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in experimental quadrupolar solid-state nuclear magnetic resonance (SS-NMR), exploiting the syn-

ergies between theory and experiment for achieving the optimal interpretation of both. Most high

performance materials (HPM), such as battery electrodes, exhibit complex SS-NMR spectra due to
dynamic effects or amorphous phases. NMR crystallography for such challenging materials requires
reliable, accurate, efficient computational methods for calculating NMR observables from first prin-
ciples for the transfer between theoretical material structure models and the interpretation of their

experimental SS-NMR spectra.

NMR-active nuclei within HPMs are routinely probed by their chemical shielding anisotropy (CSA).
However, several nuclear isotopes of interest, e.g. ’Li and 2TAl, have a nuclear quadrupole and

experience additional interactions with the surrounding electric field gradient (EFG). The quadrupolar
interaction is a valuable source of information about atomistic structure, and in particular, local
symmetry, complementing the CSA. As such, there is a range of different methods and codes to

choose from for calculating EFGs, from all-electron to plane wave methods!™3. We benchmark the
accuracy of different simulation strategies for computing the EFG tensor of quadrupolar nuclei with
plane wave density functional theory (DFT) and study the impact of the material structure as well
as the details of the simulation strategy. Especially for small nuclei with few electrons, such as ’Li,

we show that the choice of physical approximations and simulation parameters has a large effect

on the transferability of the simulation results?. To the best of our knowledge, we present the first

comprehensive reference scale and literature survey for 7Li quadrupolar couplings. The results allow
us to establish practical guidelines for developing the best simulation strategy for correlating DFT to
experimental data extracting the maximum benefit and information from both, thereby advancing

further research into HPMs.

1 Introduction

Properties, functionality, and longevity of solid state high per-
formance materials (HPMs) depend critically on their atomistic
structure. In order to improve and tailor a material’s properties,
an understanding of its underlying structure is therefore essential.
Solid-state nuclear magnetic resonance (SS-NMR) spectroscopy
stands as a pivotal analytical tool in the study of inorganic, or-
ganic, and hybrid materials, irrespective of their crystalline or
amorphous nature.® The technique’s inherent sensitivity to local
atomic environments, coupled with its non-destructive approach,
renders it indispensable for probing the intricate structural de-
tails of various materials.® Advanced SS-NMR experiments also
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probe atom dynamics and even allow for in situ and in operando
studies”.

However, most HPMs, such as battery electrodes or catalysts,
exhibit complex, ambiguous SS-NMR spectra due to dynamic ef-
fects or amorphous phases. NMR crystallography for such chal-
lenging materials requires reliable, accurate, efficient computa-
tional methods for calculating NMR observables from first princi-
ples for the transfer between theoretical models of a material and
the unambiguous interpretation and analysis of its experimental
SS-NMR spectra®-10. Furthermore, as the field turns towards pre-
dicting NMR spectra using machine learning and surrogate mod-
els which take training data from computed NMR quantities, the
accuracy of the underlying first-principles computed observables
is often considered as a baseline for extrapolation. Therefore, it is
critical to provide a reference to the actual experimental values,

to avoid compounding errors during the training process'!.
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The local atomistic structure of HPMs is often studied by
probing the chemical shielding anisotropy (CSA) of their NMR-
active nuclei®10-12-14_ The interpretation of the chemical shifts
of diamagnetic compounds in SS-NMR experiments with first-
principles calculations of the CSA tensors is already well estab-
lished 10:12:15,16 * However, several nuclear isotopes of interest,
e.g. "Li, and ?7Al, also have a nuclear quadrupole and therefore
experience additional interactions with the surrounding electric
field gradient (EFG) , which are another valuable source of infor-
mation complementing the CSA17. While the isotropic chemical
shielding is an indirect probe for the ability of the local electron
density to shield the nucleus in an applied magnetic field 18-20,
the quadrupolar coupling is exceptionally sensitive to the sym-
metry of the electron density distribution and hence a powerful
probe for local atomistic environments, structural motifs, and dis-
tortions21-22, The calculation of quadrupolar coupling also re-
quires less computational effort, since it is based on the ground
state electronic structure and does not rely on response theory?23.
But quadrupolar coupling manifests as complex features in exper-
imental NMR spectra, such as broadened lines or satellite peaks,
hence making theoretical simulations indispensable for reliable
interpretation and analysis %2124, There are several examples in
the literature which show that experimental quadrupolar param-
eters, in combination with density functional theory (DFT) sim-
ulations can be leveraged to perform structure refinement?25-26,
force-field validation 2728 as well as dynamic2® and structural in-
vestigation 393! in complex materials.

In the present work, we study the 7Li and 2’ Al nuclei in detail,
since both nuclei play a critical role in high performance energy
storage materials, such as solid state electrolytes, state-of-the-art
electrodes, and stabilizing coatings32-34. We apply pseudopoten-
tial (PP) plane wave DFT codes to calculate the quadrupolar ob-
servables in a series of diamagnetic, ionic Li and Al crystalline
compounds and include an extensive literature survey of exper-
imentally determined quadrupolar properties. We chose to limit
our study to diamagnetic compounds, as paramagnetic systems
require spin-polarized DFT calculations and often yield less accu-
rate experimental results due to fast relaxation and pronounced
broadening3>. The comparison of our simulations with exper-
imental values from literature provides a reference scale and a
comprehensive benchmark of the accuracy of the simulation and
its dependence on various parameters we tested. Furthermore,
we assess the implications of various approximations applied dur-
ing the computational process.

2  Methods

2.1 The EFG Tensor

For NMR-active nuclei with a nuclear spin / > 1/2, the nuclear
electric quadrupole moment Q interacts with the local EFG ten-
sor, V, which leads to an additional splitting of energy levels in
an external magnetic field beyond the Zeeman effect36-39, The
second-rank, traceless, symmetric EFG tensor describes the gra-
dient of the electric field at the nucleus depending on the sur-
rounding charge distribution as the spatial second derivative of

2| Journal Name, [year], [vol.], 1-6
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Table 1 Spin I and nuclear electric quadRJ%Bljeor%%j?ﬁégé@%Qqa%@Li and

27 Al isotopes discussed in this paper. 4°

Isotope [ Q / fm?
"Li 3/2 -4.01
271Al 5/2  14.66
the electrostatic potential V (x)4°
9%V (x)
V= _—>". 1
dx;0x; M

The eigendecomposition of the EFG tensor V provides its eigen-
values and eigenvectors. The latter are a crucial quantity for com-
paring the calculated tensor with its experimental equivalent, the
direction cosines#'=#3, and define the local principal axes system
(PAS) of the EFG relative to the crystalline coordinate system. The
direction cosines represent the projection of each EFG eigenvector
V; on each lattice vector u; of the studied material.

More commonly studied quadrupolar coupling observables are
determined by the three eigenvalues V;; of the EFG tensor, which
are ordered according to 44

[Veel > [Viyl > [Vix|- 2

The observables are the quadrupolar coupling constant Cg, which
is defined by the magnitude of the coupling, and the asymmetry
n € [0,1], which is a measure of the shape of the tensor

eQV,,
CQ — Qh L& , (3)
_ VXX - Vyy
==V @

iz

where e is the elementary charge and 4 Planck’s constant. Nuclear
properties of the studied nuclei ’Li and ?’Al are reported in Table
1.

2.2 Calculation of EFG Tensors

First approaches to correlate experimental NMR observables with
specific structural information or motifs already started shortly
after the invention of NMR spectroscopy. The first correlation and
increment schemes were empirical in nature and targeted indi-
rect spin-spin coupling*®4” and chemical shielding*®->2 mostly
restricted to organic molecules. The first ab initio calculations of
tensorial NMR properties based on the electronic structure near
the nucleus relied on local basis sets and were hence technically
challenging for the simulation of extended solids 19-20:53,54,
Crystalline and semi-crystalline (e.g. defected, disordered) solid
materials are most commonly described in periodic boundary
conditions (PBC) utilizing Bloch plane waves>® to take advantage
of the translational symmetry>%°7. PPs approximate the electron
density in the nuclear region by an effective core potential
and thereby increase the efficiency of plane wave calculations
significantly. However, the concept of PPs approximating the core
region is diametrically opposed to simulating NMR observables,
which capture interactions of the nuclear spin or quadrupolar
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moment with the local electron density near the nucleus. Only
the introduction of the projected augmented wave (PAW)°>8
and the gauge-including projector augmented-wave (GIPAW)>?
methods finally allowed for the simulation of NMR properties of
solids in the computationally efficient PP-PBC picture. The PAW
formalism reconstructs the electron density in the core region
from the optimized pseudo-electron density, while GIPAW adds
translational invariance of the magnetic field gauge!7.

Since NMR parameters are highly sensitive to the electronic
structure, any simulation parameter that influences the con-
verged electron density near the nucleus has an impact on the
accuracy of the NMR parameter prediction. In particular, small
nuclei with a small number of electrons such as Li, where the
distinction between core region and valence electrons becomes
vague, are expected to be susceptible to modifications in the
electronic structure calculations.

One of the factors which is known to affect the resulting NMR

parameter predictions is the atomistic geometry®%01. Depending
on the material and the method (X-ray diffraction (XRD), neu-
tron scattering), the experimentally determined structure might
not be accurate. Hence, first-principles geometry relaxations are
sometimes recommended .
In this work, we test several simulation parameters and their im-
pact on the accuracy of the resulting quadrupolar coupling. In
order to study the effects of geometry, we compare EFG simu-
lations with the unmodified empirical experimental input struc-
tures (empir.), optimized structures with fixed experimental lat-
tice vectors and relaxed atomic positions (fixed cell), and fully
optimized structures with both relaxed atomic positions and lat-
tice vectors (opt.). While empir. structures determined by XRD
usually fail to give reliable positions for light atoms such as hydro-
gen, a full DFT structure relaxation yields equilibrium structures
at OK. Fixed cell structures maintain the room temperature lat-
tice constants adopted from empir. structures, while optimizing
atomic positions and in particular equilibrating the coordinates of
light atoms.

In addition, we test the influence of exchange-correlation
(xc) functionals®%2-6% (LDA®>, PBE®®, PBEsol®’, PW91°%8,
RSCAN®), PPs, as well as cell size on the accuracy of the
quadrupolar coupling computation and establish a reference scale
correlating the results with experimental values from literature.
A similar study was previously conducted for CSA of 7Li !>, how-
ever for 'Li quadrupolar Cp and 7 parameters, available litera-
ture information is significantly sparser. In order to describe the
amount of information available for all of the data in our survey,
we have classified the 7Li and 2’Al compounds into two groups
according to the extent of information available.

Group 1: Crystal structure and experimental values for Cp
and/or n are available, but not necessarily from the same ref-
erence.

Group 2: Crystal structure and the full EFG tensor (direction
cosines) are available.

As has been previously reported, the accuracy of the nuclear elec-
tric quadrupole moment Q is also critical for comparing experi-
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mental and computational Cp values 707+ Biie Since (%%%7gvalues
for 27Al and "Li (c.f. Table 1) have not changed by more than 1%
since 20087273, we neglect this discussion here.

2.3 Computational Details
The structures of the Li and Al compounds were extracted
from the Materials Project database’#, the Cambridge Structural
Database (CSD)7° or from the cited references21-41-43,76-98

The EFG calculations and geometry optimizations with CASTEP
v23.19%190 are converged with respect to the basis set cut-off en-
ergy and the Monkhorst k-point grid. The convergence thresh-
old is set to a variation of less than 5% for Cp as well as 1.
For the geometry optimizations, an energy tolerance of 2.0x107>
eV/atom, a maximum force of 0.05 eV//ok, and a stress tolerance
of 0.1 GPa/atom are employed. Cut-off energy and k-point grid
are adopted from the EFG calculations. The same procedure is fol-
lowed for the calculations with Quantum ESPRESSO 7.2101 (QE),
using the same convergence criteria. Further computational de-
tails are presented in the Supplementary Information.

3 Results

3.1 27Al NMR

27Al is one of the best-known and most widely studied quadrupo-
lar nuclei in SS-NMR, both theoretically and experimentally.
There is extensive experimental data available in literature for
its quadrupolar observables, both Cy and even 102, However,
to the best of our knowledge, experimental data on its full
EFG tensors is rather sparse. Here, we discuss a set of 13 Al
compounds of Group 1 and two of Group 2.

Since Al is rather oxophilic, it is preferentially coordinated
by oxygen in octahedral AlOg4 environments, which suggests a
small to negligible quadrupolar coupling due to the high local
symmetry. But the large nuclear electric quadrupole moment
QO amplifies even a small V,;, which might arise from small

distortions or a less symmetric crystal space group, to a sizable
Cp 108,

Testing the impact of the xc-functional on the calculated Cp
and n with CASTEP shows that the highly ionic Al compounds
studied here are well described by both LDA®5, GGA (PBE®®,
PBEsol®7, PW91%8) and meta-GGA (RSCAN®Y) functionals.
The standard deviation of Cyp and 1 with respect to the applied
xc-functional is on the order of 3% and 9%, respectively. The
impact of the xc-functional is thus deemed negligible and further
calculations are all conducted with PBE®°,

Similarly, simulations based on the different crystal geometries
empir., fixed cell, and opt. derived with CASTEP only yield
standard deviations on the order of 6% and 15% for Cp and
n, respectively. Overall, the fixed cell structures provide the
best agreement with experimental reference values. The opt.
structures yield the least reliable predictions, since PBE° is well
known to overestimate interatomic bond lengths!%* and hence
allows the cell volume to extend and distort. Lattice parameters
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of crystalline materials determined experimentally with high
confidence are regularly available in literature or databases,
discouraging the use of the opt. structures in this case 19°. Since
the effect of DFT relaxation, either fixed cell or opt., is minimal,
all further calculations are performed with fixed cell structures.

The power of PBC is that they represent an infinitely large
defect-free model of a crystalline solid by exploiting the trans-
lational symmetry of the Bloch plane waves®>. Calculations
in PBC are usually conducted on the smallest possible unit
cell (primitive cell) and expected to yield the same results as
a supercell. However, previous studies have shown, that cell
symmetry and supercell effects can cause numerical errors
depending on the implementation of the PBC, grids, and the
charge augmentation '>19°, Hence, the CASTEP EFG calculations
were repeated with 2x2x2 supercells producing identical results
and ruling out any supercell effects in the case of Al

Al is a third period element with three valence electrons in the
3s and 3p orbitals. The ten electrons of the first and second pe-
riod orbitals can be considered core orbitals. Correspondingly, the
default CASTEP PP (C19) includes those electrons in the effective
core potential and only treats the three valence electrons explic-
itly. The same discrimination is made in the Quantum ESPRESSO
PP utilized in this work. Tests using a CASTEP hard PP with eleven
electrons being treated explicitly yield a minor decline in agree-
ment with experiment by 0.17 MHz for Cp, whereas 7 remains
unaffected. Details can be found in the Supplementary Informa-
tion Tab. S3.

CEP (MHz) = 0.14 + 0.92 CSTEP 7
MAE = 0.90 MHz .
15F
N
T
=
~ 10 -
o
@)
45;- Al>SiOs
site 2
5 Al )y 0, 05site 1
3 0-Al,0ssite 2 ¢ Groupl
LiAlO, 2>3 A Group 2
O 1 1 1
0 5 10 15
DFT Co / MHz

Fig. 1 Reference scale for Al Cp. The 2TAl Cp values for 15 Al-
containing compounds are simulated with PBE, fixed cell geometries, de-
fault PP, and unit cells using CASTEP (blue) and Quantum ESPRESSO
(orange). The experimental values from literature can be found in Sup-
plementary Information Tab. S3. x-Al,03; and AIVOy are omitted (see
text). The dashed diagonal line indicates the limit of ideal correlation.
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Fig. 2 Reference scale for 2’ Al . The 2’ Al 17 values for 15 Al-containing
compounds are simulated with PBE, fixed cell geometries, default PP,
and unit cells using CASTEP (blue) and Quantum ESPRESSO (orange).
The experimental values from literature can be found in Supplementary
Information Tab. S3. k-Al,O3 and AIVOy are omitted (see text). The
dashed diagonal line indicates the limit of ideal correlation.

In general, the simulations with PBE®®, fixed cell geometry,
and default PP yield a good agreement with experimental 27Al
Co values both for CASTEP and Quantum ESPRESSO calculations
as shown in Fig. 1 with a mean absolute error of the linear fit
(MAE) of 0.90 MHz (18%) and 1.14 MHz (24%), respectively.
Distinct outliers are found for 6-Al,03 %8, k-Al,03 78 and AIVO, 7?
(c.f. Supplementary Information), which feature Al on multiple
inequivalent crystallographic positions. For k-Al;O3 and AlVOy,
comparison of the literature references’879:81,107
tural data derived from CSD7> does not allow for an unambigu-
ous assignment of the different crystallographic positions or re-
veals inconsistencies between different references. Therefore, we
neglect k-Al;03 and AIVOy here.

In comparison to the reference scale for 2’Al Cy, the correlation
between DFT and experimental values of 2’Al 1 is considerably
less accurate, especially for the mentioned outliers (c.f. Supple-
mentary Information), with a MAE of 0.13 and 0.16 (c.f. Fig. 2)
for CASTEP and Quantum ESPRESSO, respectively. The asymme-
try n is even more sensitive to the local charge distribution and
its symmetry than Cy as a result of its dependence on all the three
components of the EFG tensor (Equ. 4), leading to a more pro-
nounced error propagation of inaccuracies in the electron density.
When correlating the individual principal components of the EFG
tensor with values derived from experimental Cyp and n values
(Supplementary Information Fig. S3), the larger deviation of n
is reflected in the larger errors of Vj,, in particular for the outlier
6-Al,05.

For 2’Al, we found full experimental EFG tensors for both
Al;Si05 and 7-LiAlO, in literature #3108 (Group 2), which pro-

with the struc-
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Fig. 3 Orientation of EFG tensors for ’Li and ?’Al. The experimentally
determined direction cosines of LiB3Os54!, LiNH4S0442, Al,SiOs43 and
y-LiAlO; 97 are compared with full EFG tensors calculated with CASTEP,
PBE, fixed cell geometry, default PP, and supercells (for "Li) and unit
cell (for ?7Al). The direction cosines give the projection of each EFG
eigenvector V; on each lattice vector p; of the studied material.

vide us with the unique opportunity to not only evaluate the ac-
curacy of the calculated magnitude Cp and shape 1 of the EFG
tensor, but also its orientation with respect to the crystal lat-
tice. The experimental references provide the so-called direction
cosines of the EFG tensor for each magnetically inequivalent 27Al
site, which can be correlated to the eigenvectors of the EFG ten-
sor. Fig. 3 depicts the comparison of experimental and theoret-
ical direction cosines (red and orange for Al,SiOs and pink for
7-LiAlO,). The DFT simulations can reproduce the experimental
values with an average error of 5%, and show especially good
agreement for y-LiAlO,, which actually outperforms the previ-
ous DFT results °7-199 hence predicting the orientation of the EFG
tensor with excellent accuracy.

The reliable prediction of quadrupolar observables for 27 Al with
good accuracy independent of xc-functional, geometry relaxation,
PP, and supercell effect verifies the plane wave, PP method with
GIPAW as robust and useful approach for calculating solid state
EFGs. The quantitatively close agreement between CASTEP and
Quantum ESPRESSO results proves the reliability of the method
independent of the implementation, for 27Al.

3.2 Li NMR

Although 7Li and its quadrupolar couplings are not as well studied
as 27Al, quadrupolar 7Li SS-NMR plays a crucial role in materials
research for Li ion batteries, where Li is the charge carrier34. A
multitude of different NMR experiments is available that probe
the local atomistic structure of 7Li as well as its dynamics by ad-
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dressing either CSA or quadrupolar {nteractions 17 operando

experiments even allow for tracking charge transport through bat-
teries while cycling 119.

In contrast to 27 Al, the nuclear electric quadrupole moment, Q
for 7Li is an order of magnitude smaller, and Li has only three
electrons. A small number of electrons presents a challenge when
using a Li PP, which divides the electrons into core and valence
electrons as well as the electron density in a core and an intersti-
tial region. For the three electrons of Li, this distinction becomes
ambiguous. Furthermore, the number of experimental 'Li Cp,
and in particular n and explicit EFG tensors components for crys-
talline, ionic, diamagnetic Li compounds available in literature is
limited. In the following, we discuss a set of 24 Li compounds,
of which 20 belong to Group 1, and three to Group 2. However,
the availability of data for 1 is extremely sparse.

300F c" =e8.32 + 0.83C5*™ @

MAE = 25.72 kHz ol
4

N 4
T 200}

® Groupl /,’ Y
=~ A Group 2 / g
(o7 LiB3Os
U 4
45. \Li ® Supercell
55 100F LIRIO; Unit Cell

LisSb site 1.9 ®

Lizb
site 1

LisP site 2 LiaP2Se

=& Li;Sb Site 2 Li»0,
O~ @ I I Y
0 100 200 300
DFT Co / kHz

Fig. 4 Reference scale for ’Li Co. The TLi Cp values for 23 Li-
containing compounds are calculated with PBE, fixed cell geometries,
using CASTEP for unit cells (light blue), 2x2x2 supercells (blue), and
Quantum Espresso (orange) with the default PP in each case. The exper-
imental values from literature can be found in Supplementary Information
Tab. S4. The dashed diagonal line indicates the limit of ideal correlation.
Outliers including LisP and Li3Sb are labelled and described further in
the text. The data point for LisN [site 1] (Cp = 582 kHz, Supplementary
Information Tab. S4) is beyond the depicted range, but included in the
regression analysis.

As already observed for 27Al, the impact of the xc-functional is
negligible for these ionic compounds with standard deviations of
1% and 3% for CASTEP-based C and 7, respectively. PBE 66 js
chosen as default xc-functional for all further analyses (c.f. Fig.
4).

Similarly, the details of geometry relaxation are largely
irrelevant with a standard deviation of 3% (Cyp) and 10% (1) for
empir., fixed cell, and opt. geometries simulated with CASTEP.
However, there is one significant exception, LINH;SO4 4. With
the experimental crystal structure adopted from CSD7°, the
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Fig. 5 Reference scale for 7Li . The 7Li n values for 23 Li-
containing compounds are calculated with PBE, fixed cell geometries,
using CASTEP for unit cells (light blue), 2x2x2 supercells (blue), and
Quantum Espresso (orange) with the default PP in each case. For 15 of
those compounds, the experimental values from literature can be found
in Supplementary Information Tab. S4 . The dashed diagonal line in-
dicates the limit of ideal correlation. Outliers including LiH4NSO4 are
labelled and described further in the text.

calculated 7 is off by more than factor 3 for the unit cell and gets
even worse for the supercell (data not shown). Closer inspection
of the crystal structure reveals rather different N-H bond lengths
in the NH; units, which do not correspond to the structure
visualized in“?. Neither the fixed cell nor the opt. structures
improve the accuracy notably with respect to the experimental
reference of n. Only a DFT fixed cell relaxation with a relaxed
symmetry tolerance allows the N-H bonds to equilibrate, yielding
a considerably better agreement with experiment and in particu-
lar an improvement by the supercell effect (c.f. Fig. 5).

Other striking outliers in the Cp correlation (Fig. 4) can be
identified as the hexagonal, layered Li pnictide Li3P and its
homologous LizSb?0 (hex-LizPn). The calculated Cp values
of the different crystallographic sites are qualitatively correct,
matching the Li in the Li-pnictogen layer (P, Sb) with the larger
Cp value and the Li in the pure Li interlayer with the smaller
Cp constant. However, the overestimation by DFT simulations
amounts to factor 3 to 5. Both LizP and Li3Sb are well-known Li
ion conductors, facilitating fast ionic mobility through the pure
Li layer, which is known to result in a smaller experimentally
observable quadrupolar coupling constant reduced by partial
motional averaging1>!!1. Li;N is also known as a good Li ion
conductor, but shows excellent agreement for Cp simulated with
CASTEP. Here we study the cubic, layered Li3N phase, rather
than one homologous to the hexagonal Li3P and Li3Sb, where
Li ion mobility up to 300 K takes place predominantly within
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the Li-pnictogen layer !'2. Including the empérature- ependent

influence of ionic mobility on the quadrupolar observables either
via the vibrational modes!!3, via chemical exchange models!®,
or via molecular dynamics 1213:114115 js beyond the scope of this
study.

Even when neglecting the outliers, the correlation of the
calculated Cp and n with experimental values (Fig. 4 and 5 in
light blue) exhibits a major, systematic overestimation of Cyp and
distinct discrepancies of n by up to several orders of magnitude
for unit cell simulations. CASTEP calculations with 2x2x2
supercells confirm a significant supercell effect, especially for
materials with small Cyp and small unit cells. The supercell effect
converges rapidly with cell size as test calculations with 3x3x3
supercells corroborate, showing convergence is already achieved
for 2x2x2. The effect might result from approximations in
the charge augmentation of CASTEP that exceed their physical
limit11® or from long range interactions not correctly captured
by the approximations utilized in the PBC implementation. The
supercell effect is not observable in Quantum ESPRESSO.

Despite the correction for the supercell effect by using 2x2x2
cells, the CASTEP DFT calculations still feature a significant over-
estimation of Cp by about 20% (12% without hex-Li;Pn) with re-
spect to experimental values. In principle, an inaccurate nuclear
electric quadrupole moment Q for deriving Cy from the DFT cal-
culated EFG tensor could explain the discrepancy. However, this
overestimation has been observed before?! for 7Li as well as other
light nuclei, and is usually attributed to a hypothesis formulated
in the 1950s by Sternheimer !17-11°, proposing that the polariza-
tion of the electronic K-shell induces a secondary quadrupolar mo-
ment that shields the nuclear electric quadrupole moment Q. This
effect cannot be correctly reproduced within the PP approach.
Therefore, the PP-GIPAW calculations tend to overestimate Cp.

In contrast to 27Al, 7Li is a second period element with only
three electrons in total. The distinction between core and va-
lence electrons becomes ambiguous for such small elements. The
default PP of CASTEP (C19) and the one utilized for Quantum
ESPRESSO in this work describe all three electrons explicitly as
valence electrons. Nevertheless, there is still a core region defined
by the core radius which is pseudized. The larger the core radius,
the softer the PP and hence the less computationally demanding
are the DFT calculations of the electronic structure, since they
converge faster with respect to the number of plane waves. On
the other hand, a smaller core radius makes the PP harder, po-
tentially improves the description of the electron density in the
vicinity of the core, and presumably is better able to capture the
polarization near the nucleus. The impact of the core radius was
tested for four Li salts by generating a set of modified pseudopo-
tentials with different core radii'??. The comparison in Fig. 6
shows that reducing the size of the core region can trigger im-
portant changes in the predicted EFGs, lowering the calculated
Co with only minor impact on n (c.f. Supplementary Information
Fig. S2). Although these results can be interpreted as a reduc-
tion in the overestimation of Cp, their reliability requires a more
detailed investigation in the Discussion.
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Fig. 6 Test with harder CASTEP PP. By changing the core radius r,
for the Li PP in CASTEP (default r. = 1.0), we demonstrate the effect
of a smaller Li pseudized core region on the simulated Cp for four Li
compounds (LilO3 %, Li,CO3 21, Li,B40787, LiB3054!), with PBE, fixed
cell geometries, and supercells. The dashed diagonal line indicates the
limit of ideal correlation.

For ’Li, we could also find experimentally determined eigenval-
ues of the EFG tensors for Li;B407, LiNbO3, LiCsB¢O;o (Group 1)
and LiB;Os (Group 2)*' (c.f. Supplementary Information Tab.
S5). Together with the principal components Vj; derived from
the experimental Cp and 7, the correlation plot Fig. S4 (Supple-
mentary Information) shows, that CASTEP is able to predict these
quantities quite reliably. However, the systematic overestimation
observed for Cy is naturally reproduced by the notable overesti-
mation of V,;. But also V, and V,, are overestimated, supporting
the hypothesis of a shielded nuclear electric quadrupole moment,
which does not become apparent in the i correlation in Fig. 5.

For LiB3Os, LiNH4SO4, and y-LiAlO,, the full experimental
EFG tensors are available in literature*1:42.97:109 (Group 2).
Fig. 3 (blue and greens) shows the comparison of the series of
tensors. The DFT simulations can reproduce the experimental
values with a MAE of 15% of the experimental values, hence
predicting the orientation of the EFG tensor with reasonable
accuracy. Nevertheless, also for LiB3Os, LINH4SOy4, and y-LiAlO,,
we observe the systematic overestimation of the magnitude Cyp
as described before.

In contrast to 2’Al, the quadrupolar coupling of "Li proves to
be more challenging to simulate reliably with CASTEP. Geometry
relaxation and xc-functional once again do not show any signifi-
cant impact as such, whereas the case of LiNH4SO4 demonstrates
clearly the crucial importance of the correct representation
of local atomistic structure and symmetry in particular on 7.
However, the CASTEP implementation of PBC does not prove to
be robust to supercell effects, providing inaccurate results for
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primitive unit cell simulations in pal%tcf(lfulf)a%o 814%%1%?10875 Salues.
Furthermore, the PP approximation appears to reach its limits for
7Li, which presumably results in the systematic overestimation
of Cp for "Li. Nevertheless, considering the linear correlation
between experiment and DFT calculated 7 values, the choice
of approximations and computational schemes implemented in
CASTEP performs quite well and predicts n with a MAE of 0.10
and a scaling factor of 0.80.

Quantum ESPRESSO and CASTEP are both PP-GIPAW, plane
wave DFT codes, describing the electronic structure within the
same basis based on the same physical picture and approxima-
tions. Our Quantum ESPRESSO simulations follow the workflow
described for CASTEP as closely as possible. The xc-functional
and the crystal geometries are identical, while the computa-
tional settings and convergence parameters are chosen to reflect
the CASTEP ones as accurately as possible. While the results
for 27A1 Cop are almost identical between CASTEP and Quantum
ESPRESSO (Fig. 1) and follow a comparable trend for 2’Al  (Fig.
2), "Li reveals major discrepancies.

The default GIPAW-PPs of CASTEP and Quantum ESPRESSO
for Li and Al are based on the same assignment of core and
valence electrons for each element. Nevertheless, other PP key
values such as core radius, number and angular momentum of
projectors, local and non-local channels as well as the parame-
terization are not comparable. For 27Al, transferability between
the codes does not suffer despite the different default PPs. The
smaller 7Li on the other hand is more sensitive to modifications
in the PP. Moreover, the sizable supercell effect demonstrated for
7Li in CASTEP, which is not detectable in Quantum ESPRESSO,
proves that the implementations though based on the same phys-
ical descriptions are distinctly different. In order to get compara-
ble accuracy and reliability for 7Li EFG calculations in Quantum
ESPRESSO, a similar, detailed testing and workflow optimization
as described above for CASTEP is necessary but beyond the scope
of this work. It is just important to stress that simulation strate-
gies and workflows cannot necessarily be transferred between
codes, even if they are based on the same physical principles.

4 Discussion

In recent decades, the PP-GIPAW method has established itself
as the standard method for calculating NMR properties for crys-
talline solid state materials ranging from CSA, indirect spin-spin
coupling to quadrupolar coupling 1217123, At first glance, the PP
approximation of the electron density in the core region by an
effective core potential appears counterintuitive for simulating
interactions of nuclear spin with its environment. However,
the reconstruction of the all-electron electron density from the
converged, pseudized electron density with the GIPAW method
has proven to be an efficient and reliable approach to predict
nuclear interactions with robust accuracy for a wide range of
materials 124125,

Our results for *Al Cp quadrupolar observables and their
excellent agreement with experimental references confirm the
PP-GIPAW method as a powerful tool for EFG predictions, sup-
porting NMR crystallography as has been shown before 126, While

Journal Name, [year], [vol], 1-6 |7


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00075g

Open Access Article. Published on 13 May 2024. Downloaded on 5/17/2024 7:56:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Faraday Discussions

27Al is one of the most commonly studied quadrupolar nuclei
in SS-NMR and well described in the PP picture, our literature
survey confirms, that 7Li is not as widely studied and challenges
the PP approximation. On the one hand, previous benchmarking
has shown accurate predictions of 7Li chemical shifts with
PP-GIPAW methods!®. On the other hand, the EFG tensor is
highly sensitive to small changes and aspherical asymmetries of
the electron density near the nucleus?, since it depends with r—3
on the charge distribution and its symmetry 7. Furthermore, it is
known that the polarization of the K-shell electrons in a magnetic
field induces a local quadrupolar moment, which counteracts
the nuclear electric quadrupole moment Q and yields a reduced
effective quadrupole moment!17-119, The K-shell polarization
is most pronounced for first and second period elements. In
addition, elements on the left side of the periodic table have been
reported to struggle with a precise representation of shallow core
states in the plane wave basis, where electrons of the shell below
the valence shell (n — 1) have semi-core character and need to be

described as quasi-valence electrons?.

Several examples show that PP-GIPAW predictions of Cgp
for 7Li and other light nuclei?®127 suffer from a systematic
overestimation?!. Our simulations exceed the experimental Co
by about 20% (12% without hex-Li3Pn) on average, which is well
in line with reported overestimation factors for "Li of 1.202!,
1.15'%7, and 1.11118.

Specific modifications of the Li PP and CASTEP test calcula-
tions with harder PPs support the hypothesis that the systematic
overestimation for 7Li Cp might originate from the inadequate
description of the K-shell polarization and/or the semi-core states
in the default PP picture. However, harder PPs require much
larger plane wave basis sets for convergence and hence increase
the computational cost by orders of magnitude. Moreover,
development of reliable, transferable, robust, and versatile PPs
is an art in itself. Our test Li PPs have not been optimized
or tested beyond their convergence with cut-off energy and
they have not been benchmarked against other properties such
as energies, forces, or band structure, not even against other
NMR parameters, e.g. CSA. The harder Li PPs with smaller
core regions have only been used to test the hypothesis that
a better, i.e. explicit treatment of the electron density close
to the nucleus improves the agreement of simulated Cp with
experimental values. Modifying PPs to improve agreement with
experimental reference values is strongly discouraged, even if it
can be physically justified. Instead, linear correlation relation-
ships offer a viable and robust tool to translate between DFT
simulated quadrupolar couplings and experimental observables,
which is both computationally efficient and transferable to other
systems within the limits of the applied methods, settings, and
parameters.

The strong sensitivity of the EFG tensor to the local charge
distribution is not only expressed in the significance of K-shell
polarization and semi-core states, but also in any factor that
potentially impacts the accuracy of DFT-derived electronic
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densities. Several of these factors are comﬁuta 1onal” param-

eters, which can be converged, such as basis set size, k-point
grid, integration grid, convergence threshold etc, and are not
discussed here. More general computational settings, which
cannot be converged, include xc-functional, crystal geometry,
and supercell effects. In order to establish a robust and reli-
able linear interpolation scheme, these factors need to be studied.

For ionic, diamagnetic 2’Al and ’Li compounds, we could show,
that the xc-functional and geometry relaxation have only minor
significance and can be disregarded. However, this observation
cannot be generalized. Compounds and elements with more
covalent type binding character, hydrogen bonds, or m-orbital
interactions might not be adequately represented by LDA or
GGA but might benefit from hybrid xc-functionals. Naturally,
crystal geometry and the local atomic environment has a major
impact on the electron density throughout the material as well
as close to nuclei. The observed, negligible impact of geometry
relaxation arises from the very accurate, experimental crystal
structures, where additional first-principles relaxations do not
show any major change in atomic coordinates anyway. The most
notable exceptions are materials containing hydrogen, such as
LiNH4SOy, since H does not scatter very well and its position
cannot be determined reliably with XRD. Hence, fixed cell
optimizations have been reported to improve prediction accuracy
of DFT-derived NMR properties 10°.

The supercell effect, which we have introduced above, is a
collective term comprising any change in the computed property
by simulating supercells or conventional instead of primitive unit
cells. Supercell effects might arise from the implementation of
integration grids, the treatment of crystal symmetry !>, charge
augmentations 11, or any physical approximations applied in the
PBC, which might be stretched beyond their limits of validity.
Besides, supercell effects might only affect certain elements (e.g.
light elements), certain crystal symmetries (e.g. hexagonal) or
cells (e.g. small unit cells). Therefore, testing for supercell effects
is expedient to rule out any obscure inconsistencies between
simulation and experiment.

In general, the PP-GIPAW method is verified as a powerful tool
for simulating EFG tensors and quadrupolar observables in pe-
riodic solids as demonstrated by the good accuracy of the pre-
dicted EFG tensor orientations with respect to the crystal lattice.
Even for challenging nuclei such as ’Li, the PP approach can be
successfully applied, if certain measures are taken. With care-
ful benchmarking of the nucleus and material class of interest, a
transferable interpolation scheme has to be derived, which is only
valid for the specified set of method (i.e. software), settings (i.e.
xc, basis set and k-point grid convergence), and approximations
(i.e. PP, PBC), but can then be utilized for production calculations
of unknown, more complex materials.

5 Conclusion

The performance and accuracy of the plane wave PP-GIPAW DFT
method for computing quadrupolar couplings has been bench-
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marked before31:128 | even specifically for 2’A11:197, In this work,

we focus on the less well-studied quadrupolar nucleus Li and
compare it with the widely known 2’Al, including a comprehen-
sive literature survey and summary of the available experimental
data. To the best of our knowledge, we report the first EFG refer-
ence scale for Li.

We evaluate the performance of the plane wave PP-GIPAW DFT
method, using CASTEP and Quantum ESPRESSO, and investigate
not only the magnitude of the quadrupolar coupling Cp, but also
the shape of the EFG tensor 1 as well as its orientation given
by the experimental direction cosines. Testing the impact of xc-
functional, structure relaxation, PP, and supercell effects on the
accuracy of the theoretical prediction, the simulations prove to
be robust and reliable for 2’Al. 7Li however exceeds the limits
of the PP approximation and shows considerable supercell effects
in CASTEP. Based on benchmarking well-known reference sub-
stances, we propose practical guidelines for establishing a trans-
ferable linear correlation scheme for challenging nuclei such as
7Li, which can then be applied to translate between theoretical
simulations and experimental results of unknown, complex mate-
rials. Using this in depth scrutinised and optimized linear corre-
lation scheme, the simulated Cy and 71 for both 7Li and ?’Al are
in good agreement with experiment with an average error on the
order of 10% to 20%, while the accuracy of the predicted tensor
orientation is excellent.

The PP-GIPAW method competes with all-electron methods,
which avoid the PP approximation but are technically more
complex for periodic systems and computationally more expen-
sive®17,  More recently, solid state cluster embedding meth-
ods 129-132 have been developed for NMR properties, which de-
scribe the immediate environment of the nucleus of interest at all-
electron level and embed it in layered shells of classical molecular
mechanics and point charges to mimic the long range interactions
of a bulk material. While methodologically rather complex, the
embedding method is very promising, especially for aperiodicities
such as defects or disorder and for amorphous solid phases.
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