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Multinuclear Nuclear Magnetic Resonance (NMR) spec-
troscopy of quadrupolar nuclei at ultrahigh magnetic field
provides compelling insight into the short-range struc-
ture in a family of fast oxide ion electrolytes with
La1+xSr1–xGa3O7+0.5x melilite structure. The striking res-
olution enhancement in the solid-state 71Ga NMR spec-
tra measured with the world’s unique series connected hy-
brid magnet operating at 35.2T distinctly resolves Ga sites
in four- and five-fold coordination environments. Detec-
tion of five-coordinate Ga centers in the site-disordered
La1.54Sr0.46Ga3O7.27 melilite is critical given that the GaO5
unit accommodates interstitial oxide ions and provides ex-
cellent transport properties. This work highlights the im-
portance of ultrahigh magnetic fields for the detection of
otherwise broad spectral features in systems containing
quadrupolar nuclei and the potential of ensemble-based
computational approaches for the interpretation of NMR
data acquired for site-disordered materials.

Introduction
Oxide ion conductors are a key component of Solid Ox-
ide Fuel Cells (SOFCs), enabling the clean electrochemical
conversion of a wide range of fuels. Nevertheless, the ele-
vated temperatures required for efficient oxygen conduction
in SOFCs hinders their large-scale employment. [1] For in-
stance, the Y2O3 stabilized ZrO2 electrolyte requires tem-
peratures in the 800 °C to 1000 °C range to effectively con-
duct oxide ions, and this has prompted a search for novel
electrolyte materials exhibiting enhanced ion conductivity
at reduced temperatures. [1,2]

[a] L. Corti, Prof. J. B. Claridge, Prof. M. J. Rosseinsky, Prof. F.
Blanc*
Department of Chemistry, University of Liverpool, Liverpool
L69 7ZD, UK
E-mail: frederic.blanc@liverpool.ac.uk

[b] L. Corti, Prof. J. B. Claridge, Prof. M. J. Rosseinsky, Prof. F.
Blanc*
Leverhulme Research Centre for Functional Materials Design,
Materials Innovation Factory, University of Liverpool, Liverpool
L69 7ZD, UK

[c] Dr. I. Hung, Dr. A. Venkatesh, Dr. P. L. Gor’kov, Dr. Z. Gan
National High Magnetic Field Laboratory, Florida State Univer-
sity, Tallahassee FL 32310, USA

[e] Prof. F. Blanc*
Stephenson Institute for Renewable Energy, University of Liver-
pool, Liverpool L69 7ZF, UK

The melilite family of fast oxide ion conductors with
La1+xSr1–xGa3O7+0.5x composition has drawn considerable
attention due to the excellent ionic transport properties of
the La3+-doped phase La1.54Sr0.46Ga3O7.27 in the 600 °C
to 800 °C temperature range. [3,4] LaSrGa3O7 consists of
La3+/Sr2+ cationic layers alternated with anionic layers
composed of corner-sharing four-connected Ga(1)O4 and
three-connected Ga(2)O4 tetrahedra (Figure 1a), [5] and
the La3+-doped La1.54Sr0.46Ga3O7.27 phase is distinguished
by the additional presence of interstitial oxide ions ac-
commodated in a distorted trigonal bipyramidal Ga(2’)O5
structural unit (Figure 1b). [3]

The sensitivity of solid-state Nuclear Magnetic Resonance
(NMR) spectroscopy to the short-range structure makes
this technique ideal to detect local distortions induced by
the presence of defects in disordered materials, thus provid-
ing complementary information to the average, long-range
structure yielded by diffraction-based measurements. Magic
Angle Spinning (MAS) NMR spectroscopy has proven to be
an extremely powerful technique to gain insight into the dis-
order and oxygen transport in La1+xSr1–xGa3O7+0.5x. How-
ever, the structural details encoded in the 71Ga (spin quan-
tum number I = 3

2
) MAS NMR spectra of these disordered

phases were hindered by the presence of several broad and
significantly overlapped resonances, even when performing
the experiments at an external magnetic field strength B0

up to 18.8T and under fast MAS rates νr up to 60 kHz. [6]

In fact, the NMR-active isotopes in La1+xSr1–xGa3O7+0.5x
are subject to strong quadrupolar interactions which result
in anisotropically broadened NMR resonances, and this can
have a severe impact on the resolution and utility of the
data, especially for particularly challenging nuclei such as
139La, 87Sr and 71Ga. [7,8]

In this work, we show that the 36T Series Connected Hy-
brid (SCH) magnet [9] available at the National High Mag-
netic Field Laboratory (NHMFL) in Tallahassee (Florida,
USA) equipped with the recently developed 1.3mm solid-
state NMR probe spinning at νr = 60 kHz yields impressive
spectral resolution enhancement that is crucial to unam-
biguously observe and assign the 71Ga NMR resonances of
LaSrGa3O7 and La1.54Sr0.46Ga3O7.27. Furthermore, static
139La (I = 7

2
) NMR data are reported for the first time

at 35.2T and provide further insight into the local struc-
ture of these phases. Comparison of data recorded for the
parent LaSrGa3O7 phase (only containing framework oxide
ions) and the La3+-doped La1.54Sr0.46Ga3O7.27 phase (also
containing interstitial oxide ions) enables the identification
of structural differences arising from the introduction of de-
fects into the lattice.
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Figure 1. Example of symmetrically inequivalent configurations viewed along the c-axis (left) and b-axis (right) and generated for (a) a
disordered LaSrGa3O7 1 × 1 × 1 unit cell and (b) a disordered La1.5Sr0.5Ga3O7.25 1 × 1 × 2 supercell, showing four-connected Ga(1)O4
(blue), three-connected Ga(2)O4 (gray) and Ga(2’)O5 (orange) polyhedra. A-planes (without interstitial defects) and B-planes (containing
interstitial defects accommodated in Ga(2’)O5 structural units) perpendicular to the c-axis are highlighted. O, Sr and La atoms are
respectively shown in red, dark gray and light gray. One-dimensional 71Ga MAS NMR spectra of (c) LaSrGa3O7 and (d) La1.54Sr0.46Ga3O7.27
recorded at 9.4T, [6] 18.8T, [6] 23.5T and 35.2T under νr = 60 kHz. Isolated GaOn polyhedra are shown above the corresponding 71Ga
signals. Data at 35.2T were recorded with the rotor-synchronized QCPMG sequence processed with co-added echoes. QCPMG data
processed with direct Fourier transformation are shown in Figure S2. The asterisks (∗) denote the spinning sidebands, and the hash symbols
(#) indicate the signal assigned to a La(Sr)GaO3 impurity. [6]

Results and Discussion
Figure 1c-d presents a comparison of the 71Ga MAS NMR
spectra of LaSrGa3O7 and La1.54Sr0.46Ga3O7.27 recorded at
9.4T, [6] 18.8T, [6] 23.5T, and 35.2T. The fast MAS rates
enabled by the new 1.3mm probe prevent overlap between
signals and spinning sidebands, offering an alternative
to more specialized approaches such as the Quadrupo-
lar Magic-Angle Turning (QMAT) experiment. [10] The
second-order quadrupolar broadening combined with a
distribution of chemical shifts typical of disordered systems
results in broad 71Ga NMR resonances, especially at 9.4T,
as also observed in previous 71Ga MAS NMR experiments
on LaSrGa3O7 at 23.5T under νr of 30 kHz [11] and related
melilite phases [12–14]. Striking resolution enhancement
is observed as B0 is increased up to 35.2T owing to the
inverse proportionality of the second-order quadrupolar
broadening to B0 in Hz and B2

0 in ppm, thus enabling the
identification of several resonances which are unresolved at

lower B0. In particular, the remarkable spectral resolution
achieved at 35.2T allows the unambiguous detection of two
71Ga resonances in the 71Ga Quadrupolar Carr-Purcell-
Meiboom-Gill (QCPMG) [15,16] spectrum of LaSrGa3O7.
One signal appears at a shift δ of ∼223 ppm and is
relatively sharp, while the other resonance is observed at
∼230 ppm and is significantly broader (Figure 1c). More
importantly, one additional signal at a much lower δ of
∼145 ppm is further revealed in the 71Ga NMR spectrum
of the La3+-doped La1.54Sr0.46Ga3O7.27 phase (Figure 1d).

Interpretation of NMR spectra featuring intricate spec-
tral line shapes is often guided by the computation of NMR
parameters. [17–19] However, the computational modeling of
the melilite phases is challenged by their configurational
complexity arising from site disorder. An ensemble-based
approach [20,21] is therefore utilized to capture the mixed
site occupancies of the La3+/Sr2+ sites and the partial site
occupancy of the interstitial site O(4). Figure 2a-b shows
the 71Ga MAS NMR spectra simulated at 35.2T from the
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NMR parameters previously [6] computed with the Gauge
Including Projector Augmented Waves (GIPAW)-Density
Functional Theory (DFT) approach [17,18,22] for an en-
semble of symmetrically inequivalent configurations with
LaSrGa3O7 and La1.5Sr0.5Ga3O7.25 stoichiometries (further
computational details are provided in the Experimental
Section). [20] Firstly, the excellent agreement observed be-
tween the experimental and computed 71Ga NMR spectra
validates the potential of ensemble-based approaches to
model mixed and partial site occupancies in disordered
materials, especially when utilized in conjunction with
experimental NMR spectroscopy. Secondly, inspection of
the contributions of the distinct Ga environments to the
overall computed spectrum reveals clear assignment of
the spectral features. In particular, the relatively sharp
signal at δ of ∼223 ppm and the broader resonance at
∼230 ppm are assigned to the four-connected Ga(1)O4 and
three-connected Ga(2)O4 tetrahedra, respectively, while
the 71Ga NMR signal at ∼145 ppm exclusively observed
for La1.54Sr0.46Ga3O7.27 is attributed to the five-coordinate
trigonal bipyramidal Ga(2’)O5 structural unit. This con-
firms that the interstitial oxide ions in La1.54Sr0.46Ga3O7.27
are located in the pentagonal channels formed by the
edges of two Ga(1)O4 and three Ga(2)O4 tetrahedra and
accommodated in a GaO5 structural unit (Figure 1b).

Closer inspection of the 71Ga MAS NMR spectra (Fig-
ure 2) computed at 35.2T reveals the presence of two par-
tially overlapping Ga(1) resonances for both LaSrGa3O7 and
La1.5Sr0.5Ga3O7.25 which were previously unresolved in the
spectra simulated at 18.8T. [6] Notably, the two Ga(1) res-
onances are not resolved in the corresponding experimental
spectra at 35.2T, motivating further investigation of the
origin of these spectral features. While the two Ga(1) reso-
nances computed for LaSrGa3O7 are characterized by simi-
lar quadrupolar coupling constants (CQ) and originate from
different distributions of the La3+/Sr2+ cations in the two
symmetrically inequivalent configurations (Figures 3a and
S1), the two Ga(1) signals resolved in the La1.5Sr0.5Ga3O7.25
spectrum arise from Ga(1) sites in either the A-plane (not
containing the interstitial defect) or B-plane (containing the
interstitial defect) illustrated in Figure 1b. The CQ and
isotropic chemical shift δiso,cs values computed for Ga(1)
sites in the A-plane are respectively smaller and larger than
those calculated for Ga(1) sites in the B-plane, as high-
lighted in Figure 3a. The two Ga(1) resonances are not
distinctly resolved in the La1.54Sr0.46Ga3O7.27 experimen-
tal spectrum, although a shoulder at lower frequencies is
visible (Figure 2b). This discrepancy between the experi-
mental and computational La1.54Sr0.46Ga3O7.27 data likely
arises because the number of structural models composing
the configurational ensemble is limited by the size of the
supercell (1 × 1 × 2) (Figure 1b). Using a larger supercell
expansion with more than one interstitial oxide ion would
give rise to an additional degree of freedom given by the
proximity of the interstitials, but it would also prohibitively
increase the computational cost.

Two-dimensional 71Ga Triple-Quantum Magic An-
gle Spinning (3QMAS) experiments of LaSrGa3O7 and
La1.54Sr0.46Ga3O7.27 were performed at 35.2T in an attempt
to obtain isotropic spectra. The experiments were recorded
with the low-power Multiple Quantum Magic Angle Spin-
ning (lpMQMAS) pulse sequence [24] which is specifically
suited for large quadrupolar interactions (Figure 3b-c).
In the lpMQMAS pulse sequence, ‘composite’ pulses con-

sisting of on-resonance Central-Transition (CT)-selective
pulses concatenated with off-resonance Satellite-Transition
(ST)-selective inversion pulses substitute for the short,
high-power pulses used in conventional MQMAS sequences
to excite and convert triple-quantum coherences. [24] Only
the Ga(1) signal appears in the 71Ga 3QMAS spectra
of both LaSrGa3O7 and La1.54Sr0.46Ga3O7.27 despite (i)
the ability of the lpMQMAS pulse sequence to efficiently
interconvert CT and triple-quantum coherences for large
quadrupolar couplings [24] and (ii) the sufficiently long
transverse relaxation time constants T ′2 (estimated from the
decay of the QCPMG echo train to be approximately 60ms
for LaSrGa3O7 and 5ms for La1.54Sr0.46Ga3O7.27). This
is surprising at first glance given that, for instance, the
71Ga signals of the completely ordered, fully substituted
La2Ga3O7.5 melilite phase could be resolved in the related
71Ga Satellite-Transition Magic Angle Spinning (STMAS)
spectrum at 20T under νr of 100 kHz. [25] The absence
of the Ga(2)/Ga(2’) signals in the 3QMAS spectra of
LaSrGa3O7 and La1.54Sr0.46Ga3O7.27 (Figure 3b-c) can
be explained considering the significant difference in
magnitude of the CQ constants calculated for the Ga(1)
and Ga(2)/Ga(2’) sites combined with the considerable
distribution of the CQ and δiso,cs values obtained for
Ga(2)/Ga(2’) which arises from the presence of disorder,
as shown in previous work (e.g., ∼2.7MHz < |CQ|Ga(1) <
∼11.4MHz and ∼3.2MHz < |CQ|Ga(2)/Ga(2′) < ∼23.7MHz

for La1.54Sr0.46Ga3O7.27). [6] This results in large differences
in intensity between the Ga(1) and Ga(2)/Ga(2’) signals
in both the direct and indirect dimensions of the 3QMAS
spectra, thereby challenging the detection of the low-
intensity signals. Nevertheless, the shape of the signals in
the 3QMAS spectra reveals that Ga(1) sites featuring larger
CQ constants present smaller δiso,cs values, as observed by
a larger deviation of spectra intensity from the diagonal at
lower chemical shifts. This is in agreement with the trend
in NMR parameters computed for the Ga(1) sites in the A-
and B-planes discussed above.

To investigate configurational disorder, static 139La
QCPMG spectra were also recorded at 35.2T (Fig-
ure 4a-b). Relatively broad signals with breadths
of approximately 700 kHz are observed for both
LaSrGa3O7 and La1.54Sr0.46Ga3O7.27 owing to the
large nuclear electric quadrupole moment of 139La
(Q (139La)= 0.206(4)× 10−28 m2 as opposed to Q (71Ga)=
0.107(1)× 10−28 m2). [26–29] Comparison between the
spectral lineshapes captured for LaSrGa3O7 and
La1.54Sr0.46Ga3O7.27 is compelling evidence for en-
hanced disorder in the La3+-doped phase. Despite the
challenges associated with the computational treatment
of heavy elements such as 139La, the experimental data
are importantly in close agreement with the 139La spectra
predicted from the NMR parameters computed using
the ensemble-based approach presented above and the
Zeroth-Order Regular Approximation (ZORA) [30] to treat
scalar relativistic effects (Figure 4c-d). 139La spectra were
simulated for each symmetrically inequivalent configuration
to investigate possible La3+/Sr2+ cation ordering patterns
in the melilite phases (Figures S4 and S5). Nevertheless,
the absence of distinct features in the 139La NMR spectrum
of La1.54Sr0.46Ga3O7.27 challenges the identification of
favorable cation ordering patterns.
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Figure 3. (a) 71Ga quadrupolar coupling constants (CQ) vs. 71Ga isotropic chemical shifts computed [6] using an ensemble-based ap-
proach [20] for the LaSrGa3O7 Ga(1) sites in the two distinct symmetrically inequivalent configurations (square and triangle with black
borders) and for the La1.5Sr0.5Ga3O7.25 Ga(1) sites in the A- and B-planes (circles and diamonds with gray borders, respectively). 71Ga
lpMQMAS spectra of (b) LaSrGa3O7 and (c) La1.54Sr0.46Ga3O7.27 at 35.2T after shearing the f1 dimension into an isotropic representation.
Exemplary slices parallel to the f2 dimension are shown in Figure S3. The red diagonal line with slope 1 provides visual guidance for assessing
the strength of the quadrupolar interactions.

Conclusion
In conclusion, high-resolution 71Ga MAS NMR spectra of
La1+xSr1–xGa3O7+0.5x recorded at the highest possible mag-
netic field of 35.2T enable the detection of resonances as-
signed to four-connected Ga(1)O4, three-connected Ga(2)O4
and Ga(2’)O5 which were unresolved at lower magnetic field
strengths. The detection of the Ga(2’)O5 structural unit,
only observed for La1.54Sr0.46Ga3O7.27, is of strong relevance
because of the role the five-coordinate Ga center plays in the
ionic transport mechanism, and this sheds light on the im-
portance of ultrahigh magnetic fields to unravel structural
details encoded in the NMR spectra of quadrupolar nuclei.
While limited structural information can be deduced from
the 139La NMR data, the considerably different spectral
lineshapes observed for LaSrGa3O7 and La1.54Sr0.46Ga3O7.27
are well reproduced by the ensemble-based computational
approach, highlighting the potential of this methodology to
model La-containing systems.

Experimental Section

Materials Synthesis
The synthesis of the LaSrGa3O7 and La3+-doped
La1.54Sr0.46Ga3O7.27 melilite samples was performed
following a known procedure. [3] Samples contain a small
amount of La(Sr)GaO3 perovskite as revealed by powder
X-ray diffraction patterns [6] and the ∼56 ppm signal in the
71Ga MAS NMR spectra. [31]

71Ga Solid-State NMR Experiments
All 71Ga MAS NMR experiments were performed at a MAS
rate νr of 60 kHz using 1.3mm rotors. One-dimensional
71Ga MAS NMR spectra at 9.4T and 18.8T were acquired
with single pulse and Hahn echo sequences, respectively,
and using the experimental settings detailed in previous
work. [6] One-dimensional 71Ga MAS NMR spectra at
23.5T were recorded on a Bruker Avance Neo NMR
spectrometer equipped with a 1.3mm double resonance

4



a b

30 70 110 150 30 70 110 150
 

430 380 330 280 430 380 330 280
  

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
 

139La Quadrupolar Coupling Constant (MHz) 139La Quadrupolar Coupling Constant (MHz)

139La Isotropic Chemical Shift (ppm) 139La Isotropic Chemical Shift (ppm)

139La Quadrupolar Asymmetry Parameter 139La Quadrupolar Asymmetry Parameter

c d

139La Shift (ppm)
2000 1500 5001000 0 -500 -1000 -1500 -2000

139La Shift (ppm)
2000 1500 5001000 0 -500 -1000 -1500 -2000

Figure 4. Experimental (solid line) and computed (dashed line) one-dimensional 139La NMR spectra at 35.2T of (a) LaSrGa3O7 and (b)
La1.54Sr0.46Ga3O7.27 under static conditions. 139La quadrupolar coupling constants, isotropic chemical shifts and quadrupolar asymmetry
parameters of (c) LaSrGa3O7 and (d) La1.54Sr0.46Ga3O7.27 calculated for an ensemble of inequivalent configurations and used to generate
the computed spectra. The computed spectra are obtained by summing the spectra simulated for each inequivalent configuration weighted
by the configurational degeneracy. Details regarding the computed spectra are provided in the Experimental Section. Experimental data
were recorded with the QCPMG sequence processed with co-added echoes. QCPMG data processed with direct Fourier transformation are
shown in Figure S6.

HX probe tuned to X = 71Ga at a Larmor frequency ν0

= 305.09MHz, using the Hahn echo sequence and pulses
with radio frequency (rf) field amplitude ν1 equal to
168 kHz. Ultrahigh field 71Ga MAS NMR experiments
were performed at the NHMFL in Tallahassee (Florida,
USA) on a 36T SCH spectrometer [9] operating at 35.2T
equipped with a 1.3mm HXY probe built in-house and
used in double-resonance mode. The stator assembly of
the probe was designed at the NHMFL to accommodate
standard Bruker 1.3mm rotors. The probe was tuned to
X = 71Ga at ν0 = 457.48MHz. One-dimensional 71Ga
MAS NMR experiments at 35.2T were recorded using the
rotor-synchronized QCPMG sequence [15,16] combined with
an initial Wideband Uniform Rate Smooth Truncation
(WURST) pulse [32] for signal enhancement. The duration
of the π/2 excitation and π refocusing pulses was set to 2 µs
and 4 µs, respectively. The 1ms WURST pulse with sweep
width of 60 kHz (i.e., equal to the MAS rate) was placed
at an experimentally optimized frequency offset of either
500 kHz for LaSrGa3O7 or 600 kHz for La1.54Sr0.46Ga3O7.27,
and the power of the frequency sweep was set to either
20W for LaSrGa3O7 or 30W for La1.54Sr0.46Ga3O7.27. The

echoes were coadded and subsequently Fourier transformed
to obtain the envelope of the spikelets. Quantitative
one-dimensional 71Ga data at 23.5T and 35.2T were
acquired with recycle delays of 3 s for LaSrGa3O7 and 0.3 s
for La1.54Sr0.46Ga3O7.27. Two dimensional 3QMAS exper-
iments at 35.2T were performed using the shifted-echo
low-power 3QMAS (lp3QMAS) sequence [24], combined
with an initial WURST pulse for signal enhancement. The
duration of the on-resonance CT-selective π/2 and π pulses
was set to 2µs and 4µs, respectively. Rotor period long
(i.e., 16.667 µs) pulses τr were applied at a large offset of
12 × νr = 720 kHz from the CT, thereby making them
selective to the ST. The experimental parameters of the
initial WURST pulse were kept the same as in the corre-
sponding one-dimensional spectra. 10 rotor-synchronized
t1 increments were recorded, and the recycle delay was set
to 0.5 s and 75ms for LaSrGa3O7 and La1.54Sr0.46Ga3O7.27,
respectively. 71Ga NMR spectra at 9.4T, 18.8T and 23.5T
are reported relative to the 71Ga signal of a 1M solution of
Ga(NO3)3 in H2O at 0 ppm. 71Ga NMR data at 35.2T were
externally calibrated to the 1H chemical shift of alanine
at 1.46 ppm (indirectly referenced to tetramethylsilane at
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0 ppm) using the IUPAC frequency ratios. [33]

139La Solid-State NMR Experiments
139La solid-state NMR experiments were performed at the
NHMFL on the SCH spectrometer [9] operating at 35.2T
and equipped with the 1.3mm HXY probe in double-
resonance mode tuned to X = 139La at ν0 = 211.90MHz.
Static conditions were used owing to the breadths of the
139La signals which substantially exceed the available
MAS rates. One-dimensional data were acquired with the
QCPMG sequence [15,16] setting the length of the excitation
and refocusing pulses to 1.5 µs. Recycle delays of 1 s and
50ms were used for LaSrGa3O7 and La1.54Sr0.46Ga3O7.27,
respectively. 139La NMR data at 35.2T were externally
calibrated to the 1H chemical shift of alanine at 1.46 ppm
(indirectly referenced to tetramethylsilane at 0 ppm) using
the IUPAC frequency ratios. [33]

Computations
The 71Ga and 139La NMR parameters were computed
with the GIPAW-DFT approach [17,18,22] for an ensemble
of symmetrically inequivalent configurations generated
with the Site Occupancy Disorder (SOD) program [20] for
a LaSrGa3O7 1 × 1 × 1 unit cell and a La1.5Sr0.5Ga3O7.25
1 × 1 × 2 supercell (containing one interstitial oxide ion).
Plane-wave DFT [22] with periodic boundary conditions
was used to optimise the geometry of the 2 and 18
symmetrically inequivalent configurations respectively
generated for LaSrGa3O7 and La1.5Sr0.5Ga3O7.25, allowing
both the atomic coordinates and the unit cell param-
eters to vary. The NMR parameters were calculated
employing the geometry-optimized structures. Ultrasoft
pseudopotentials [34] generated on-the-fly and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [35]

were used throughout. Scalar relativistic effects were
treated with the ZORA approach. [30] An energy cutoff of
800 eV and a k-point grid [36] of 2 × 2 × 3 (for LaSrGa3O7)
and 2× 2× 2 (for La1.5Sr0.5Ga3O7.25) were used. CASTEP
(version 20.11) [37] was employed to carry out all calcula-
tions. The CQ parameters for 139La were calculated using
the revised nuclear electric quadrupole moment Q (139La)=
0.206(4)× 10−28 m2. [27–29] To facilitate comparison be-
tween computed and experimental results, the isotropic and
anisotropic chemical shifts (δiso,cs and δaniso,cs, respectively)
were determined from the computed isotropic chemical
shielding σiso,cs and anisotropic chemical shielding σaniso,cs

using δiso,cs = σref +mσiso,cs and δaniso,cs = mσaniso,cs, with
σref (71Ga) = 1442.22 ppm, m (71Ga) = −0.821, σref (139La)
= 3460.92 ppm and m (139La) = −0.681. The σref and m
values were calculated using a standard procedure which
also aims at reducing the systematic errors in the calcula-
tions. [38] SIMPSON [23] was employed to simulate the NMR
spectra from the computed NMR parameters taking into
consideration both the electric field gradient and chemical
shift anisotropy tensors. Either the gcompute method (for
MAS spectra) or the direct method (for spectra under
static conditions) were used. The NMR spectra obtained
for each configuration were weighted by the configurational
degeneracy and summed to obtain the total spectrum in
the high-temperature limit e∆E/(kBT ) → 1, as described in
more details elsewhere. [6,21] Further computational details
are reported in previous work. [6]
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Entry for the Table of Contents

71Ga Shift

60 kHz

35.2 TGa(2)

Ga(1)

Ga(2’)
* * **

71Ga solid-state NMR spec-
troscopy at ultrahigh exter-
nal magnetic field and under
fast magic angle spinning rates
transforms the spectral resolu-
tion and clearly captures Ga
sites in four- and five-fold co-
ordination environments. GaO5
structural units form to ac-
commodate the interstitial ox-
ide ions responsible for the ex-
cellent ionic transport properties
in La1.54Sr0.46Ga3O7.27
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