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Abstract

We report pulse sequences for the sensitivity enhancement of magic-angle spinning and multiple-quantum magic-angle spinning

spectra of spin-7
2
systems. Sensitivity enhancement is obtained with the use of fast amplitude-modulated (FAM) radiofrequency

pulses. In one-dimensional magic-angle spinning experiments, signal enhancement of 3 is obtained by a FAM pulse followed by a

soft 90� pulse. In two-dimensional multiple-quantum magic-angle spinning experiments, FAM pulses are used for both the exci-

tation of multiple-quantum coherences and for their conversion into observable single-quantum coherences. The observed signal

enhancements are 2.2 in 3Q experiments, 3.1 in 5Q experiments, and 4.1 in 7Q experiments, compared to the conventional two-pulse

scheme. The pulse schemes are demonstrated on the 45Sc NMR of Sc2(SO4)3 � 5H2O and the 139La NMR of LaAlO3. We also

demonstrate the generation of FAM pulses by double-frequency irradiation.

� 2003 Published by Elsevier Science (USA).
1. Introduction

There are several nuclei with a spin quantum number

of 7
2
, and which are of importance in inorganic chemis-

try, material science, and metalloproteins [1]. Some

examples are 43Ca, 45Sc, 49Ti, 51V, 59Co, and 139La.

Chemical shift and quadrupolar interaction parameters

may be obtained in solid samples by one-dimensional

(1D) magic-angle spinning (MAS) [1] and two-dimen-

sional (2D) multiple-quantum magic-angle spinning
(MQ-MAS) [2,3] spectroscopy. The 2D MQ-MAS

technique provides the nuclear quadrupolar coupling

constant v, asymmetry parameter gQ, isotropic chemical

shift, and quadrupolar shift of individual chemical sites.

MAS and MQ-MAS experiments of spin-7
2
systems

often suffer from an inherent lack of sensitivity due to
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the low magnetogyric ratio (e.g., 43Ca, 49Ti) and the

large second-order quadrupolar broadening (e.g., 49Ti,
139La). In MQ-MAS, the sensitivity problem is com-

pounded by the inherent difficulty of exciting the higher

multiple-quantum orders. In general, the higher the

multiple-quantum order, the lower the sensitivity but the

better the resolution [4].

Fast amplitude-modulated (FAM) pulses, introduced

by Vega and Naor [5], lead to enhancement of both 1D-

MAS and MQ-MAS signals [6]. A FAM pulse train
when applied before a low-amplitude p

2
pulse has been

shown to give substantial signal enhancement in the 1D-

MAS NMR of spin-3
2
[7] and spin-5

2
quadrupolar nuclear

systems [8], compared to the conventional 1D-MAS

spectra obtained with a high-amplitude p
2
pulse. The

signal enhancement is brought about by a redistribution

in the populations across the satellite transitions [7–9].

This mechanism, called rotor-assisted population
transfer (RAPT), generally leads to only a minor dis-

tortion of the anisotropic lineshapes [7,8].

FAM pulses also lead to enhanced efficiency in both

the excitation of multiple-quantum coherences (MQC)

and in the conversion of MQC to one-quantum coher-

mail to: mhl@soton.ac.uk,


Fig. 1. (a) Schematic of FAM-I with eight pulses with phase 0 and p of

equal duration, sp and separated by an interpulse delay sw. A sequence
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ence (1QC) in spin-3
2
and spin-5

2
systems [6,10]. However,

no FAM signal enhancement schemes have yet been

reported for spin-7
2
systems. Here, we explore the ap-

plication of FAM pulses to the signal enhancement of

1D-MAS, 3Q-MAS, 5Q-MAS, and 7Q-MAS spectra in

spin-7
2
systems. A threefold signal enhancement in 1D-

MAS NMR is obtained with a FAM pulse train fol-

lowed by a soft p=2 pulse. Experimental results for the
139La NMR of LaAlO3 and the 45Sc NMR of Sc2(SO4)3
� 5H2O illustrate the RAPT signal enhancement. MQ-

MAS signal enhancements by factors between 2 and 4

are obtained for the 3Q-, 5Q-, and 7Q-MAS spectra of
139La nuclei in LaAlO3.

The FAM irradiation is usually generated by ampli-

tude modulation of a single carrier frequency. We also

demonstrate a different method for generating the RF

modulations, namely by double-frequency irradiation
using two independent transmitter channels. This

scheme gives comparable signal enhancement to the

conventional implementation of FAM.

of this type is denoted as F I

8 . (b) Schematic of two consecutive FAM-I

sequences with different modulation frequencies denoted as F I
4F

I
4 . (c)

Schematic of FAM-II with four pulses of decreasing duration sepa-

rated by an uniform interpulse delay sw denoted as F II
4 . (d) Schematic

of two consecutive FAM-II sequences with different pulse durations

denoted as F II
4 F II

4 .
2. Classification and notation of FAM pulse sequences

Two distinct classes of FAM modulations, called
FAM-I and FAM-II, have generally been used in the

MAS NMR of half-integer quadrupolar spins [6,11–13].

In order to clarify the discussion, a notation for the

sequences is now introduced.

2.1. FAM-I sequences

Fig. 1a shows a schematic of a FAM-I scheme. This
involves a train of equally spaced pulses of equal dura-

tion and alternating phases of 0 and p (denoted x and �xx).
In this paper, we denote this type of sequence as F I

n ðsÞ
where n corresponds to the number of pulses and s
represents the repetition period. If the pulse duration is

sp and the window interval is sw, then the period is

s ¼ 2sp þ 2sw. The pulse scheme in the figure corre-

sponds to F I
8 ðsÞ. The scheme F I

n ðsÞ may be treated as a
rough approximation to a smoothly modulated cosine

wave with a modulation frequency s�1. FAM-I schemes

of this type are used in RAPT experiments and in the

conversion of 3QC to observable 1QC in spin-3
2
systems

[6,12].

We have also generated FAM-I type modulations

using double-frequency irradiation, as described below.

For optimum performance on higher half-integer
quadrupolar spins, such as spin-5

2
and spin-7

2
, the number

of modulation frequencies needs to be increased due to

the additional satellite transitions. Better performance

for both the 1D-MAS or 2D MQ-MAS experiments

is obtained by sequentially perturbing each of the sa-

tellite transitions. In a spin-n
2
system this may be brought

about by 1
2
ðn� 1Þ consecutive FAM trains with different
periods, i.e., F I
n ðsÞF I

n0 ðs0Þ as sketched in Fig. 1b. In

Fig. 1b, the pulse duration and interpulse delay in the

first block are shorter than those in the second block,
and hence, this sequence generates a faster modulation

of the RF field followed by a slower modulation. Con-

secutive FAM-I schemes of this type are used in RAPT

experiments [8] and in the conversion of 5QC to ob-

servable 1QC in the 5Q-MAS of spin-5
2
systems [8,14]. In

the latter case the consecutive FAM-I pulse trains im-

plement a 5QC ! 1QC conversion in two steps as

5QC ! 3QC ! 1QC.
For brevity, the symbol F I

n F
I
n is taken to imply two

consecutive FAM-I modulation sequences with the same

number of pulses n, but different periods.

2.2. FAM-II sequences

In general, FAM-I schemes give good efficiency for

conversion of the highest MQC into 1QC. For the
conversion of lower-order MQC into 1QC (for example,

3Q-MAS and 5Q-MAS of spin-7
2
nuclei), a different type

of FAM scheme, namely FAM-II, usually gives better

performance.

Fig. 1c shows a schematic of a FAM-II scheme. This

consists of a train of pulses of progressively decreasing

duration with alternating phases of 0 and p separated

by an interpulse delay. Such a FAM-II scheme is de-
noted here as F II

n ðTÞ where n corresponds to the number

of pulses and T is a vector containing the pulse and



Fig. 2. Block diagram of the double-frequency irradiation hardware.
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window durations, T ¼ ðsð1Þp ; sw; s
ð2Þ
p ; . . . ; sðnÞp Þ. Normally,

the pulses are ordered such that sð1Þp > sð2Þp > sð3Þp > � � �
> sðnÞp , and all the windows durations sw are the same.

Odd-numbered pulses are appliedwith phase 0� and even-
numbered pulses are applied with phase p. The FAM-II

scheme sketched in Fig. 1c consists of four pulses, and

may be denoted as F II
4 ðTÞ.

In some experiments, two or more consecutive F II
n

schemes are needed. This is the case, for example, when

the magnitude of the coherence order change is more

than 2. Fig. 1d shows an example of a F II
4 F II

4 scheme

involving two consecutive FAM-II pulse trains of dif-

ferent modulation frequencies with four pulses each.

The FAM sequences may be combined with unmodu-

lated RF pulses, denoted here by the symbol P (unmod-
ulated pulses are also called continuous-wave or CW

pulses in the literature [6]). We distinguish between high-

amplitude ‘‘hard’’ RF pulses (central-transition nutation

frequency	 second-order quadrupolar broadening),

which we denote PH, and ‘‘soft’’ pulses (central-transition

nutation frequency 6 second-order quadrupolar broad-

ening), denoted here as PS.
Groups of pulses with an overall 180� phase shift are

denoted by an overbar.
3. Experimental

The experiments were performed on 139La nuclei of

LaAlO3 and the 45Sc nuclei of Sc2(SO4)3 � 5H2O. The

natural abundance of both 139La and 45Sc is 
100%.
The details of the synthesis of LaAlO3 are as follows.

Dry powders of a stoichiometric mixture of Al2O3 and

La2O3 were pressed into a pellet and fired at 1775 �C for

2 h. The pellet was ground, repressed into a new pellet,

and fired again under the same conditions. X-ray dif-

fraction showed the sample to be single phase LaAlO3 to

better than 98%. There is only one 139La site in this

sample with quadrupolar parameters v ¼ 6:0 MHz, and
gQ 
 0 [15].

Sc2(SO4)3 � 5H2O was purchased from Sigma and

used without further treatment. There are three 45Sc

sites in this sample with (v; gQ) values of (5.2MHz, 0.1),

(4.3MHz, 0.8) , and (4.5MHz, 0.5) [4].

The RAPT experiment on LaAlO3 was carried out on

a Chemagnetics Infinity 600 spectrometer using a 4mm

probe. The RAPT experiment on Sc2(SO4)3 � 5H2O was
carried out on a Varian Infinity+ 300 spectrometer using

a 4mm probe.

The 3Q-MAS and 5Q-MAS experiments on LaAlO3

were carried out on a Chemagnetics Infinity+ 300

spectrometer using a 4mm probe. The 7Q-MAS exper-

iment on LaAlO3 was carried out on a Varian Infinity+

400 spectrometer using a 4mm probe.

The MAS spinning frequency for all experiments was
10.0 kHz. All hard pulses used a RF field providing a 90�
pulse on the central transition of duration 1.67 ls, cor-
responding to a central-transition nutation frequency of

jð1=2ÞðI þ 1=2ÞcBpeak
RF j=ð2pÞ ¼ 150 kHz, where Bpeak

RF is

the peak RF field strength. All soft pulses used a RF
field providing a 90� pulse on the central-transition of

duration 5.0 ls, corresponding to a central-transition

nutation frequency of 50 kHz. All FAM pulses used a

RF field providing a 90� pulse on the central transition

of duration 1.67 ls, corresponding to a central-transi-

tion nutation frequency of 150 kHz. The MQ-MAS

spectra were collected using the whole-echo split-t1
method [16].

In one case we used double-frequency irradiation to

generate a FAM-I type modulation. In this case, we

combined the outputs of two independent spectrometer

channels using a commercial power combiner (model

ZSC-2-1, Mini Circuits, New York, USA). The com-

bined signal was amplified and fed into the probe. A

schematic of the hardware is shown in Fig. 2. The signal

outputs taken from the two independent channels 1 and
2 are set to the frequencies xref � xmod where xref is the

centre frequency of the irradiation and xmod ¼ 2p=s,
where s corresponds to the period of the equivalent

FAM-I scheme. In the work done here, we did not

synchronise the pulse sequence with the difference fre-

quency of the two channels, so the modulation phase

was irreproducible from transient to transient. This did

not appear to influence the RAPT enhancement effect.
The modulation was terminated by setting the amplitude

of one channel to zero and by changing the frequency of

the other channel to xref .
4. Results and discussions

4.1. One-dimensional MAS spectra

Fig. 3 shows the pulse sequences used for the 1D-

MAS NMR of spin-7
2
systems. Fig. 3a shows a conven-

tional MAS pulse scheme using a hard p
2
pulse (PH) while

(b) shows a FAM-MAS scheme of the form

F I
n ðsÞF I

n0 ðs0ÞPS. The second FAM block is modulated

slower then the first, i.e. s0 > s.
Figs. 3c and d show the 139La MAS spectra of

139LaAlO3 obtained using optimised pulse sequences of



Fig. 4. (a) 139La MAS spectrum of LaAlO3 obtained using the se-

quence in Fig. 3a. (b) RAPT enhanced 139La MAS spectrum of La-

AlO3 obtained using the sequence in Fig. 3b where the FAM pulses

were generated by double-frequency irradiation. The static field was

7.05T corresponding to a 139La Larmor frequency of )42.37 MHz.

Fig. 3. (a) Conventional pulse sequence for 1D-MAS experiments in-

volving only a single hard p
2 pulse, denoted PH. (b) FAM pulses precede

a soft p
2
pulse, denoted PS, to achieve rotor assisted population transfer,

RAPT. (c) and (d) 139La MAS spectrum of LaAlO3 obtained with the

pulse sequence in (a) and (b), respectively. The static field was 14.09T

corresponding to a 139La Larmor frequency of )84.746MHz. (e) and

(f) 45Sc MAS spectrum of Sc2(SO4)3 � 5H2O obtained with the pulse

sequence in (a) and (b), respectively. The static field was 7.05T cor-

responding to a 45Sc Larmor frequency of )72.863MHz.
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Figs. 3a and b, respectively. The enhancement with

FAM in this case is ca. 3.1. All enhancements are de-

fined as the ratio of the enhanced to non-enhanced sig-

nal amplitudes. One hundred and sixty transients were

collected for both Figs. 3c and d with a recycle delay of
0.5 s.

Figs. 3e and f show the 45Sc MAS spectra of
45Sc2(SO4)3 � 5H2O. The signal enhancement in this case

is ca. 3.0. Although Sc2(SO4)3 � 5H2O contains three sites

with very different values of v and gQ, no significant

lineshape distortion is observed in the FAM-enhanced

MAS spectrum. Eighty transients were collected for

both Figs. 3e and f with a recycle delay of 0.5 s.
The following experimental parameters were em-

ployed for the modulations in Figs. 3d and f. The first

block, F I
n , had the following timing parameters:

sp ¼ 0:5ls, sw ¼ 0:5ls, and n ¼ 50. The second block,

F I
n0 , had the parameters sp0 ¼ 1:0ls, sw0 ¼ 1:0ls, and

n0 ¼ 50. The FAM periods were s ¼ 2ls and s0 ¼ 4ls.
The optimisation protocol for the spectra in Fig. 3

was as follows. The PH pulse was calibrated by adjusting
the pulse duration and RF field strength so as to give

maximum signal in the conventional single-pulse ex-

periment of Fig. 3a. The central-transition nutation
frequency for the soft pulse, PS, was set to about 1/3 of

this value. A FAM block of the form F I
n0 was inserted

before the pulse PS with the pulse duration and inter-

pulse delay both set to 1 ls. These were varied together

with n0 in order to optimise the signal. A second FAM

block of the form F I
n was then inserted before the opti-

mised F I
n0 . The pulse duration and interpulse delay in this

block were then decreased, keeping n ¼ n0, until a
maximum signal enhancement was obtained.

The double-frequency irradiation scheme sketched in

Fig. 2 is demonstrated in Fig. 4. Fig. 4a shows the 139La

spectrum of LaAlO3 obtained with the pulse sequence in

Fig. 3a, and Fig. 4b shows the 139La spectrum of La-

AlO3 obtained with the pulse sequence in Fig. 3b where

double-frequency irradiation was used to generate the

FAM-I sequence. The modulation frequencies corre-
sponded to 600 and 350 kHz both applied for 100 ls.
The amplitude of both modulation components corre-

sponded to a central-transition nutation frequency of

150.0 kHz. The enhancement factor is ca. 3.0 which is

comparable with that obtained with FAM-I sequences

generated in the usual way. The following experimental

parameters were used: MAS frequency of 10.0 kHz,

central-transition nutation frequency of PH at
150.0 kHz, central-transition nutation frequency of PS at
50.0 kHz, 160 transients were collected in both Figs. 4a

and b with a relaxation delay of 0.5 s.

At this point, we have not identified any advantages

of the double-frequency irradiation scheme over the

amplitude modulation method.

The enhancement of 1D MAS signals of spin-5
2
sys-

tems by a factor of ca. 2.5 [8] and of spin-7
2
systems by a

factor of ca. 3.0 indicates that the routine use of FAM

schemes is beneficial for a large range of half-integer

spin systems.

4.2. Three-quantum magic-angle spinning

The split-t1 whole-echo scheme [16] with FAM pulses

for 3Q-MAS experiments in spin-7
2
systems is shown in
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Fig. 5. This 3Q-MAS pulse sequence uses an unmodu-
lated pulse, PH, for the excitation of 3QC and a FAM-II

sequence for the conversion of 3QC into observable

1QC.

Fig. 6a shows the 2D 139La 3Q-MAS spectrum of

LaAlO3 obtained with the conventional two-pulse

PH–PH scheme of Frydman and Harwood [2]. The pulse

durations were 5.1 ls for the first hard pulse and 1.8 ls
for the second hard pulse, and were estimated by max-
Fig. 5. (a) PH–F II
n pulse sequence used for the sensitivity-enhanced 3Q-

MAS of spins-7
2
. The coherence pathway leading to a high-resolution

3Q-MAS spectrum is shown.

Fig. 6. (a) 139La 2D 3Q-MAS spectrum of LaAlO3 acquired with the

conventional two-pulse scheme. (b) and (c) Isotropic and anisotropic

projections of the 2D spectrum in (a). (d) 139La 2D 3Q-MAS spectrum

of LaAlO3 acquired with PHF II
2 scheme. (e) and (f) Isotropic and an-

isotropic projections of the 2D spectrum in (d). The spectra were ob-

tained at a static field of 7.05T corresponding to a 139La Larmor

frequency of )42.37MHz.
imising the 3Q-filtered signal amplitude for a short t1
value of 5.0 ls. The isotropic and anisotropic projections

are shown in Figs. 6b and c.

Fig. 6d shows the 2D 139La 3Q-MAS spectrum of

LaAlO3 obtained with the PH–F II
2 scheme of Fig. 5. The

isotropic and anisotropic projections are shown in Figs.

6e and f. The spectrum is more intense by a factor of 2.0

compared to that obtained with the conventional two-

pulse method. The FAM pulses give rise to relatively
undistorted anisotropic lineshapes in addition to the

signal enhancement.

Both 2D spectra in Fig. 6 were acquired with a 96-

step nested phase cycle using 192 transients per t1 in-

crement. Two hundred and fifty six t1 acquisitions were

collected with a t1 increment of 5 ls, and a t2 increment

of 50 ls. The recycle delay was 0.5 s.

The optimisation protocol for the PH–F II
2 sequence

was as follows. The optimal pulse duration of 5.1 ls in
the two-pulse PH–PH experiment was used for the first

pulse. The F II
2 sequence was optimised by setting the first

hard pulse to sð1Þp ¼ 1:8ls and then adjusting the second

pulse duration sð2Þp for the maximum 3Q echo intensity

for an evolution interval t1 ¼ 5:0ls, keeping the window

interval sw ¼ 0:2ls. The optimum value was found to be

sð2Þp ¼ 1:4ls. No further enhancement of the 3Q echo
signal was obtained by adding further pulses to the F II

2

block. The optimum conversion block was therefore

F II
2 ðTÞ, with T ¼ f1:8; 0:2; 1:4gls.

4.3. Five-quantum magic-angle spinning

The split-t1 whole-echo scheme [16] with FAM pulses

for 5Q-MAS experiments in spin-7
2
systems is shown in

Fig. 7. This 5Q-MAS pulse sequence uses a hard un-

modulated pulse, PH, for the excitation of 3QC followed

by a F I
n scheme for converting 3QC into 5QC. The

conversion of 5QC into observable 1QC is brought

about by two consecutive FAM-II sequences. The

overall scheme, denoted as PHF I
n–F

II
n0 F

II
n00 , is similar to

that used in the 5Q-MAS of spin-5
2
[17,18].
Fig. 7. (a) PHF I
n–F

II
n0 F

II
n00 pulse sequence used for the sensitivity-enhanced

5Q-MAS of spins-7
2
. The coherence pathway leading to a high-resolu-

tion 5Q-MAS spectrum is shown.
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Fig. 8a shows the 139La 2D 5Q-MAS spectrum of
LaAlO3 obtained with the conventional two-pulse

method. The pulse durations were 4.8 ls for the first

pulse and 2.2 ls for the second pulse, and were opti-

mised by monitoring the 5Q echo intensity for a short

5Q evolution time of 5.0 ls. The isotropic and aniso-

tropic projections are shown in Figs. 8b and c.

Fig. 8d shows the 139La 2D 5Q-MAS spectrum of

LaAlO3 obtained with an optimised PHF I
2–F

II
2 F II

2

scheme. The isotropic and anisotropic projections are

shown in Figs. 8e and f. The spectrum is more intense by

a factor of 3.0 compared with that obtained with the

conventional two-pulse method. The lineshapes of

Figs. 8c and f are quite similar, indicating that the

enhancement is not accompanied by appreciable line-

shape distortions.

Both 2D spectra in Fig. 8 were acquired with a 160-
step nested phase cycle using 480 transients per t1 in-

crement. One hundred and twenty eight t1 acquisitions

were collected with a t1 increment of 5 ls, and a t2 in-

crement of 50 ls. The recycle delay was 0.5 s.

The optimisation protocol for the PHF I
n � F II

n0 F
II
n00 se-

quence was as follows. The F I
n sequence was omitted at

first and the duration of the PH pulse was set to 4.8 ls, as
in the optimised first pulse of the conventional two-pulse
PH–PH sequence. The 5Q! 1Q conversion block was

first set to a single F II
n0 sequence, with the first pulse in
Fig. 8. (a) 139La 2D 5Q-MAS contour spectrum of LaAlO3 acquired

with the conventional two-pulse scheme. (b) and (c) Isotropic and

anisotropic projections of the 2D spectrum in (a). (d) 139La 2D 5Q-

MAS spectrum of LaAlO3 acquired with the PHF I
n–F

II
n0 F

II
n00 scheme. (e)

and (f) Isotropic and anisotropic projections of the 2D spectrum in (d).

The spectra were obtained at a static field of 7.05T corresponding to a
139La Larmor frequency of )42.37MHz.
that block set to sð1Þp ¼ 2:2ls, as in the second pulse of
the optimised two-pulse PH–PH sequence. The second

pulse in the F II
n0 was then optimised, using an interpulse

delay of sw ¼ 0:2ls. This lead to the value sð2Þp ¼ 1:4ls
for the second pulse. Addition of further pulses did not

increase the signal amplitudes further. A second FAM-

II sequence was added using a similar optimisation

protocol. The FAM-I block was then inserted and op-

timised leading to values sp ¼ sw ¼ 0:6ls. The final
parameters for the optimal pulse sequence were

PHF I
2 ð2:4lsÞ–F II

2 ðTÞF II
2 ðT0Þ with T ¼ f2:2; 0:2; 1:4gls,

and T0 ¼ f1:8; 0:2; 1:0gls.

4.4. Seven-quantum magic-angle spinning

The split-t1 whole-echo scheme [16] with FAM pulses

used for 7Q-MAS experiments in spin-7
2

systems is
shown in Fig. 9. This 7Q-MAS pulse sequence uses a

hard unmodulated pulse for the excitation of 3QC fol-

lowed by two consecutive FAM-I sequences F I
n F

I
n0 , that

convert 3QC into 7QC. The conversion of 7QC into

observable 1QC is brought about by two consecutive

FAM-I sequences. The overall scheme, denoted as

PHF I
n F

I
n0–F

I
n00
F I
n000
, is a minor modification of that used by

Goldbourt and Vega [17] for the 5QMAS of spin-5
2
.

Fig. 10a shows the 139La 2D 7Q-MAS spectrum of

LaAlO3 obtained with the conventional two-pulse

PH–PH method. The pulse durations were 4.0 and 2.1 ls
for the first and second pulses, respectively. The opti-

misation was done by monitoring the 7Q echo intensity

for a short 7Q evolution time of 5 ls. The isotropic and
anisotropic projections are shown in Figs. 10b and c.

Fig. 10d shows the 139La 2D 7Q-MAS spectrum of
LaAlO3 obtained with the PHF I

4F
I
4–F

I
8F

I
8 scheme. The

isotropic and anisotropic projections are shown in Figs.

10e and f. The spectrum is more intense by a factor of

4.0 compared with that obtained with the conventional

two-pulse method. The lineshapes of Figs. 10c and f are

quite similar, indicating that the enhancement is not

accompanied by appreciable lineshape distortions.
Fig. 9. (a) PHF I
n F

I
n0–F

I
n00F

I
n000

pulse sequence used for the sensitivity-en-

hanced 7Q-MAS spectrum of spins-7
2
. The coherence pathway leading

to a high-resolution 7Q-MAS spectrum is shown.



Fig. 10. (a) 139La 2D 7Q-MAS spectrum of LaAlO3 acquired with the

conventional two-pulse scheme. (b) and (c) Isotropic and anisotropic

projections of the 2D spectrum in (a). (d) 139La 2D 7Q-MAS spectrum

of LaAlO3 acquired with the PHF I
n F

I
n0–F

I
n00F

I
n000

scheme. (e) and (f) Iso-

tropic and anisotropic projections of the 2D spectrum in (d). The

spectra were obtained at a static field of 9.39T corresponding to a
139La Larmor frequency of )56.496MHz.
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Both 2D spectra in Fig. 10 were acquired with a 224-

step nested phase cycle using 2240 transients per t1 in-

crement. Thirty-two t1 acquisitions were collected with a

t1 increment of 5 ls, and a t2 increment of 50 ls. The
recycle delay was 0.5 s.

The PHF I
n F

I
n0–F

I
n00F

I
n000

sequence was optimised by

starting first with the simplified sequence PH–F I
n00 , and

then progressively adding elements as follows:

PH–F I
n00F

I
n000
, PHF I

n–F
I
n00F

I
n000
, and PHF I

n F
I
n0–F

I
n00F

I
n000
. The end

point of each optimisation was used as the starting point

of the optimisation for the next sequence. The optimised

pulse sequence parameters used for the spectrum in

Figs. 10d–f were as follows: initial hard pulse dura-

tion sp ¼ 4:0ls; first FAM-I sequence, F I
4 with sp ¼

sw ¼ 1:5ls; second FAM-I sequence, F I
4 with

sp ¼ sw ¼ 1:0ls; third FAM-I sequence, F I
8 with sp ¼

sw ¼ 0:6ls; fourth FAM-I sequence, F I
8 with

sp ¼ sw ¼ 1:2ls. The optimised pulse sequence can be

denoted PHF I
4 ð4:8lsÞF I

4 ð2:4lsÞ–F I
8 ð6:0lsÞF I

8 ð4:0lsÞ.
5. Conclusions

Experimental schemes involving fast amplitude-

modulated pulses for the enhancement of 1D-MAS and

MQ-MAS spectra of spin-7
2
in solids have been pre-

sented. The signal enhancements are of the order of 3 for
1D-MAS experiments, and 2.2, 3.1, and 4.1 for 2D 3Q-,
5Q-, and 7Q-MAS experiments, respectively. In MQ-

MAS experiments, FAM schemes have been used for

both the excitation of 3Q-, 5Q- and 7Q-coherences, and

also for the conversion of MQC into observable 1QC.

This work together with [7,8] shows that FAM schemes

can give substantial signal enhancements in the MAS

spectra of all half-integer quadrupolar spins in solids.

It is difficult to compare accurately the absolute sig-
nal strengths of MAS spectra with different MQ orders,

since the conditions were not identical for all experi-

ments, but a rough estimate indicates that the approxi-

mate ratio of FAM-enhanced 3Q:5Q:7Q signal

amplitudes was 1:0.4:0.15.
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