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Abstract

We investigate the performance of broadband adiabatic inversion pulses in the high-power (short high-powered adi-
abatic pulse, SHAP) and low-power (single-sideband-selective adiabatic pulse, S3AP) RF regimes on a spin system
subjected to large anisotropic interactions. We show by combined experimental results and spin dynamics simulations
that when the magic-angle spinning rate exceeds 100 kHz S3APs begin outperforming SHAPs. This is especially true for
low-gamma nuclei, such as 6Li in paramagnetic Li-ion battery materials. Finally, we show how S3APs can be improved
by combining multiple waveforms sweeping over multiple sidebands simultaneously, in order to produce inverted sideband
profiles free from intensity biasing.
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1. Introduction

Nuclear magnetic resonance spectroscopy (NMR) is an
important technique used for structural characterization in
materials science, chemistry, and biology. However, NMR
studies suffer from low sensitivity due primarily to the in-
herently low nuclear spin polarization. This effect is par-
ticularly troublesome for nuclei with low gyromagnetic ra-
tio and low natural abundance, such as 6Li, 13C, 15N, or
29Si, as the sensitivity scales with the electromotive force
induced in the NMR coil, E(t), which itself is proportional
to γ3:

E(t) ∝ γ3Ns, (1)

where γ is the gyromagnetic ratio and Ns is the number of
spins in the system. Before taking into account the number
of spins present, this means that the sensitivity relative to
1H for 7Li is ∼5.9%, and only a miniscule ∼0.3% for 6Li!
Add to this the low natural abundance of 6Li (7.59%) and
considering that the signal-to-noise ratio grows only by the
square root of the number of co-added transients, we see
that it is obviously crucial to maximize the strength of
the signal in each scan in order to collect a spectrum in a
reasonable amount of time for low-abundance, low-gamma
nuclei.

Furthermore, in solid-state NMR measurements, poor
sensitivity and resolution are often observed due to large
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anisotropic interactions that severely broaden signals [1,
2]. Broadening caused by the shift anisotropy (SA) often
is of the order of 10s of kHz for diamagnetic samples and
100s of kHz in the case of paramagnetic samples, while
broadening due to quadrupolar interactions can be many
MHz [2]. Magic-angle spinning (MAS) [3, 4] is ubiqui-
tously used to improve sensitivity and resolution in solid-
state NMR experiments by turning a broad static powder
pattern in to a series of narrower bands separated by the
rotational frequency with intensities that are character-
istic of the anisotropy experienced by the nucleus. The
maximum sensitivity and resolution is achieved using the
highest possible MAS rotation rate available, and in the
infinite speed limit, all of the signal collapses to a single
narrow band centered about the isotropic resonance fre-
quency.

The acquisition of MAS spectra of nuclei exhibiting very
broad anisotropic spinning sideband patterns is inherently
challenging due primarily to limitations in the the band-
width of the pulse used and the detection bandwidth of the
probe. A spin echo experiment, π

2 -τecho-π, must typically
be used to acquire a flat baseline, however, conventional
RF π pulses often have bandwidths limited to around 100
kHz using typical maximum pulse powers available in MAS
probes. It is possible to overcome bandwidth issues by us-
ing a shorter refocusing pulse, for instance a π

2 or even
a π

4 pulse, but this approach results in severe sensitivity
losses as π

2 or π
4 pulses do not efficiently refocus coherences.

Another approach to solve this issue could be the use of
frequency stepping [5, 6, 7, 8] to collect multiple spec-
tra at different frequency offsets and sum them to yield
a spectrum without truncation due to pulse imperfections
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or limited probe bandwidth. This technique is suitable
for highly abundant and sensitive spins such as 1H and
31P, however in practice it is time consuming for sensitive
studies of low-γ, low-abundant nuclei.

A more sensitive alternative is to use broadband
swept-frequency pulses for refocusing coherences exhibit-
ing broad anisotropic spinning sideband manifolds. Many
pulse shapes have been introduced to solve this problem,
such as the hyperbolic secant pulse [9], the Wide, Uniform-
Rate Smooth-Truncation (WURST) pulse [10], and the
tanh/tan pulse [11]. These broadband pulses have many
uses in a variety of magnetic resonance applications and in
the case of solid-state studies, WURST pulses have been
used to great effect in ultra-wideline spectroscopy [12] of
static powders [13, 14, 15], and have also been used in
broadband adiabatic inversion cross polarization (BRAIN-
CP) experiments of static powders [16, 17].

Broadband swept-frequency pulses were not robustly ap-
plied to fast MAS (νR > 30 kHz) studies of samples with
very large shift anisotropies until the introduction of short
high-powered adiabatic pulses (SHAPs) [18], which typi-
cally utilize the tanh/tan pulse shape with very broad fre-
quency sweeps (1 ≤ ∆νRF ≤ 20 MHz, Figure 1 left panel)
and short pulse times (≤ 50 µs) and RF field strengths
several times the MAS rotation frequency. These pulses
have been particularly successful primarily in the applica-
tion to paramagnetic samples [18, 19, 20, 21, 22, 23, 24, 25]
and have been incorporated into conventional MAS NMR
experiments such as the spin echo [18], the Carr-Purcell-
Meiboom-Gill echo train acquisition technique [26], a het-
eronuclear correlation variant of the transferred-echo dou-
ble resonance experiment [19], and the magic angle turn-
ing experiment [20]. Indeed, these pulses have proven quite
useful in broadband MAS NMR measurements, however it
must be stressed that SHAPs demand very high RF fields,
ν1, falling in the so-called high-power regime, ν1 � νR,
and this relationship between MAS rate and the required
RF field seems to grow at a rate that is more than lin-
ear [27]. This is due to the fact that the increased rate
of modulation of the anisotropic shift during higher MAS
rates necessarily cause SHAPs to require increasing RF
field strengths at increasing MAS rates to maintain the
adiabatic condition, and thus keep the magnetization suffi-
ciently locked to the effective field [18]. The use of SHAPs
are therefore limited to studies where suitably high RF
fields can be achieved [27].

On the other hand, low-power pulses have been long
used for a variety of applications, notably selective satu-
ration [28, 29]. In order to achieve excitation, inversion,
or refocusing of broad spinning sideband manifolds with
low RF fields, one approach is to use DANTE pulse trains
[30]; however, although this method can be used to ex-
cite broad spinning sideband manifolds, one must sacri-
fice bandwidth over the isotropic range of frequencies [27].
Spectra containing multiple isotropic environments are in-
completely excited as a result, but it is nevertheless useful
to accurately measure SA tensor information for isotropi-
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Figure 1: A comparison between the different frequency sweep pro-
files of a high-power SHAP and a low-power S3AP applied to a spin
with shift anisotropy parameters ζδ = 250 kHz, and η = 0.5 at 111
kHz MAS.

cally resolved sites [30]. An alternative type of pulse that
falls in the low-power regime, ν1 � νR, and which suf-
fers significantly less than DANTE with respect to limited
isotropic bandwidth, was recently proposed for MAS mea-
surements of spectra with broad sideband manifolds and
was dubbed the single-sideband-selective adiabatic pulse
(S3AP)[31]. S3APs sweep slowly through only a single
sideband (i.e. ∆νRF ∼ νR, Figure 1 right panel) and rely
on rotary resonance to invert or refocus the entire spin-
ning sideband manifold during a long pulse (τp � τR).
This means that over the course of the pulse the instanta-
neous resonance frequency of the magnetization vector of
each crystallite sweeps through the excitation window mul-
tiple times, eventually leading to inversion if the adiabatic
condition is met. In this way S3APs have very low RF
field requirements, and indeed have been shown in silico
to demand decreasing RF fields at increasing MAS rates
[27]. Using a similar principle, hyperbolic secant pulses
and WURST pulses have been used to increase sensitivity
for half-integer spin quadrupolar nuclei [32, 33, 34]. S3APs
have been used recently in BRAIN-CP measurements un-
der MAS conditions for integer spin [35] and half-integer
spin quadrupolar nuclei [36], and were also recently used
to achieve efficient population inversion of the 14N reso-
nances with large quadrupolar couplings in glycine at an
MAS rate of 111 kHz [37].

Here we explore the advantages of using high-power
tanh/tan SHAPs versus low-power WURST S3APs for
population inversion in broadband NMR experiments for
the case of the paramagnetic lithium ion battery cathode
material LiFe0.25Mn0.75PO4 [38]. This material exhibits
a large SA due to coupling between 6,7Li spins and un-
paired electrons in the FeII and MnII metal centers. We
use both the 6Li (γ6Li = 6.27 MHz/T) and 7Li (γ7Li =
16.55 MHz/T) nuclei in order to examine the effect of γ
on the pulse performance at MAS rates ranging from 40
kHz to 111 kHz.
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2. Inversion pulses in the high-power and low-
power limits

We start by discussing the use of high-power SHAPs
and low-power S3APs for population inversion. We note
in passing that despite the fact that swept-frequency pulses
are most routinely used as refocusing pulses (in magnetic
resonance imaging, solution-state NMR, and static solid-
state NMR studies in particular), the pulse performance
under MAS conditions is much more readily examined in
the case of inversion. Therefore the remainder of this
manuscript will focus solely on the inversion performance
of SHAPs and S3APs, though we note that S3APs may
be used for refocusing in the same way that SHAPs have
been implemented previously [18, 27, 37]. The theory de-
scribing the spin dynamics during SHAPs and S3APs has
been already discussed extensively in prior publications
[18, 31, 27, 37] and any further discussion is outside the
scope of this work, however we draw two general conclu-
sions from this prior work for the case of S3APs: (1) that,
in general, the maximum available MAS rate should be
used, and (2) that generally the frequency sweep should
be swept through the most intense sideband. These con-
clusions come as a result of the fact that the low-power
condition must necessarily be met. Therefore at low-to-
moderate MAS rates the available RF field strengths are
limited and therefore the low-power condition is often vi-
olated, whereas under ultrafast MAS the maximum per-
mitted RF field is higher. Prior results have shown S3APs
to outperform SHAP pulses under ultrafast (νR ≥ 60 kHz)
MAS rates, but this has been hitherto unconfirmed exper-
imentally.

The performance of SHAPs and S3APs under moderate
MAS (40 kHz) and ultrafast MAS (111 kHz) are shown in
Figure 2 (a) and (b), respectively, which shows the opti-
mal inversion results for each condition and highlights the
ability of SHAP pulses to perform comparably better than
S3AP pulses under moderate MAS conditions. The com-
plete RF inversion results for 6Li are shown in Figure 2
(c) and (d) for SHAPs and S3APs respectively, as a func-
tion of RF field strength. They show quite nice agreement
between experimental values (filled shapes) and simulated
values (solid or dashed lines) for MAS rotation frequen-
cies of 40, 62.5, and 111 kHz. However, sufficiently high
RF fields for low-γ nuclei are extremely difficult to gen-
erate. For example, in a 0.7 mm probe a maximum RF
field strength of 182 kHz was achieved for 6Li with 100 W
input power, and this problem is exacerbated with larger
coils. Therefore, the S3AP clearly outperforms the SHAP
at 111 kHz MAS, shown in Figure 2(b). To the best of our
knowledge, this is the first such time that a low power pulse
has outperformed a high-power counterpart for broadband
inversion of an entire spinning sideband manifold.

The same results were not observed in the study of 7Li
NMR at 111 kHz MAS, the results of which are shown
in Figure 3, with full simulation results for 6Li and 7Li
given in Figure 4. Due to the higher γ of 7Li, the probe
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Figure 2: Comparison of inversion efficiencies under an MAS rate
of (a) 40 kHz, and (b) 111 kHz for a SHAP (∆νRF = 10 MHz,
black) and S3AP (∆νRF = νR, red) on the 6Li nucleus, normalized
in intensity to the S3AP-inverted spectrum in (b). The results show
the clear difference in performance of SHAPs and S3APs depending
on the spinning frequency and thus the RF field requirements. Full
RF inversion profiles were determined at 40, 62.5, and 111 kHz MAS
for SHAP pulses (c) and S3AP pulses (d) as a function of the RF field
strength, where the filled shapes represent experimental values and
solid or dashed lines are vertical cross sections from the simulations
shown in Figure 4 (further simulation details given in the caption).
The inverted spectra in (a) and (b) are taken from the optimum
points in (c) and (d), corresponding to an RF field strength of 17.5
kHz for the S3AP and 180 kHz for the SHAP in (a), and RF field
strenghts of 40.0 kHz for the S3AP and 180 kHz for the SHAP in
(b). *The simulated inversion profile is an interpolation between
simulated inversion profiles with MAS rates of 62 and 63 kHz.
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Figure 3: Experimental (diamonds) and simulated (lines) RF in-
version profiles for SHAPs (∆νRF = 10 MHz, black) and S3APs
(∆νRF = νR = 111 kHz, red) on the 7Li nucleus at a MAS rate of
111 kHz, with simulated values calculated for a spin with equivalent
anisotropic to the fitted experimental values, ζδ = 245 kHz and η =
0.65.

was able to provide a sufficiently high RF field of 520 kHz,
thereby permitting near perfect inversion by SHAP pulses.
Surprisingly, the S3AP pulse performs significantly worse
than was expected from simulation results, and we expect
that this results from a combination of deterring effects.
First, due to paramagnetic relaxation enhancement from
MnII and FeII the 7Li relaxation times are quite short,
and as a result the T1 of 7Li was measured to be 1.49 ms.
As such, relaxation losses during a long inversion pulse
may be non-negligible, and assuming pure T1 relaxation,
would be about 17% for a 270 µs S3AP, compared to about
1% for a 18 µs SHAP. As the magnetization during the
pulse spends a non-negligible time in the transverse plane
there will also be additional relaxation losses due to T2

relaxation, but these losses are difficult to quantify without
extensive modeling and simulations, which are outside the
scope of this work. An additional and important effect
arises from the inability of the S3AP to uniformly excite
each crystallite in a microcrystalline powder at low RF
field strengths.

In microcrystalline powders there exist different
carousels [39] of crystallites, that is, sets of crystallites
with the same Euler angles α and β but different values
of γ (i.e. occupying the same orientation but at differ-
ent times during sample rotation) that each produce dis-
tinct sideband patterns. A feature of S3APs is that these
pulses inherently perform differently for each carousel, as
can be explained by recalling equation 17 from Pell et al.
[31], which gives the first-order average Hamiltonian of a
swept-frequency pulse in the low-power limit:

ˆ̃
H = ν1(t)AnR̂z(φ(t)− φn)ÎxR̂z(φ(t)− φn)−1, (2)

where ν1(t) is the time-dependent amplitude of the pulse,
An is the amplitude of the nth-order sideband through
which the pulse sweeps, R̂z(θ) is a rotation operator rep-
resenting a spin rotation by an angle θ about the z-axis,
φ(t) is the the time-dependent phase of the pulse, and
φn is the phase of the sideband through which the pulse
sweeps. We see immediately from this that the effective
magnetic field of the pulse is scaled by the sideband in-
tensity, An, through which the pulse is swept. This has
the important effect for samples with anisotropies much
larger than the MAS rate that the pulse will not be effec-
tive for any carousel of crystallites whose MAS pattern has
small or zero intensity in the band over which the pulse
is swept. In this case, the optimal RF field for the pow-
der will not be large enough for a carousel with small An,
resulting in a biasing of the intensities of the resulting side-
band pattern by incompletely inverting or omitting some
carousels of crystallites. This effect can be appreciated in
Figure 5(a), which shows the S3AP-inverted spectrum of
7Li at 111 kHz MAS, where the pulse was swept over the
centerband. The residuals show a clear bias due to exclu-
sion of carousels with little intensity in the centerband. A
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Figure 4: Simulated inversion profile contour plots for a SHAP (∆νRF = 10 MHz) ((a) and (b)) and for a S3AP (∆νRF = νR) ((c) and (d))
as a function of MAS rate and RF field strength, where the white dashed lines denote the maximum available RF field strength for each Li
isotope. The experimental CSA values for 6Li and 7Li were the same and correspond to the fitted experimental values from the 7Li spectrum:
ζδ = 245 kHz and η = 0.65 with δ = 0 for convenience. It is clear that as the MAS rate and CSA become larger, the RF field requirements
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Figure 5: (a) 7Li MAS control spectrum (above), and inverted spec-
trum (below) using a S3AP pulse (∆νRF = νR = 111 kHz) applied
to the centerband. The scaled residuals (black, bottom) show a
clear biasing of the centerband as a result of the effects discussed in
the text. (b) Simulated orientation-dependent inversion profile of a
S3AP pulse with ν1,max = 20 kHz as a function of the crystallite
orientation. Each point on the surface of the sphere corresponds to
a unique set of Euler angles (α,β) and the axis labels (x, y, z) are
the Cartesian coordinates for the crystallite orientations after trans-
formation from spherical polar frame to the Cartesian frame. The
color of each point corresponds to the size of the Îz magnetization
after the inversion pulse. The results show a clear omission of cer-
tain crystallites with small intensity of the centerband, leading to
the biasing observed in the residuals in (a).

simulation of the orientation-dependent inversion profiles
of a S3AP pulse with ν1,max = 20 kHz was completed by
calculating the inversion efficiency as a function of the Eu-
ler angles (α,β) of a uniformly-sampled set of crystallites,
the results of which are shown in Figure 5(b). The results
clearly show that certain sets of crystallites with low in-
tensity in the centerband are poorly inverted at low RF
field strengths, leading to the biasing observed in Figure
5(a).

3. Simultaneous irradiation over multiple side-
bands

A possible solution to this problem could be to sweep
over multiple sidebands simultaneously. The concept of
simultaneous irradiation is itself not new [40] but has not
yet been applied to spin inversion using broadband sweeps.
We begin by recalling the form of a constant amplitude,
constant phase pulse:

~ν1 = ν1

[
cos(φp)x + sin(φp)y

]
, (3)

where ν1 is the RF field strength and φp is the phase of
the RF pulse. This equation can be readily adapted for
time-dependent amplitudes and phases:

~ν1(t) = ν1(t)
[
cos(φp(t))x + sin(φp(t))y

]
, (4)

From here, the equation can be modified to permit simulta-
neous irradiation over two bands. To build a pulse sweep-
ing simultaneously across two bands we will assume that
each of the two constituent pulses have the same ampli-
tudes and phase profiles. As such, this new pulse will be
described mathematically as the sum of two pulses at with
phase offsets O1 and O2:

~ν1(t) = ν1(t)

[[
1

2
cos(φp(t) +O1t) +

1

2
cos(φp(t) +O2t)

]
x

+

[
1

2
sin(φp(t) +O1t) +

1

2
sin(φp(t) +O2t)

]
y

]
.

(5)

This can then be expanded using trigonometric identities:

~ν1(t) =
1

2
ν1(t)

[[
cos(φp(t)) cos(O1t)− sin(φp(t)) sin(O1t)

+ cos(φp(t)) cos(O2t)− sin(φp(t)) sin(O2t))

]
x

+

[
sin(φp(t)) cos(O1t) + cos(φp(t)) sin(O1t)

+ sin(φp(t)) cos(O2t) + cos(φp(t)) sin(O2t)

]
y

]
.

(6)
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If we assume that the pulse is symmetric about zero such
at O2 = −O1, this can be re-written as

~ν1(t) =
1

2
ν1(t)

[[
2 cos(φp(t)) cos(O1t)

]
x

+

[
2 sin(φp(t)) cos(O1t)

]
y

]
,

(7)

and now the term cos(O1t) can be factored, yielding the
general equation

~ν1(t) = ν1(t) cos(O1t)
[
cos(φp(t))x + sin(φp(t))y

]
, (8)

so we see that this is an equation of the same form as a
normal RF pulse but with the term cos(O1t) superimposed
on the amplitude. This results in a pulse that sweeps si-
multaneously over two bands with equal RF field strength.
It is worth stressing that this result produces simultaneous
sweeps in the same direction, as compared to “diverging”
or “converging” sweeps (in opposite directions) [41] pro-
duced by a simple cosine modulation.

For measurements where the desired pulse spacing is a
multiple of the rotor frequency, νR, this formalism can be
rewritten as

~ν1(t) = ν1(t) cos

(
2π∆nνRt

2

)[
cos(φp(t))x + sin(φp(t))y

]
,

(9)

where ∆n corresponds to the separation of the irradiated
bands in terms of sideband order, noting that the trans-
mitter should be always placed directly between the two
desired sidebands. In practice when the amplitude be-
comes negative, 180◦ is added to the phase of the pulse.

Pulsing on three or more bands

Now that we have worked through the case of two si-
multaneous sweeps, it is trivial to set up cases with three
or more simultaneous frequency sweeps. In the case of
three simultaneous sweeps across three adjacent sidebands
we can assume that the offsets O1, O2, and O3 are set
such that O1 = −O3 = 2πνR and O2 = 0. Therefore
we can construct the amplitude modulation by consider-
ing the pulse to be composed of one normal S3AP pulse
centered about zero, and a pulse simultaneously sweeping
over two bands also centered at zero with a band separa-
tion ∆n = 2. As such the pulse has the form:

~ν1(t) =
1

3
ν1(t)

[
1+2 cos(2πνRt)

][
cos(φp(t))x+sin(φp(t))y

]
,

(10)

which results in a simultaneous frequency sweep across
three adjacent sidebands. This logic could be extended
further to sweep simultaneously across four or more bands
but this extension is not detailed here.

In order to be able to describe any multiple-band-swept
pulse precisely and concisely, we introduce a general no-
tation to describe each pulse: PN∆n

∆νRF
, where P simply

denotes that an RF pulse is used, N denotes the number
of bands over which the pulse sweeps, ∆n is the spac-
ing of the bands in terms of sideband order (i.e. ∆n = 1
would denote a pulse with adjacent irradiated sidebands),
and ∆νRF is the RF sweep width of each band. With
this notation, it is thus necessary to only specify the type
of swept-frequency pulse used and the transmitter offset.
It should be noted that for PN∆n

∆νRF
pulses with N > 1,

the effective RF field strength applied to each band is the
nominal RF field scaled by N . For simplicity we report
only the nominal RF field (i.e. the frequency measured in
a nutation experiment) in all subsequent figures.

The optimal experimental inversion performance of all
tested PN∆n

∆νRF
pulses is shown in Figure 6 (a-d) with

the optimal sweeps indicated by arrows and the optimized
RF field strengths and inversion efficiency given in text
with each panel. Each pulse was optimized experimen-
tally as a function of both transmitter offset and RF field
strength with the optimal conditions giving the maximum
integrated area. The full results of this optimization are
provided in Table 1 of the SI. Contrary to what may be
expected, the P1νR (S3AP) results shown in Figure 6 (a)
provided an optimum inversion when sweeping over the +2
order sideband. This may be explained by considering that
more crystallites could have non-negligible intensity, albeit
small, in the +2 order sideband thereby permitting more
crystallites to be inverted. This observation would also
explain the relatively high optimal RF field strength when
sweeping over the +2 order sideband, as higher amplitude
RF irradiation must necessarily be applied to compensate
for small sideband intensity as previously discussed. A
similar result is observed in Figure 6 (b), where a P21

νR
pulse was optimized to sweep over the +1 and +2 order
sidebands, again resulting in a very high optimal RF field.
In both these cases we observe residuals free of any signifi-
cant biasing. Sweeping over the 0 and +2 order sidebands
with a P22

νR pulse unsurprisingly resulted in lower optimal
RF field requirements, shown in Figure 6 (c), due to the
high intensity of the centerband, however we observe bias-
ing in the residuals, which could have come as a result of
incomplete inversion of crystallites being inverted by puls-
ing over the +2 band, as the optimized RF field is lower.
Finally, sweeping over the -1, 0, and +1 order sidebands
with a P31

νR pulse (Figure 6(d)) resulted in similar inver-
sion efficiency to the P1νR pulse but at lower RF field and
with small biasing in the residuals, representing a possi-
ble compromise between RF field strength and sideband
intensity biasing.

In an effort to bolster the conclusions about sideband
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biasing, orientation-dependent inversion profiles of each
PN∆n

∆νRF
pulse were completed by calculating the inver-

sion efficiency as a function of the Euler angles (α,β) for
the experimentally-optimized RF field strength and trans-
mitter offset. The results of these simulations are shown in
Figure 6 (e-h). In the case of the P1νR (S3AP) pulse, the
results in Figure 6 (e) show that the inversion is largely
uniform, with the exception of a small set of crystallites
that have zero intensity in the +2 order sideband. For
these crystallites almost no inversion was observed, with
an inversion efficiency of Mz/M0 = 0.93 in the worst case,
resulting in the small biasing observed in the residuals of
Figure 6 (a). This effect decreases as the number of sweeps
is increased (Figure 6 (f) and (g)), with the best results
being given in Figure 6 (h) for the P31

νR pulse, showing
that sweeping over three adjacent sidebands simultane-
ously yields nearly perfectly uniform inversion. In this
case, the worst inversion efficiency was observed for crys-
tallites with low intensity in the centerband, yielding an
inversion efficiency of Mz/M0 = -0.87 in the worst case.
For all pulses the crystallites with the highest degree of in-
version yielded inversion efficiencies of Mz/M0 = -1. In all
cases the simulated results do not account for relaxation,
and as such small differences may be observed between the
simulated and experimental results.

The simulated inversion results for all PN∆n
∆νRF

pulses
on a simulated powder is given in Figure 7 as a function
of RF field strength and transmitter offset, with powder
averaging achieved by simulating 109 (α,β) pairs according
to the Lebedev octant scheme [42]. The optimum values
for RF field strength and offset were chosen on the basis
of maximum integrated area after the inversion pulse, and
are denoted with dashed white lines in the first column of
Figure 7, with the corresponding cross sections given in
the second and third column of Figure 7 for the RF field
strength and offset, respectively. The optimized values
for RF field strength and offset differ slightly from the
experimentally-optimized values in the case of the P1νR
and P21

νR pulses, and this may be explained due to the
fact that the simulation does not account for relaxation
during the pulse. Although only the optimal condition is
denoted in Figure 7, we note that there exist many good
combinations of RF field strength and transmitter offset
for each pulse, which are given in the deep blue regions of
panels (a,d,g,j) of Figure 7. As such, we observe that in the
case of the P1νR pulse, efficient inversion can be achieved
when sweeping across the +2 order sideband using an RF
field strength of about 100 kHz; likewise, efficient inversion
can be achieved using the P21

νR pulse when sweeping over
the +1 and +2 order sidebands with an RF field strength
of about 120 kHz. Both of these results closely match the
experimentally-optimized values as given in Figure 6.

4. Conclusions

We have examined the benefits and limitations of both
high-power SHAPs and low-power S3APs and their appli-
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Figure 6: Optimized experimental inversion efficiency and optimized
RF field strength for (a) P1νR (S3AP), (b) P21νR , (c) P22νR , and

(d) P31νR pulses. The upper spectrum in each panel corresponds to
the shifted second echo control spectrum, while the experimental in-
version spectrum is below. The residuals for each case are given at
the bottom in each panel. The arrows indicate the sidebands over
which each experimentally-optimized pulse was swept. Shown below
the experimental spectra are simulated orientation-dependent inver-
sion profiles of (e) P1νR (S3AP), (f) P21νR , (g) P22νR , and (h) P31νR
pulses using the experimentally-optimized RF field strength and off-
set in each case. Each point on the surface of the sphere corresponds
to a unique set of Euler angles (α,β) and the axis labels (x, y, z) are
the Cartesian coordinates for the crystallite orientations after trans-
formation from spherical frame to the Cartesian frame. The color of
each point corresponds to the size of the Îz magnetization after the
inversion pulse and follow the coloring scheme shown at the right of
the simulated data. The results in (e) show that even in the opti-
mized case for P1νR pulses, there are sets of crystallite orientations
that are excluded from the resulting inverted spectra as a result of
these crystallites having spinning sideband patterns with no inten-
sity in the +2 order sideband. On the other hand, the results in (h)
demonstrate that sweeping simultaneously over three adjacent side-
bands produces much more uniform inversion and therefore a more
accurate sideband pattern of the powder after inversion.
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Figure 7: Simulated inversion profiles of a spin with CSA parameters ζδ = 245 kHz, η = 0.65, of a P1νR (S3AP) pulse (a-c), P21νR pulse

(d-f), P22νR pulse (g-i), and a P31νR pulse (j-i) as a function of offset and RF field strength. The optimal offset and RF conditions are denoted
by dashed white lines in (a,d,g,j) with the corresponding frequency sweeps shown above each panel, with corresponding vertical (b,e,h,k) and
horizontal (c,f,i,l) cross sections provided.

9



cation to broadband MAS studies of a sample with large
shift anisotropy. Using a MAS rotation rate of 111.111
kHz, we found that in the case of 6Li, where the anisotropy
is large but γ is low, the high-power SHAP performs poorly
due primarily to sufficiently large RF fields being unavail-
able, whereas the low-power S3AP provided the maximum
achieved sensitivity of all 6Li experiments owing to the
fact that only 40 kHz of RF field strength was required
for 100% inversion. This is the first time that a low-power
pulse has been observed to outperform a high-power alter-
native for an inversion of a broad spinning sideband man-
ifold. This result was not observed for inversion of the
high-γ 7Li nucleus where sufficiently high RF fields were
available to make SHAPs efficient, while S3APs suffered
sensitivity losses due to relaxation during the pulse and
non-uniform inversion of crystallites within the powder.

As a potential way to decrease or even eliminate biasing
of sideband intensities caused by S3APs, we have exam-
ined a class of S3AP-like pulses which sweep simultane-
ously over multiple bands and can fall comfortably in the
low-power regime, and have introduced a notation to de-
scribe them. We have found that contrary to what may be
expected, S3APs could indeed invert 7Li spectra well, but
when sweeping not over the centerband. This result comes
at the cost of comparatively high RF field requirements,
thereby violating the low-power approximation. We can
achieve a similar result - while still falling within the low-
power limit - by pulsing over three adjacent sidebands
simultaneously. This represents the possibility of easily
implementing low power pulses without extensive exper-
imental optimization, permitting accurate determination
of shift anisotropy parameters when efficient high-power
pulses are not available due to hardware limitations. We
anticipate that this approach to invert spins will be of par-
ticular importance for the study of Li-containing battery
materials, and more generally, for the study of paramag-
netic systems containing low-gamma nuclei.

5. Experimental

6Li and 7Li MAS experiments were carried out on
the olivine structure lithium-ion battery cathode material
LiFe0.25Mn0.75PO4 using a Bruker Avance III NMR spec-
trometer operating at an external field strength of 11.74
T corresponding to Larmor frequences of 73.603 MHz and
194.391 MHz for 6Li and 7Li, respectively. The sample
was packed in a 0.7 mm rotor and spun at the magic angle,
54.736◦ relative to the external magnetic field. The magic
angle was calibrated by measuring the STMAS [43, 44]
spectrum of Na2SO4 and adjusting the angle until an
isotropic line was achieved in the indirect dimension, and
was confirmed to have negligible drift (≈ ±0.001◦) over
time and after sample ejection/re-insertion. In all cases the
sample temperature was approximately 320 K. A recycle
delay of 100 ms was used for all 6Li experiments while 10
ms was used for 7Li experiments. Further experimental de-
tails are given in each figure caption. Due to the hyperfine

τecho τechoτR τR

t 2

(a)

(b)

0
-1

1
pi

Figure 8: The inverted shifted second echo (a) experiment used in
this study. The coherence transfer pathway is given in (b) which uti-
lized a conventional 64-step phase cycle. The black rectanglular pulse
represents π

2
excitation pulses whereas the shaped pulses represent

frequency-swept pulses. It is assumed in this sequence that refo-
cusing pulses are rotor-synchronized and likewise that τecho=NτR,
where N is set to a sufficiently large value to allow acquisition of the
entire echo, thereby giving a perfectly flat baseline without trunca-
tion artifacts. For 6Li experiments, N was set to 13, 20, and 36 for
40 kHz, 62.5 kHz, and 111.111 kHz MAS experiments, respectively,
corresponding to echo shift times of 325 µs, 320 µs, and 324 µs. For
7Li measurements at 111.111 kHz MAS, N = 22, corresponding to
an echo shift time of 198 µs.

interaction between Li nuclei and the unpaired electrons in
the material, Li nuclei experience a large SA. The 7Li MAS
spectrum was fitted using a single anisotropic lineshape,
resulting in an experimental chemical shift anisotropy [45],
ζδ = 1260 ppm, and an asymmetry parameter, η = 0.65.
In terms of frequency, this results in anisotropies of ζδ =
92.7 and 245 kHz for 6Li and 7Li, respectively.

All swept-frequency pulses used in experiments were
constructed using the shape tool in Bruker TopSpin 3.5.
Each followed the amplitude, phase, and frequency sweep
profiles shown in Table 2 in the SI. All S3APs were
WURST-20 [10] waveforms made of 1000 digitized points
with length τp = 270 µs, and a frequency sweep width, ∆ν
= νR, while all SHAPs were tanh/tan [11] waveforms made
of 250 digitized points, with ξ=10 and tan(κ)=20, ∆ν =
10 MHz, and τp = 18µs. PN∆n

∆νRF
pulses were constructed

simply by adding multiple waveforms with suitable offsets,
and otherwise had identical parameters as the S3APs.

The pulses were examined for inversion performance (i)
experimentally using the pulse sequence in Figure 8 (a),
and (ii) by spin dynamics simulations using the solid-state
simulation program SIMPSON [46] and digitized input
pulses constructed by a home-written script in MATLAB.
When testing for inversion performance, only the power of
the first pulse in Figure 8 (a) was varied, always starting
from 0 kHz, and the resulting integrals were normalized to
the integral of the first point. Spin dynamics simulations
were carried out at an external field strength correspond-
ing to a 1H Larmor frequency of 500.196 MHz with powder
averaging achieved by simulating 109 (α,β) pairs accord-
ing to the Lebedev octant scheme [42]. The pulses were
applied to a single 6Li or 7Li nucleus using chemical shift
anisotropy parameters corresponding to the fitted exper-
imental parameters with δiso = 0 for convenience. More
specific simulation details are provided in the figure cap-
tions.
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