations;
into a system where spins are locked with respect to
Hamiltonian. With this in mind we transformI x

14 to a repre-
sentation where it takes the formI z

14 at time t50; this may
be done with the transformation

U5expS 2
ipI y

14

2 DexpS ipI y
23

2 D . ~24!

It can then be verified that in this tilted frame

~ I x
14!T5I z

14, ~ I x
23!T52I z

23 ~25!

as desired. The initial density matrix in this new tilted fram
can also be written as

r0
T5~ I x

14!T5I z
145

1

2
~ I z

131I z
241I z

142I z
23!. ~26!

Under such tilting transformation the Hamiltonian in E
~23! becomes

HT~ t !5DvQ~ I z
132I z

24!1v1
a~ I x

132I x
24!

[
1

2 S DvQ 0 v1
a 0

0 2DvQ 0 2v1
a

v1
a 0 2DvQ 0

0 2v1
a 0 DvQ

D . ~27!

HT(t) can also be written in a generalized form as

HT~ t !5H131H24, ~28!

where we have combined the 1–3 and the 2–4 subblock
Eq. ~27!. Since these two subspaces commute with one
other the whole problem can again be treated as that of
uncoupled spin-1/2 systems.

As the time-dependentHT(t) evolves toward a state
with DvQ(t)50 both subspaces experience an anticross
and an adiabatic transfer process may result. In terms o
partial populations described in Eq.~26! this will evidently
be associated with the inversions

I z
13→2I z

13, I z
24→2I z

24. ~29!

The remaining termI z
142I z

23 in Eq. ~26! remains invariant, as
can be demonstrated using the commutation relations
lined in the Appendix. After a completely adiabatic proce
the density matrix thus takes the form
ts

a
.,
e

in
n-
o

g,
he

t-
s

rT~ t !5 1
2~2I z

132I z
241I z

142I z
23!52I z

23. ~30!

Transformation of this2I z
23 state from the tilted frame and

back to the original modulated frame results inI x
23. Hence

for the case of a spinning FAM experiment an ideal adiaba
transformation will convertI x

14 entirely into I x
23, and such

conversion will take place due to level anticrossings in
1–3, 2–4 subspaces of the modulated/tilted frame. Altho
this entire transfer mechanism involves only spin coh
ences, it is interesting to note how it can still be cast in
states that are suitably spin locked and as passages tha
adiabatic.

To consider now the spinning sample dynamics of
quadratureI y

14 state we follow the same path as before exc
that we rewrite the tilting operator@Eq. ~24!# as

U5expS 2
ipI x

14

2 DexpS ipI x
23

2 D . ~31!

This transformation, which is done again to facilitate t
visualization of the adiabatic process, leads to tilted state

~ I y
14!T5I z

14, ~ I y
23!T5I z

23. ~32!

The explicit form of the tilted Hamiltonian is then

HT~ t !5DvQ~ I z
132I z

24!1v1
a~ I y

132I y
24!

[
1

2 S DvQ 0 2 iv1
a 0

0 2DvQ 0 iv1
a

iv1
a 0 2DvQ 0

0 2 iv1
a 0 DvQ

D ~33!

and can be written in a generalized form as

HT~ t !5H131H24. ~34!

Transforming the initial density matrix into this new refe
ence frame leads to

r0
T5~ I y

14!T52I z
1452 1

2~ I z
131I z

241I z
142I z

23!. ~35!

Due to the arguments given earlier it follows that an ad
batic anticrossing atDvQ(t)50 process results in a com
plete population inversion, which in the case of Eq.~35!
involves the simultaneous negation of bothI z

13 andI z
24. As a

result we get at the conclusion of the passage

FIG. 4. Plot of the anticrossings experienced by a single crystal in FAM~a!
and in cw-RIACT~b! cases as a function of the length of the pulse. Wh
the FAM process is shown in the rotating/modulated frame, RIACT
shown in the rotating frame. These plots were done for a single cry
assuming a rf strength of 100 kHz, a quadrupole frequency~at t50! of 2.4
MHz, and a zero asymmetry parameter. No second-order quadrupola
off-resonance effects were taken into account.
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rT~ t !52 1
2~2I z

132I z
241I z

142I z
23!5I z

23, ~36!

a state which when expressed in the original modula
frame equalsI y

23. Hence an adiabatic process convertsI y
14 to

I z
23, and here again the transfer is via coherences.

Notice that in these adiabatic cases the conversions
pen asI x

14→I x
23 and I y

14→I y
23, with no intermixing or oscil-

latory behavior for either thex or the y components of the
coherences. Both of these processes may thus be repres
as illustrated in Fig. 4~a!, where a simplified linear slope fo
the time dependence of the quadrupole

DvQ~ t !5ast1
1
2DvQ~0!. ~37!

has been assumed. It may be mentioned in passing that
conversion processes cease to be ideal once off-reson
and second-order terms are introduced. Then, transfers
I x

14 and I y
14 to both I x

23 and I y
23 may result. However, as lon

as one works in the limit of short irradiation or of sma
off-resonance values the above-mentioned arguments
true and can be relied on for meaningful conclusions.

b. FAM evolution under nonadiabatic passages.The
nonadiabatic regime includes numerous scenarios: sud
anticrossing of energy levels, no anticrossing at all, and
termediate anticrossings. During the first and second of th
cases and unless off-resonance and second-order quadru
effects are taken into consideration, nothing happens to
I x,y

14 density matrix elements. In the intermediate case
again without taking into account the off-resonance a
second-order quadrupolar shifts, numerical simulations p
to the conclusion that transfers occur according to

FIG. 5. Generation of SQC (I x,y
23 ) from TQC (I x,y

14 ) for FAM ~left-hand
column! and cw~right! pulse schemes. These calculations were perform
on the basis of a single crystal evolution obeying Eq.~13!, for which an
anticrossing occurs at 20ms. Interesting to note is the fate of the coherenc
during and after the anticrossings shown in Fig. 4: while no major osc
tions happen in the FAM situation,I y

14→I y
23 shows a clear oscillation in the

cw case due to the presence of the rf field. These nutations persist ev
the absence of second-order quadrupolar shifts. A Larmor frequency of
MHz ~23Na at a magnetic field of 7 T! and MAS at 6500 Hz were used fo
the simulations; other details are as given in Fig. 4.
d
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I x
14→cxx~ t !I x

23,

I y
14→cyy~ t !I y

23, ~38!

with no intermixing or oscillatory behavior of thex and y
components being observed@Figs. 5~a! and 5~b!#. Therefore
it can be concluded that in general the conversion of T
into SQC by FAM pulses occurs in a pure fashion, by whi
it is meant that the prefactorscxx(t) and cyy(t) are always
positive, similar in magnitude, and that nox–y mixing oc-
curs. This does not imply that the efficiency of the conv
sion is complete, especially in the nonadiabatic case, bu
means that no net rotations of the coherences in thex–y
plane are originated by the conversion. The important im
cations of this behavior with regards to the resolution a
sensitivity of MQMAS experiments will become clear in th
powder sample discussion. Finally, it is worth concluding
restating that if instead of the purely cosinusoidal modulat
@Eq. ~5!# one adopts a sinusoidal one, straightforward cal
lations yield exactly the same results as those presente
this paragraph.

C. cw Hamiltonian

Having treated the FAM scheme we now concentrate
the effects of cw pulses, simpler to apply experimentally b
perhaps conceptually more challenging to understand
sensitivity-wise less efficient. We follow for this analysis th
same line of arguments as previously mentioned~inspect the
conversion pathways of bothI x,y

14 coherences to the respe
tive I x,y

23 elements! and then compare these results with tho
of FAM.

The cw Hamiltonian can be obtained from Eq.~2! by
replacing it with an50 and a051, and can be written in
terms of fictitious spin-1/2 operators as

H5~v1
aI x

121D12I z
12!1~v1

aI x
341D34I z

34!1D~ I z
141I z

23!

12v1I x
23, ~39!

where now the following definitions hold good:

D125vQ2Dv1 1
2~vs~ 1

2!2vs~ 3
2!!,

D3452vQ2Dv1 1
2~vs~ 1

2!2vs~ 3
2!!,

~40!
D522Dv2 1

2~vs~ 1
2!1vs~ 3

2!!,

v1
a5)v1 .

Neglecting the off-resonance and second-order quadrup
terms the above Hamiltonian can be simplified into

H5vQ~ I z
122I z

34!1v1
a~ I x

121I x
34!12v1I x

23

[
1

2 S vQ v1
a 0 0

v1
a 2vQ 2v1 0

0 2v1 2vQ v1
a

0 0 v1
a vQ

D . ~41!

This matrix is to be contrasted with a static FAM Ham
tonian like that given in Eq.~23!. Its main difference lies in
the presence ofv1 terms in the off-diagonal central trans
tion positions which prevent an otherwise block diagon

d
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form; we clarify in the following how the presence of the
terms complicates the dynamics of the TQC→SQC cw con-
versions.

1. cw-driven conversions in static single crystals

In analogy with the FAM case we begin by consideri
static single crystals with time-independent quadrupole
quenciesvQ . Also as before, we are interested in the TQ
SQC interconversion starting from an initial density mat
of the form r(0)5I x,y

14 . After neglecting all off-resonance
and second-order quadrupolar shifts the cw Hamiltonian@Eq.
~39!# can be diagonalized analytically by a unitary transf
mation of the form

U5Uy
24~u2!Uy

13~u1!Uy
14S 2

p

2 DUy
23S p

2 D
5exp~ iu2I y

24!exp~ iu2I y
13!expF i

p

2
~ I y

142I y
23!G . ~42!

The Hamiltonian under the action ofUy
14(2p/2)Uy

23(p/2)
becomes

H5@vQI z
131v1

aI x
13#2@vQI z

241v1
aI x

24#22v1I z
23

[
1

2 S vQ 0 v1
a 0

0 2vQ22v1 0 2v1
a

v1
a 0 2vQ12v1 0

0 2v1
a 0 vQ

D ~43!

with the definitions

v13,245A~6v12vQ!21~v1
a!2,

~44!

tanu12,345
2v1

a

6v12vQ1
.

Under theUy
24(u2)Uy

13(u1) transformation the Hamiltonian
given in Eq.~43! becomes

HT5ve
13I z

132ve
24I z

241v1~ I z
121I z

34![H131H241Hd, ~45!

which as for FAM is again given by the sum of three mu
ally commuting terms.

As before we consider the fates pertaining to the evo
tion of I x

14 andI y
14. To treat the dynamics of an initial densit

matrix of the formI x
14 we first transform this state into th

representation in which the cw Hamiltonian was made di
onal, then propagate it in this space and finally backtra
form. This cumulative transformation may be represented

U exp~2 iHTt !U21I x
14U exp~ iHTt !U21, ~46!

whereU and HT are given by Eqs.~42! and ~45!, respec-
tively. A straightforward calculation yields

I x
14→I x

141
4$sin2~u1!@cos~v13t !21#1sin2~u2!@cos~v24t !

21#14%1I x
231

4$sin2~u1!@cos~v13t !21#1sin2~u2!

3@cos~v24t !21#%1¯ , ~47!

where again we have restricted ourselves to the coeffici
of the relevant termsI x,y

14 and I x,y
23 . It follows from this ana-
-
/

-

-

-

-
s-
s

ts

lytical calculation that starting fromI x
14 and in the absence o

offsets the coefficient of the termI y
23 is zero: one ends up

without creating anyy magnetization.
To treat the dynamics of an initial density matrix of th

form I y
14 we do a transformation analogous to that in E

~46!:

U exp~2 iHTt !U21I y
14U exp~ iHTt !U21. ~48!

A straightforward calculation then yields

I y
14→ 1

2I y
14$cos2~u1!cos2~u2!cos~v14t !1cos2~u1!

3sin2~u2!cos~v12t !1sin2~u1!cos2~u2!cos~v34t !

1sin2~u1!sin2~u2!cos~v23t !

1 1
2I y

23$sin~u1!sin~u2!cos~u1!cos~u2!~cosv12t

2cosv14t1cosv23t2cosv34t !%1¯ . ~49!

The v i j ’s in Eq. ~49! are defined as

v125v11 1
2~v131v24!,

v145v11 1
2~v132v24!,

~50!

v235v12 1
2~v131v24!,

v345v12 1
2~v132v24!.

As before we confined ourselves only to coefficients of
I x,y

14 andI x,y
23 terms. It follows from this analytical calculation

that the coefficient of theI x
23 term is zero and hence neither

in this case any intermixing ofx andy components. But it is
important to note that according to Eqs.~47! and ~49! the
‘‘amounts’’ of I x

23 and I y
23 magnetization that can be respe

tively created fromI x
14 and I y

14 are very different. This is in
contrast to the FAM situation where the respective coe
cients were equal in magnitude, and marks an important
ference between the FAM and cw experiments whose co
quences will become evident when dealing with powde
samples.

2. cw evolution in spinning single crystals

We turn now to the MAS case and consider a tim
dependentvQ(t), with the relevant Hamiltonian for this cas
still given formally by Eq.~39!. The relevance of this cas
lies mainly in connection to the RIACT experiment, whe
the conversion pulse lasts an appreciable fraction of a r
cycle. Like before we begin by considering the evolution
r05I x

14, and to further exploit the adiabaticity argumen
introduced in the FAM paragraph we resort to solving the
propagation with the aid of theI x

14→I z
14 tilting transforma-

tion given in Eq.~24!. The extra term in the cw Hamiltonian
transforms into22v1I z

23, which can also be written a
2v1(I z

131I z
242I z

141I z
23). Therefore, the resulting cw Hamil

tonian in the tilted frame can be written as
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HT5@~vQ2v1!I z
131v1I x

12#2@~vQ1v1!I z
241v1I x

24#

2v1~ I z
232I z

14!

[S vQ 0 v1
a 0

0 2vQ22v1 0 2v1
a

v1
a 0 2vQ12v1 0

0 2v1
a 0 vQ

D . ~51!

Hence the Hamiltonian in this case can still be written in
blocked form asH131H241Hd. Furthermore, since the ex
tra 2v1I z

23 term commutes with (I x
14)T5I z

14, the adiabatic
dynamics of this state retain the same forms as they ado
in the FAM situation. The cw analogies of Eqs.~26! and~30!
then are

r0
T5~ I x

14!T5I z
145 1

2~ I z
131I z

241I z
142I z

23!,
~52!

rT~ t !5 1
2~2I z

132I z
241I z

142I z
23![2I z

23.

The second of these equations is the result of two comp
adiabatic processesI z

13→2I z
13 and I z

24→2I z
24. Upon back-

transformation from the tilted frame the resulting terms b
come I x

23; hence it may again be seen that as in the FA
casex-phase TQC becomesx-phase SQC with unity effi-
ciency, and no quadrature components result. The cas
nonadiabatic evolution can also be treated as in the cas
FAM but it will not be further detailed here; it is sufficient t
state that according to numerical simulations and at leas
the absence of offsets, this case will neither lead to qua
ture components nor to severe oscillation during theI x

14

→I x
23 conversion.
By contrast to what happened in the FAM experime

however, the cw nutation dynamics of theI y
14 term is radi-

cally different from the one just described forI x
14. This hap-

pens in spite of the fact that the tilted Hamiltonian rema
the same@Eq. ~51!#, and its origin can be traced to the fa
that I y

14 remains invariant under the tilting transformations
Eq. ~42!. Indeed for all the cases considered until now t
initial stater~0! was spin-locked such that@r(0),H(t50)#
50 and even though time dependent, the Hamiltonian co
always be written as the sum of two decoupled spin-1/2
teractions plus a commuting term. This allowed us to
scribe the fate of the coherences in terms of populatio
which by adiabatic or nonadiabatic processes were inve
in suitably tilted frames resulting in effective interconve
sions between TQC and SQC. In the case ofI y

14, however,
the spin system starts spin locked but during the anticros
process it ends up connecting the two independent s
spaces; its evolution is consequently no longer describ
by population inversion processes. In fact these spinn
induced anticrossings in combination with the cw irradiati
create coherences whose behavior is highly unpredictabl
it depends on the conditions in which both the system
the Hamiltonian are residing at time zero. This variabil
results in nontrivial oscillations during theI y

14→cyy(t)I y
23

conversion process, as can be clearly seen in the distinc
transfer curves shown in Fig. 5c.

As a summary of these spinning single crystal analy
on the TQC→SQC conversion we find both analytically an
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numerically that for either FAM or cw irradiationsI x
14

→cxx(t)I x
23. But in the cw-drivenI y

14→I y
23 transfer strong

oscillations set in that affect considerably the efficiency
the conversion process. Also to be noticed is the fact t
while the coefficients of theI x

14→I x
23 and I y

14→I y
23 conver-

sions are similar in magnitude for FAM this ceases to be t
for the cw case. The consequences of these features
become clear in Sec. II D, which extends these single crys
arguments to the analysis of powdered samples.

D. FAM, cw, and RIACT evolution in spinning powders

Figure 6 compares the FAM versus the cw creation
SQC from TQC as a function of the conversion pulse for
case of a powder. As can be appreciated from these calc
tions the routine short-pulse cw schemes yield a sma
amount of SQC than FAM while in the RIACT case, whe
the cw conversion pulse can be as long as a quarter of a r
cycle (t r /4), the amount of SQC created is comparable
that of an optimized FAM pulse. Experimentally, howeve
we have observed that the RIACT enhancement is con
tently smaller than that of FAM; we dwell in this section o
explaining the reasons for this behavior.

As stated, MQMAS NMR spectroscopy is an echo e
periment in which the TQC evolution duringt1 is refocused
during the SQC acquisition timet2 . When fulfilling the re-
focusing of the second-order quadrupolar anisotropy
means of this TQC/SQC correlation, the ratio betweent1 and
t2 needs to be given for all the crystallites in the sample

t2

t1
52

C4
S~1/2!

C4
S~3/2!

5k. ~53!

Here theC4
s(m) are orientation-independent coefficients d

pending only on the spin numberS and the coherence orde
m, which have been described elsewhere in detail.7,18 Hence,
all arguments that revolve around enhancing the sensiti
of MQMAS experiments should also address the manne
which they affect the basic features of this echo formati
We consequently focus here on describing the differen
among the FAM, short-pulse cw, and cw-RIACT schem
vis-a-vis the TQC/SQC echo formation in powders.

FIG. 6. Description of the triple- to single-quantum coherence conversio
a function of the pulse length for FAM~a! and cw~b! irradiations. These
simulations are the result of a powder average over 3722 orientations,
second-order quadrupolar shifts but no off-resonance effects. For bot~a!
and~b! squares correspond toI x

14→I x
23 , circles toI y

14→I y
23 , lower triangles

to I x
14→I y

23 , and upper triangles toI y
14→I x

23 . Although the conversion pro-
files of the last two processes start growing in the FAM situation due to
presence of second-order quadrupolar shifts, it should be remembered
normal FAM pulses are;12–20ms long and thus hardly affected by thi
phenomenon. Other simulation details are as given in Figs. 4 and 5.
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For simplicity we will assume the most straightforwa
variant of MQMAS experiments, one which begins by exc
ing the TQC of various crystallites and then lets them evo
according to their own respective second-order quadrup
anisotropies. After an evolution timet1 and before the appli-
cation of the conversion pulse the relevant density matrix
each of the crystallites has the form

r~ t1!5axI x
141ayI y

14, ~54!

where for brevity we have dropped thet1 time dependence o
the a coefficients. It follows from all the previous discus
sions in this paper that the effect of the TQC→SQC conver-
sion pulse can be fairly accurately summarized for either
cw, FAM, or RIACT cases as

axI x
14→axcxx~ t !I x

23,
~55!

ayI y
14→aycyy~ t !I y

23.

Until now most MQMAS analyses have equated improvi
the efficiency of a particular pulse strategy with maximizi
the magnitudes of thecxx , cyy conversion coefficients. Also
important, however, is ensuring that the absolute value
these conversion coefficients be made equal. Indeed a
schematically illustrated in Fig. 7, if a conversion sequen
were to distort the relative sizes of the (cxx ,cyy) prefactors a
net orientation-dependent rotation in thex–y plane would
result and the refocusing condition stated by Eq.~53! would
not be simultaneously attainable for all crystallites in t
powder. Therefore in addition to maximizing the conversi
factors, important conditions which an efficient conversi
pulse scheme must satisfy should include

FIG. 7. Interplay between the relative magnitudes of the TQC→SQC con-
version coefficients (cxx ,cyy) and the potential attenuation of the MQMA
powder NMR echo.~a! Ideal scenario involvingucxxu5ucyyu and showing a
completet2 refocusing of the anisotropic second-order evolution exp
enced byr14 according to Eq.~53!. ~b!, ~c! Imperfect refocusing caused b
unequal conversion coefficients (ucxxuÞucyyu); the time reversal for each
crystallite is not ideal in these cases leading to overall attenuated po
echo intensities.
-
e
ar

r

e

of
is

e

cxx~ t !56cyy~ t !,

cxy~ t !5cyx~ t !50. ~56!

Here the explicit choice in sign will depend on the relati
sign of thek in Eq. ~53!: whenk,0 cxx5cyy results in the
inversion of the second-order quadrupolar shift, wher
whenk.0 a reflection of the coherence is necessary to yi
an echo. In the parlance of coherence transfer diagrams
former condition corresponds to a23→21 pathway selec-
tion and the latter to a13→21 one.7

It is in connection with these arguments that thecxx(t)
5cyy(t) condition satisfied for the FAM but not for the cw
~or RIACT! case becomes pertinent. In particular, the stro
orientation dependence and oscillatory character of theI y

14

→I y
23 cw conversion process~Fig. 5! will significantly re-

duce the intensity of the MQMAS echo, even if singl
crystal conversions are themselves efficient. In order to
ther clarify how the rf-induced mixing and/or oscillator
behavior of thex andy components will affect the MQMAS
signals we present Fig. 8, which shows the relative sizes
all conversion prefactors for the cw~short-pulse!, cw-
RIACT, and FAM cases. The plots depict the creation
SQC from an ideal TQC state withax5ay51 @Eq. ~54!#, and
these calculations included second-order quadrupole eff
in order to investigate their influence on the ideal behavior
each of the pulse schemes. The left-hand column of Fig
shows plots ofcxx againstcxy for each of the sequences
these should have ideally been lines parallel to the1x axis as
cxy should be null for a pure echo@Eq. ~56!#. Their spread in

-

er

FIG. 8. Plots depicting the interdependencies of the (cxx ,cxy ,cyx ,cyy) fac-
tors defining the TQC→SQC conversion in MQMAS NMR@Eq. ~13!#. Each
point in the plot represents the signal arising from a single crystallite
longing to the powder sample; 3722 orientations weighted by their co
sponding solid angles and other simulation details as given in Figs. 4 a
were assumed. The top row corresponds to the short-pulse cw case
middle one corresponds to FAM, and the bottom one to the RIACT
quence. In thecxx vs cyy column deviations from a slope of 1 are in detr
ment of the formation of an appropriate echo signal~Fig. 7!; the deviations
occurring even for the short-pulse cw case are highlighted by the sq
inset. Notice in this correlation the spread ofcyy to both positive and nega-
tive values upon employing RIACT as a consequence of the fast oscillat
introduced in Fig. 5. By contrast, the spread for FAM is minor and ori
nates in second-order quadrupolar shifts.
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the FAM and RIACT peaks is solely due to second-ord
quadrupolar effects; the short-pulse cw case is essent
ideal reflecting the better behavior of the system in this lin
regime~but notice the much smallercxx values associated t
overall weaker signals!. The middle column shows simila
plots ofcyy againstcyx ; here again FAM performs best, as
shows an enhanced intensity with respect to the ideal
response and a narrower distribution than RIACT. The
sponse of FAM would have been ideal without second-or
quadrupolar effects, a situation which would not have be
met by RIACT due to the strong oscillations in itsI y

14→I y
23

conversion process. Yet the most important plots to be no
are those in the right-hand column, wherecxx is plotted with
respect tocyy . Ideally one would expect here a straight lin
of slope11 as dictated by Eq.~56!. A slight deviation from
this slope is seen in the cw case due tocxxÞcyy @Eqs. ~47!
and ~49!#, while the much larger values shown by the FA
coefficients and their nearly perfect identity slope clarify t
sensitivity and resolution enhancements of FAM-MQMA
as compared to cw-MQMAS. The oscillations introduced
Fig. 5 make the above picture very complicated for RIAC
explaining the attenuation of the overall powder echo sig
that we have observed. From all of this we can conclude
for the short-pulse cw case we could get a nearly pure M
MAS echo but one with a low magnitude of intensit
whereas for the RIACT case the single-crystal magnitu
look promising but the powdered echo is attenuated du
oscillations in theI y

14→I y
23 conversion. FAM, on the othe

hand, combines good magnitude and refocusing charact
tics, and is thus a good alternative to obtain a powder M
MAS echo. Furthermore, since second-order quadrupola
fects decrease with increasing magnetic field the spr
among the coefficients seen in the FAM case is expecte
decrease when operating at higher fields, whereas the RIA
problems would still persist since the oscillations arise due
the rf field itself.

Figure 9 exemplifies further the relevance of these po
der refocusing arguments by showing a numerical comp
son between the TQ/SQt2 echo formation for the short-puls
cw, the cw-RIACT, and the FAM schemes. The simulatio

FIG. 9. ~a! Comparison between the TQ/SQ MAS powder intensity ech
produced by short-pulse cw, RIACT, and FAM irradiations. These num
cal simulations assumed an interpulse delay between the first and se
pulse t15461.5ms ~three rotor periods!; the lengths of the conversion
pulses were 2ms, 41ms ~rotor period/4!, and 20ms (n55) for the short-
pulse, RIACT, and FAM schemes, respectively. The first pulse was assu
7 ms long and with a relative phase of 0; therefore it only created TQ
proportional toI x

14 . ~b! Comparison between the TQ/SQ MAS echoes p
duced by RIACT and FAM for similar systems and conditions as in~a!,
except for the fact that the phase of the first pulse was scanned over th
0°–300° values thatf adopts during the actual phase cycling~Fig. 1!.
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presented in part~a! assumed anI x
14 state as the initial con-

dition prior to the conversion as well as typical coupling a
MAS parameters, and they show a substantial advantag
the FAM over cw or RIACT schemes compared to the na
calculations shown in Fig. 6. In fact in the actual experime
due to the cycling of the phasef involved in the initial TQC
coherence excitation, the FAM advantages are even lar
Indeed in these cases TQC components along bothx and the
y directions will be present at the time of the conversion ev
in the absence of anyt1 evolution. Realistic preconversio
states should then readr05I x

14cosf1Iy
14sinf, meaning that

the conversion will no longer involve a pureI x
14 situation.

Figures 7 and 8 forecast then an even stronger echo att
ation of the MQMAS RIACT echo due to the strongI y os-
cillations. This scenario is reflected in Fig. 9~b!, which com-
pares both the FAM and RIACTt2 responses that can b
expected on using the actual phase cycling of an experim
involving six excitation pulses that are evenly phase shif
between 0° and 300°.

Before concluding this theoretical treatment it is wor
connecting it with another feature which we have cons
tently observed in the FAM experiments; namely, an
crease in the resolution of the MQMAS spectra along
isotropic dimension. This heuristic advantage of the FA
methodology can be traced to the relation between the be
defined echoes afforded by FAM for crystallites througho
the powder, and a reduction in the peaks’ mixed-phase
persive artifacts.

III. EXPERIMENTAL PROCEDURES AND RESULTS

A. Acquisition details

A series of experiments were carried out to extend
previous observations on the usefulness of FAM MQMA
NMR,43 as well as to further corroborate the physical insig
provided by the theory of the preceding paragraphs. All
these experiments were performed in a Bruker DSX-3
MHz spectrometer equipped with a 4 mm MASprobe. The
acquisitions were done mostly on23Na ~a spin-3/2! with
samples spinning at rates of 12 kHz; other experimental
rameters included 96 kHz rf fields, 256t1 increments,
25mst1 increments, 12 scans pert1 increment, the States
acquisition mode,51 and 2 s relaxation delays. The first~ex-
citation! pulse was set at a 4.8ms duration; the second
~amplitude-modulated! pulse consisted of five consecutiv
blocks of the four-point modulation scheme@0,v1 ,2v1,0#,
with each of these levels lasting for 1ms. Programs provided
by Bruker were used for the processing transformation to
the sheared MQMAS spectra. No decoupling was used d
ing the acquisition of any of the samples. To inspect
performance of the FAM sequence on higher spin syste
experiments were also performed ona-Al2O3 by observing
at the resonance of27Al ~a spin- 5/2!. The first pulse used in
this case had a 3ms duration, the number of blocks em
ployed in the FAM sequence were three, and other con
tions were as stated for the spin-3/2 cases.
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B. Experimental FAM sequence: Frequency
components

The arguments of our theoretical analysis conside
only ideal cosinusoidal modes of modulation for describ
the FAM sequences. Yet as was just mentioned, the ac
experiments relied on the four-point modulation for
@0,v1 ,2v1,0#n @Fig. 10~a!, inset#. This form was chosen
because of its good performance and easy implementatio
it is based on simple 180° phase shifts rather than on c
tinuous fast amplitude changes that may be challenging
follow by high-power nonlinear electronics. We briefly dwe
here on an analysis of how such choice based on the us
square phase-shifted pulses reflected on the spins’ evolu
As illustrated by the Fourier component analysis shown
Fig. 10, the effects of the pulse shape that was chosen ca
approximated very closely by those of a pure sine modu

FIG. 11. Plots comparing anticrossing and conversion behaviors for
FAM sequence depicted in Fig. 10~b!. The bottom plots@~b!, ~d!# illustrate
the anticrossing parametera5u12vq /vmu for the two frequency irradia-
tion components: 250 kHz~solid line! and 500 kHz~dashed line!. The top
traces@~a!, ~c!# depict the concurrent fate of the SQC (r23) starting from an
ideal TQC (r14) of unity. Whenever an anticrossing happens~a50! a
buildup in SQC occurs:~b! shows only one anticrossing for the 500 kH
component; plot~d! shows anticrossings for both the 250 and 500 k
components.

FIG. 10. Comparisons between the time domain profiles and Fourier c
ponents of~a! the four-point FAM sequence employed experimentally, a

~b! a purely sinusoidal FAM of the form
2
3@(sin(vmt)2sin(2vmt)# with vm

5250 kHz.
d

al

as
n-
to

of
n.

n
be
-

tion of the form2
3@(sin(vmt)–sin(2vmt)#. The frequency com-

ponents for both of these schemes are very similar: Ap
from minor high-frequency components and for FAM leve
lasting 1 ms, both irradiation schemes are dominated
peaks positioned at6250 and6500 kHz. This fact distin-
guishes in one important respect our experiments from
theoretical discussions presented so far, which were base
symmetric but monochromatic modulations at6vm . For
short experimental pulses the spins are still likely to expe
ence, as in the ideal treatment, MAS-driven anticrossi
through only one of these components. However sequen
events correspond to two-level anticrossings~uvQ2vmu50
and uvQ22vmu50, vm5250 kHz! are also conceivable fo
the case of the double modulation. To shed further light
the qualitative behavior of spins under these conditions F
11 illustrates for the case of a sinusoidal double modulati
the anticrossings exhibited by an individual crystallite acro
either thevm or 2vm frequencies, along with the resultin
buildups of its observable signal. These and other cases
we have analyzed reveal that enhancements of the si
~i.e., TQC→SQC conversions! will occur with each anti-
crossing in the experiment. This in turn implies that in su
doubly modulated FAM sequences a larger number of cr
tallites will undergo anticrossing per unit time than, for i
stance, in a single modulated FAM or in cw cases~where
crossings occur only at zero frequency!. All this is reason-
able by virtue of thev1!vm assumption, which implies tha
the overall evolution of the spins can be described by in
vidual single-mode FAM responses. Still it should be not
that these anticrossings can also take place at different r
~differing adiabaticity parameters!, thereby contributing to
the signal generation in unequal ways. But in general
have observed both numerically and experimentally that
main difference between the use of ideal FAM pulses ver

e

FIG. 12. Sheared two-dimensional MQMAS NMR spectra of~a! trisodium
citrate dihydrate,~b! tetrasodium borate,~c! disodium hydrogen phosphate
and ~d! aluminum oxide. All spectra were acquired on a DSX-300 MH
spectrometer with a rf power of 96 kHz and MAS at 12 kHz. Addition
parameters for the23Na experiments@~a!–~c!# were 256t1 increments with
25 ms dwells, 12 scans pert1 point, 2 s recycle delay, a first pulse of 4.8ms
duration, and a FAM pulse withn value of 5. For the aluminum sampl
128t1 increments with 10ms dwells, 6 scans pert1 point, 0.5 s recycle
delays, 3ms excitation pulse widths, and FAM withn53 was used.
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TABLE I. The quadrupolar parameters and occupancy ratios of the various sites of different sodium sa

Name of the compound Site

e2qQ

h h d iso

Site population
theory

Site population
FAM

Trisodium citrate dihydrate I 1.11 0.8 23.3 1 1
II 1.65 0.6 1.3 1 1
III 1.75 0.6 7 1 0.9

Disodium hydrogen phosphate I 1.31 0.2 4.5 1 1
II 2.04 0.7 3.4 1 0.8
III 3.84 0.3 8.8 2 0.75

Sodium tetra borate I 0.58 0.0 10.7 1 0.85
II 0.92 0.2 21.3 1 1
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the use of their discrete doubly modulated counterpart
that the latter can in principle be made shorter for the sa
rotor spinning speeds due to the increased numbers of
crossings. For the present study such pulse length optim
tion was done empirically.

C. Experimental FAM NMR results

Purposes of this paragraph include comparing the ut
of FAM vis-à-vis our theoretical predictions, demonstrate
applicability to higher spin systems, illustrate its potent
quantitative characteristics, and explore its offset and rf le
performances. Toward these ends three different sod
samples~disodium hydrogen phosphate, tetrasodium bor
and trisodium citrate dihydrate! were analyzed, as was
sample of Al2O3. The resulting FAM MQMAS spectra ar
shown in Fig. 12. The site population analysis obtained fr
peak integrations of the three sodium samples is outline
Table I. There is a very good agreement with the crysta
graphic expectations except for the case of disodium hyd
gen phosphate, for which a better matching was repo
when using RIACT.8 This is probably attributable to the us
of a higher magnetic field in this previous study~14 T as

FIG. 13. Plot showing the 2D volume integral of the three sodium site
disodium hydrogen phosphate, as extracted from a series of23Na MQMAS
spectra acquired with different off-resonance values. Other experime
factors are as given in Fig. 12; the quadrupole coupling constants of ea
the sites are mentioned.
is
e
ti-
a-

y

l
el
m
te

in
-

o-
d

against our 7 T system!; indeed subsequent RIACT wor
done by Lim and Gray at 8.4 T50 does not report such clos
agreement between theory and experiment. Hence it ma
concluded that FAM sequences can be used for an accep
estimate of site quantification, provided it is used with ca
tion and in conjunction with information obtained from no
mal MAS data.18

From the above-mentioned theoretical discussions i
evident that all the pulse sequences aiming at improving
conversion efficiency may suffer potential offset depend
cies. But because it offers the possibility of undergoi
anticrossing-mediated TQC→SQC conversions at numerou
positions, the operational bandwidth for the sequence in
10~a! can be expected to surpass the conversion performa
of other alternatives. Indeed Fig. 13 shows the offset dep
dence that we observed for the experimental FAM seque
it describes the intensity variations observed for the th
sodium resonances of disodium hydrogen phosphate,
shows an overall offset behavior that is fairly robust. We a
investigated experimentally the influence of the rf power
the performance of the modulation pulses. Although this
rameter has been shown to exert dramatic effects on the
ficiency of cw-based conversions,22 its FAM dependence is
quite different. Figure 14 shows the MQMAS echo inten
ties observed in a sample of sodium sulfate for the sa
experimental conditions previously described but as a fu

n

tal
of

FIG. 14. Dependence observed for the23Na MQMAS echo intensity for
Na2SO4 as a function of the rf power for various interpulse delays:t1

5300, 700, 1000, and 2000ms. Data were collected using the acquisitio
parameters given in Fig. 12.
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tion of the rf power employed for the modulation. In all the
experiments the first pulse was always applied with a nu
tion rate of 104 kHz, while the strength of the modulat
pulse was varied from 104 to 40 kHz. It is observed that
MQMAS FAM echo intensities remain fairly uniform dow
to fields of about 60 kHz, and only then do they start
decrease. We have also observed this feature in nume
simulations, and it is again reflecting the fact that efficienc
of adiabatic transfers are not crucially dependent on
strength of the rf. All these aspects are relevant when exte
ing the ideas of FAM to higher spin systems like17O, char-
acterized by large second-order quadrupolar couplings
relatively low g values.

To conclude this section it may be worth noting th
according to the experimental observations, the intensitie
MQMAS echoes may be further enhanced by other, m
elaborate FAM-based schemes. We have observed, fo
stance, that Na2C2O4 MQMAS signals show a further 15%
enhancement by changing the delay between pulses an
pulse widths in the modulation from a uniform 1ms value to
0.3 and 0.8ms, respectively. That this should result in
performance improvement is also corroborated by numer
simulations. But for all practical and routine purposes it s
fices to set the various pulses and delays involved in
discrete FAM conversion pulse to equal values, and t
optimize the duration of these levels and the number of tim
that the module is repeated for any given rf power. Ad
tional precautions needed for MQMAS FAM experiments
higher spins will be discussed in a coming publication.52

IV. CONCLUSIONS

The principles and applications of new MQMAS met
odologies have been analyzed here in detail within
framework of single transition operators and of adiabatic
herence transfer processes. These arguments enabled
understand the various ways in which both cw or modula
pulses influences the conversion profiles in single cry
MQMAS experiments. The insights thus gained were a
useful to get a more clear picture of the complex dynam
that characterizes the MQMAS echo formation with resp
to the refocusing of precessing coherences in powders. T
arguments on the formation of coherence echoes are act
quite general, and can be extended in a straightforward m
ner to the analysis of several other solid state NMR exp
ments such as REAPDOR and cross polarization trans
from and to quadrupolar spins. Such analyses are curre
under way.
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APPENDIX

In this Appendix we outline some properties of the fi
titious spin 1

2 operators that have been used in various s
tions. All these properties have been given in further de
by Vega44 and we just reproduce here certain aspects that
relevant for this paper. The nonzero terms of the single tr
sition operatorsI x

i j , I y
i j , andI z

i j are defined as

^ i uI x
i j u j &5^ j uI x

i j u i &5 1
2,

~A1!

^ i uI y
i j u j &52^ j uI y

i j u i &52
i

2
,

^ i uI z
i j u j &52^ j uI z

i j u i &5 1
2.

The following commuation relations have been used in
riving at Eqs.~10!, ~20!, and~22!. They have also been use
to arrive at the results of the transformations given in E
~26!, ~32!, ~42!, ~44!, ~46!, and~48!,

@ I x
i j ,I y

i j #5 i I z
i j ,

@ I x
i j ,I x

jk#5
i

2
I y

ik ,

@ I y
i j ,I y

jk#52
i

2
I y

ik ,

~A2!

@ I x
i j ,I y

jk#52
i

2
I x

ik ,

@ I z
i j ,I z

jk#50,

@ I p
i j ,I z

ik1I z
jk#50, p5x,y.

The first four of these commutation relations hold well f
cyclic permutations of the three operators,x,y, andz.

The following commutation relations have been used
the transformation dealing with the discussion of adiaba
ity:

@ I x
121I x

34,I y
231I y

14#50,

@ I z
122I z

34,I y
232I y

14#50,
~A3!

@ I x
121I x

34,I x
142I x

23#52 i ~ I y
132I y

24!,

@ I x
121I x

34,I y
142I y

23#5 i ~ I x
132I x

24!.

To arrive at Eq.~21! we use the fact that for a 232 matrix of
the form exp(i(aIx1bIz)) wherea andb are any constants th
evolution operatorU can be written in the form

U5exp~ iaI y!exp~ iAa21b2I x!exp~2 iaI y!, ~A4!

where

tana5
b

a
. ~A5!

The following commutation relations are useful to calcula
transformations of the form given in Eqs.~45! and ~47!.
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@ I y
i j 6I y

kl ,I y
ik7I y

j l #5 i ~ I y
il 6I y

jk!,
~A6!

@ I x
i j 6I x

kl ,I x
ik7I x

j l #5 i ~ I y
il 7I y

jk!,

@ I x
i j 6I x

kl ,I y
ik7I y

j l #5 i ~ I x
il 7I x

jk!.

These commutation relations hold well for the cyclic perm
tations of the three sum operators. Equation~48! has been
arrived at by making use of the first of commutation relatio
in Eq. ~A6!.

The transformation equations in this paper are based
the following convention. ForU given by

U5exp~ iuA! ~A7!

the following holds well:

U21BU5exp~2 iuA!B exp~ iuA!5A cosu1C sinu,
~A8!

where we use the following definitions:

@A,B#5 iC. ~A9!

As an example, using Eq.~A2! we can write

Uy
i j ~2u!I y

jkUy
i j ~u!5I y

jk cosS u

2D2I y
ik sinS u

2D , ~A10!

where

Up
i j ~u![exp~ iuI p

i j !, p5x,y,z. ~A11!
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