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Persona of Transition Metal lons in Solids: A Statistical
Learning on Local Structures of Transition Metal Oxides

Huaxian Jia, Matthew Horton, Yanan Wang, Shengjie Zhang, Kristin A. Persson,*

Sheng Meng,* and Miao Liu*

The local structure of a transition metal (TM) ion is a function of cation
elements and valence states. More than that, in this work, by employing a
trove of first-principles data of TM oxides, the local structures of TM cations
are statistically analyzed to extract detailed information about cation site
preference, bond length, site structural distortion, and cation magnetization.
It is found that cation radius alone poorly describes the local structure of a
transition metal oxide, while the statistics of coordination number as well as
the TM-O bond length distribution, especially that of the 3d TMs, can provide
comprehensive knowledge for understanding the behavior of TM elements.
Based on these statistics, the interplay of site distortion due to the Jahn—Teller
effect, cation site similarity, and a new set of ionic radii are all obtained to

chart the “persona” of transition metal ions in solids.

1. Introduction

The sizes of the atoms and their site preferences in a solid are im-
portant aspects of the elements. It was realized by Dalton that the
atoms can be categorized into particular element species with-
out knowing their radii. Wyckoff found that each element should
have a finite atomic size to rationalize the crystallographic data
from X-ray measurements.[!l The Bohr model of atomic struc-
ture, published in 1913, suggested that the size of an atom should
be species-dependent. Later, Goldschmidt and Pauling proposed
the concept of “ionic radius” independently.”?! Pauling even devel-
oped the concept of “resonated metallic valence” to understand

the variation of atom radius in alloys,
whose size is also a function of electronic
structure.[*] For ionic compounds, it gets
even more complicated because of the in-
troduction of valence states. At present, the
most widely used ionic radius values are a
set of effective ion radius data based on ox-
idation states, coordination numbers, and
spin states, published by Shannon and Pre-
witt in the 1970s, derived from a statistical
analysis of existing crystallographic datal*l
available at that time. Harnessing the large
trove of crystallographic data now available,
which is several times larger than thatin the
1970s, the ionic size definition can be revis-
ited in a more comprehensive fashion.
Shannon’s ionic radii are obtained from
~700 experimental crystal structures in the
1970s.1 Because of the insufficient data, the ionic radius is
mostly an average over a few data points, therefore the value
of ionic radii may not be able to capture the correct statistical
trends of bond-length distribution over the vast material phase
space. More importantly, some useful information might be over-
looked by not surveying enough data. For example, what is the
bond-length distribution of ions in solids? Are the octahedral
and tetrahedral sites typically geometrically distorted? And, to
what extent are they distorted? Currently, the size of the ex-
perimental dataset, accumulated in the past several decades by
crystallographic scientists worldwide, exceeds ~200 thousand
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crystal structures (e.g., ICSD), ~10 times larger than that of Shan-
non’s age.l’l However, there are only ~60 000 nonidentical crystal
structures after removing duplicated structures and disordered
structures.[®] Therefore, the latest statistical studies on the lo-
cal bond-length distribution of alkali and alkaline earth metals,!”]
metalloids, post-transition metals,[®] TMs,[°! and the study of co-
ordination environment,[' have been carried out over a small
data size (2100 structures per cationic species): too few to extract
a high-resolution distribution of bond lengths and atomic size
variations.

Fortunately, the recent advances of high-throughput first-
principles calculations (e.g., Materials Project, OQMD, and
atomly.net, etc.) boost the data size of inorganic crystals to an
even larger scale (=140 000-1 000 000 inorganic crystal struc-
tures), well exceeding the size of experimental datasets.'!] In
addition, those databases provide additional information of in-
organic compounds, such as the formation energy, magnetiza-
tion, as well as the high-resolution crystal structures, covering
a vast phase space of inorganic crystalline structures. Hence, it
is worthwhile to revisit this classical topic of ionic radius, as the
availability of abundant data brings new knowledge of the local
structures of materials at the atomic level.

This work statistically studies the local structures of the TM
oxides, especially the 3d metal oxides, by employing the compu-
tational data of %120 thousand inorganic compounds from Mate-
rials Project (MP).['"3] We obtain a comprehensive picture of the
local structures of TM cations, such as the site preference, cation
sizes, and site symmetry distortion, as a function of valence and
magnetic states. Although the crystal structures from the density
functional theory (DFT) at the PBE+U level!?! usually overesti-
mate the lattice parameters by 1-2% and sometimes 3% (Table
S1, Supporting Information) compared to the experimental val-
ues, the calculated structures can capture the overall trend of the
cation size distributions as well as the structure distortion in a
fairly accurate manner.3! It is found that the TM cations gener-
ally prefer 6-coordinated octahedral sites, unless there is a large
ionic potential. The ionic sizes of 3d TM metals are generally in
good agreement with Shannon’s ionic radii, however, the statistic
distribution of the bond lengths is a function of the valence states,
compound stability, and magnetization of cations, hence it pro-
vides a unique and detailed persona to describe the local struc-
tures of cations. Each cation has its own personality, for example,
Cr* prefers octahedral site with a small span of bond lengths,
while the V°* can fit into either octahedral or tetrahedral sites
with a large span of bond lengths. The statistical analysis also
demonstrates the spin states and the Jahn-Teller effect of TMs in
solids, which manifest the orbital-related electronic structures of
compounds. Knowledge of the local structural similarity can then
be clearly extracted from the data, hence helping us understand
the atomistic mechanisms (e.g., the intercalation phenomena in
energy materials) and guide the rational design of materials (e.g.,
via species substitution).

2. Results

The TM cations have preferred “shapes” in oxides. Figure 1
presents the statistical coordination numbers of TM cations sur-
rounded by oxygen anions, which reveals the site preference of
3d, 4d, and 5d TM cations (except for the Tc, Os, Pt and Au as
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the data for those compounds are fairly limited). As shown in
Figure 1, it is found that most of the TMs favor octahedral en-
vironments over the tetrahedral environment in oxides. The V>*,
Cr®*, Mo®* and Re’* are exceptions, as they tend to form the tetra-
hedral environment not only because they all have a small radius
to fit into the smaller space in tetrahedral sites, but more impor-
tantly, the presence of the second-order Jahn-Teller (SOJT) effect
in d° and d' TM cations tends to destabilize and deform the oc-
tahedral sites.!'*] Some cations, such as the Ni** and Co**, have
equal or even smaller radius compared to that of V>*, but still lean
toward forming the octahedral structures when SOJT is weak.
Overall, SOJT-active cations are likely to stay in an off-centered
low-symmetric environment. Pd?* favors the 4-coordinated pla-
nar site, which can accommodate the larger-size cations.

It also can be observed that the site preference is a function
of ionic potential, which is defined as the ratio of the electrical
charge (Z) to the Shannon'’s ionic radius (r) of an ion, ¢ = Z/r.
As shown in the inset of Figure 1, the tetrahedral coordination-
preferred cations are all located in the upper right corner of the
plot, while the octahedral-coordination-preferred ones stay in the
lower left. This, to some extent, violates the classical Pauling
rule in solid-state chemistry, which states that the smaller central
cation tends to exhibit low-coordination numbers., E.g., the size
of Cr** (75.5 pm) is smaller than Zn?* (88 pm), but Cr** prefers
the octahedral site, while Zn?* is more likely to reside in the tetra-
hedral site. Overall, the ions in solids should not be described as
hard spheres with a fixed radius but, rather, the polarization of
ions should be taken into account to be able to determine their
site preference.!14<1]

The TM—-O bond lengths are very important features for
TM oxides. Since octahedral coordination is preferred for most
cations, Figure 2 demonstrates the distribution of 3d TM-O bond
lengths for octahedral TM sites, extracted from a computational
dataset of 100 944 distinctive TM sites from 19 341compounds,
in which 15 719 octahedral sites in 3251 structures are origi-
nally from the ICSD. All structures were fully relaxed by first-
principles calculations, and the statistical results of the TM—O
bond-length distributions are obtained by taking all the O atoms
in the first shell into the count. Previously, Shannon et al. em-
ployed the average bond lengths of the six bonds in each octahe-
dral site, which smoothed out the distortion of the octahedron!*
limited by the small dataset he had at that time. Taking the ad-
vantage of the high-quality materials database as of today, here,
we are able to take into account the anisotropy of octahedral
site, the thermodynamic stability and the magnetization of com-
pounds. In Figure 2, the shades of the color denote the ther-
modynamic stability (energy above the hull) of each compound,
and the “canonical” bond-length statistics on the left is normal-
ized by the Maxwell-Boltzmann distribution according to the
thermodynamic stability of each compound, indicating that the
bond lengths are weighted toward more thermodynamically sta-
ble compounds to prevent unstable, theoretical compounds from
biasing our conclusions. The ionic radius from Shannon’s work
is marked as a black dashed line.

As shown in Figure 2, the overall trend of bond lengths and
their dependency versus the cation valence primarily agree
well with the work of Shannon,[*! however, the values of the
bond lengths are fairly different. Since the TM—O bond length
of cations falls into a range and each cation has its signature

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. The site preferences for transition metal (TM) cations in solids. According to the statistics of the 54 379 distinctive TM sites in 32 055
compounds, the coordination numbers of the 25 TMs are extracted/sorted as a function of their valence states (number of d orbitals). In the figure, the
likelihood of the coordination number (range from 2 to 8) of a TM cation to exist is shown as the area of the corresponding circles. The inset presents the
ratio of the 4 to 6 coordination versus ionic potential of each cation species, and the octahedral-site-preferred cations generally appear on the bottom-left
side. The deeper the color indicates the stronger the second-order Jahn-Teller effect.

distribution, the previous use of a single value to define the ionic
radius is less informative. In most cases, the bond length of the
cation falls within a 0.2-0.3 A range, and some cations, such
as V°*, Cr?*, Mn**, Co**, Cut, Cu?*, and Cu’*, exhibit a wide
distribution of the bond lengths, up to 0.4-0.8 A. For example,
the TM-O bond length of Mn** spans from 1.91 to 2.35 A,
with at least two peaks at 1.97 and 2.26 A. Those wide-span or
multiple TM-O lengths have a clear connection with the cation
magnetization (Figure 3a), as the 3d electrons of those cations
can be modulated into multiple spin-polarization states, e.g., the
TM-O0 length of Ni** (magnetic state is around 1-2 y;) spreads
over a wide range from 1.89 to 2.23 A, because Ni** is Jahn-Teller
(JT) active. The Co** is also JT active, and its bond length can be
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decomposed into the low, intermediate, and high spin states as
shown in Figure 3c. Under octahedral crystal field, the low spin
(LS) state corresponds to a high-symmetry configuration owning
to its highly degenerated t,, orbitals, whereas the intermediate
spin state demonstrates the JT effect as the 1/3 of the bonds are
elongated. The high spin Co** state is energetically less favorable
due to spin polarization, with most of the compounds having an
elevated energy above hull (~60-100 meV per atom), signifying
that the energy needed to populate the electron from t,, to e,
is & 30-50 meV/uy. Similarly, the JT effect can also be statisti-
cally identified in the Cr?*, Mn**, Cu?* and Cu’* (LS) cations
(low/high spin state of Cu** are shown in Figure S1, Supporting
Information).

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. The distribution of 3d TM-O bond length. In each subplot, the right side presents the distribution of the TM—O bonds, and the left side
represents the normalized “canonical” TM—O bonds according to the thermodynamic stability. The black dashed lines mark the TM—O bond length
from the Shannon radius, and the white dashed lines demonstrate the TM—-O bond lengths of this work, which normally differ from the Shannon’s value
by up to ~3%, sometimes even larger (such as Cu** and Cr°*), depending on the cation.

The local structure similarity can be reflected from the overlap
area of the “canonical” bond length distribution. For example, the
bond lengths distribution of Fe3* and V3* have a very large inter-
section, hence the geometry of Fe** site should be able to accom-
modate the V** comfortably, as shown in Figure 4b. Extending
the same treatment to all 3d TM cations, Figure 4a is obtained as
a “map” to chart the similarity of cations. Essentially, it represents
the likelihood for cations to substitute each other in compounds.
Those cations are hierarchically clustered via machine learning
and ranked according to their local structure similarity, so that
the most similar cations are placed next to each other on the plot.
In general Figure 4a can serve as a synthetic guidance for justi-
fying the chance of cation substitution or doping, e.g., Fe’* and
V3* have a similar local environment and the same valence state,
hence, it is feasible to discover new vanadium oxide materials
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from isostructural iron oxides.[®! It is noticeable that Figure 4a is
similar but differs from the Figure S2 (Supporting Information),
which is a similarity diagram of cations only based on the ionic
radius. It is suggested that the radius of cations alone is unlikely
to address the site preference precisely. The similarity map based
on the Jensen-Shannon divergence, as charted in Figure S3 (Sup-
porting Information), is in line with Figure 4a. Previously, similar
work was done using a much smaller dataset for several cations
(only 7 TM cations),!’”] and this work is conducted with a much
larger dataset to chart the similarity for all TM cations.

Figure 4a can also be used to rationalize the structural changes
of cations during chemical reactions in some cases. As shown
in Figure 4c, the local environment of the Co cation changes
only slightly when transiting from the 3+ state to 4+ state dur-
ing lithiation, therefore Co-containing compounds often serve as

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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effective Li intercalation hosts, whereas Mn tends to have large
structural change when transitioning from 2+ state to 3+. This
explains why it is generally challenging for a TM to reversibly
change its valence state more than one step (e.g., from 2+ to 4+)
in intercalating battery cathodes as it usually requires a signifi-
cant change in cation local structure. It also tells us that the Ni,
Mn, and Co are mixable to form disordered Nickel-Manganese-
Cobalt (NMC) cathode as the Ni, Mn, and Co sites share a simi-
lar local environment during the electrochemical reactions.[*®] It
hints that Cr can be incorporated into disordered rock salt cath-
ode materials with Mol'! and Mn,!?®) according to the similarity
of cations in their respective local structure during redox reac-
tions.

3. Discussion

The degree of dispersion in distributions of TM—O bonds is an
important character of TM cations, which cannot be described
through the constant values of the ionic radius. The dispersion
level of bond lengths represents the degree of symmetry of the
cations. Cr** (3d%), Mn** (3d®) and Co** (3d°, low spin) are the
types of cations that prefer highly symmetric octahedral environ-
ment with oxygen anions, while the d° metals such as the Y**,
V5*, and Mo®* like low symmetry octahedral sites.[?!] Cr2*, Mn3*,
Co’* (intermediate spin), Ni**, Cu?*, Cu** cations can manifest
a strong Jahn-Teller effect, therefore these cations are more com-
fortable staying at a low-symmetry and strongly distorted octahe-
dral environment.

It is often possible to see multiple peaks for the TM—O bond
length, especially when the octahedrons are distorted, and since
these distortions can be very strong., E.g., Co*" has two bond
length peaks due to their magnetic states. As shown in Figure 3a,
there is an interplay between magnetic moment, electronic or-
bital configuration, and the geometric structure, hence it is fea-
sible to further split the cation local structures into sub-groups
according to their spin state, which cannot be done within the
framework of Bond Valence method.'*! Cu** and Cr>* have two
bond length peaks, and Ni** has more than two bond length
peaks, as they have multiple spin states too.

The data employed in this work is all from the first-principles
calculations, which is often systematically 1-2% (sometimes up
to ~3%) off compared to the experimental values (Table S1, Sup-
porting Information), but they are highly comparable among the
theoretical data provided that they are calculated by the same
method. The calculated crystal structure has an even higher reso-
lution up to 0.01 A, when the magnetism and subtle lattice distor-
tion are captured at the atomistic level, and with thermal expan-
sions eliminated. It is found that when many calculated TM—-O
bond lengths are off by more than 2% compared to the experi-
mental value, those experimental values (such as V**, and Cu’*)
may need to be updated.**! Based on the calculated data, a ta-
ble of cation radii distribution is summarized as a supplement
to Shannon’s ionic radii (Table 1). The table contains the trends
and distributions of the local structure of TM cations, and as such
the “persona” of transition metal ions in solids can be clearly re-
vealed.

The cation similarity shown in Figure 4a may significantly ex-
pand the phase space of the inorganic compounds. Currently,
there are 88k known TM-containing compounds in Materials
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Project, 27k of which are from ICSD. Employing those com-
pounds as the starting structures, we have generated another
~290k new structures, and ranking them with the site similarity
“map” as shown in Figure 4a. After the calculation of the top 62k
compounds, we found that 12k new compounds fall into the ther-
mostability region with a small energy above hull of 50 meV per
atom or less, whereas 5k new compounds have an energy above
hull even smaller than 20 meV per atom. These new lists of com-
pounds can be found from the atomly.net materials database.[!!¢]
Likely, there is a large amount of phase space of possible inor-
ganic compounds out there awaiting discovery.

4. Conclusion

By harnessing the recent advance of the high-quality computa-
tional data of inorganic compounds, it is now feasible to extract
the local structures of TMs in those compounds in a rigorous and
comprehensive manner. In addition to the ionic radius obtained
by pioneering scientists like Shannon, we are now able to extract
the detailed local structures of TM cations, including the TM—O
bond distribution and local magnetic moments. Hence, the “per-
sona” of the TMs in oxides, and especially their site preference,
cation size and site symmetry distortion as a function of valence
and magnetic states, are statistically obtained in this work. The
local structure similarity obtained thereafter has profound impli-
cations for designing new materials. Along with the availability
of more high-quality data, a new paradigm of materials science
is around the corner to help us understand the material world in
a more precise manner.

5. Experimental Section

A total of 12 0612 different inorganic crystal structures from the Mate-
rials Project database version 2019.05 were used in this study.

Determination of lonic Crystals: Compounds containing both metallic
and strongly electronegative elements (N, O, S, F, Cl, Br, I, P, Se) as ionic
crystals were considered, and a total of 81278 ionic crystal structures were
obtained. The local structures of the crystals were then analyzed by using
the bond valence method!?2] in pymatgenl?®] to determine the valence of
each atom. After the removal of 14 889 structures with nonassignable va-
lence states, 66 389 structures remained.

Determination of Coordination Numbers:  The CrystalNN algorithm was
used to determine the coordination number of cations in crystals.[?4] To
distinguish the square planar motif from tetrahedral motif in some four-
coordinated cations, e.g. Pd?*, ChemEnv was used to provide a detailed
description of the coordination information.[?’] The detailed statistics of
all the four-coordination cations are shown in Figure S4 (Supporting Infor-
mation). All implementations above are available in the pymatgen library.

Statistical Analysis:  Oxygen coordination information was counted for
all transition metal ion crystals. In each structure, different valence states
of the same transition metal combined with different coordination num-
bers contributed a statistical sample (e.g., Fe3+:6, Fe4+:4...). To eliminate
the influence of unstable structures on the coordination statistics results,
structures larger than 300 meV per atom were not considered in the statis-
tics.

The bond lengths in each structure were calculated using pymatgen,
each M-O bond length in the cell was considered as a sample. When
counting the bond length distribution, for each bond length sample, a
weighting factor was introduced:

W= — !

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. The list of ionic radius and bond-length distributions for 3d transition metals.

Cation Pool size for ~ MP radius Shannon MP vs Shannon radius ~ Jahn— Bond length of Bond length of Peak2 to Mean bond length +
species statistics A radius [A] (%) (Al Teller  Peakl (FWHM) [A] Peak2 (FWHM) [A] Peak1 height SD [A]
activity ratio
e 7.4k 0.870 0.885 —0.015 (=1.7%) 2.116 (0.048) 2.130 + 0.061
T3t 12.0k 0.792 0.81 —0.018 (-2.2%) 2.040 (0.117) 2.052 +0.072
Titt 65.1k 0.730 0.745 —0.015 (—2.0%) 1.977 (0.066) 1.990 + 0.091
V2t 7.2k 0.909 0.93 —0.021 (—2.3%) 2.174 (0.057) 2.169 + 0.076
V3+ 28.0k 0.790 0.78 +0.010 (+1.3%) 2.050 (0.069) 2.050 + 0.062
Yaas 31.4k 0.715 0.72 —0.005 (=0.7%) 1.983 (0.125) 1.975 + 0.099
Vs 15.1k 0.661 0.68 —0.019 (-2.8%) 1.899 (0.119) 1.921 +0.149
crt 6.5k 0.918 0.94 —0.022 (-2.3%) 2.060 (0.144) 2.401 (0.039) 0.20 2.178 £0.160
Crt 27.4k 0.766 0.755 +0.011 (+1.5%) 2.032 (0.038) 2.026 + 0.049
Crt 11.7k 0.710 0.69 +0.020 (+2.9%) 1.975 (0.084) 1.913 (0.010) 0.54 1.970 + 0.059
crs+ 2.4k 0.691 0.63 +0.061 (+9.7%) 1.984 (0.046) 1.906 (0.018) 0.54 1.951 + 0.084
Mn2* 28.4k 0.951 0.97 —0.019 (—2.0%) 2.188 (0.1271) 2.211+0.103
Mn3+ 54.5k 0.782 0.785 —0.003 (+0.4%) 1.969 (0.085) 2.255 (0.017) 0.17 2.042 +0.120
Mn** 48.6k 0.695 0.67 +0.025 (+3.7%) 1.941 (0.046) 1.955 + 0.053
FeZt 22.8k 0.910 0.92 —0.010 (—-1.1%) 2.140 (0.125) 2.170 £ 0.101
Fe3+ 61.9k 0.788 0.785 +0.003 (+0.4%) 2.048 (0.0771) 2.048 +0.076
Fe*t 7.0k 0.717 0.725 —0.008 (—1.1%) 1.961 (0.044) 1.977 + 0.068
Co?* 20.6k 0.865 0.885 —0.020 (-2.3%) 2.120 (0.089) 2.125 +0.096
Co**(LS) 7.2k 0.689 0.685 +0.004 (+0.6%) 1.933 (0.048) 1.949 + 0.037
Co*t(IS) 11.5k 0.735 1.935 (0.069) 2.119 (0.019) 0.17 1.995 + 0.109
Co** (HS) 30.5k 0.774 0.75 +0.024 (+3.2%) 2.025 (0.153) 2.034 + 0.090
Co*t 19.0k 0.666 0.67 —0.004 (=0.6%) 1.898 (0.043) 1.926 + 0.079
Ni2+ 24.8k 0.837 0.83 +0.007 (+0.8%) 2.078 (0.081) 2.097 +0.076
Ni3* 17.1k 0.764 0.74 +0.024 (+3.2%) 2.029 (0.181) 1.983 (0.010) 0.82 2.024 + 0.087
Ni4+ 4.8k 0.688 0.62 +0.068 (+11.0%) 1.891 (0.032) 1.948 + 0.082
Cut 1.7k 0.966 0.91 +0.056 (+6.2%) 2.286 (0.107) 2.086 (0.100) 0.57 2.226 +£0.172
cu?* 13.8k 0.873 0.87 +0.003 (+0.3%) 1.992 (0.123) 2.421 (0.138) 0.21 2.133 +0.201
Cudt(LS) 1.5k 0.764 0.68 +0.084 (+12.4%) 1.954 (0.130) 2.468 (0.061) 0.29 2.024 +0.186
Cud(HS) 1.3k 0.783 1.991 (0.081) 2.043 +0.076
Zn?t 12.0k 0.905 0.88 +0.025 (+2.8%) 2.150 (0.124) 2.165 +£0.136
to avoid duplication introduced by cell symmetry (n represents the total Acknowledgements

number of bonds of a certain transition metal ion boanalyzed in a sample
of compounds, and ¢ represents the number of coordination sites for that
ion; in this paper, ¢ = 6). The bond length in each crystal structure cor-
responds to a unique AE,,;, and thermodynamically unstable structures
with a AE,, greater than 300 meV per atom were not counted.

Normalized “canonical” TM—O bond length distribution was obtained
by Gaussian kernel density estimation function in the SciPy package,[2°]
and a bandwidth of 0.15 A was chosen for all cations.

For statistical analysis of bond lengths with magnetic moments, the
weighting factor for the bond length statistics was determined in the same
way as above, and the bond length in each O-octahedron of the crystal
structure is associated with a unique magnetic moment.

Python module statsmodels?’] was used to calculate the weighted
mean and standard deviation of bond lengths. Peak locations and peak
widths were determined by SciPy, full width at half maximum (FWHM)
was used, which was the width at the relative height of 0.5.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Adv. Sci. 2022, 2202756

2202756 (8 of 9)

The authors would acknowledge the financial support from the Na-
tional Key R&D Program of China (No. 2021YFA0718700) and Chi-
nese Academy of Sciences (Nos. ZDBS-LY-SLH007, XDB33020000, CAS-
WX2021PY-0102). Materials Project data availability and associated anal-
yses were supported by the Materials Project, which is funded by the
U.S. Department of Energy, Office of Science, Office of Basic Energy Sci-
ences, Materials Sciences and Engineering Division, under Contract No.
DE-AC02-05-CH11231: Materials Project Program KC23MP.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are openly available in

materials project at https://doi.org/10.1063/1.4812323, reference number
14.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Keywords

jonic radius, Jahn—Teller effect, magnetism, statistics, transition metal ox-
ides

Received: May 11, 2022
Revised: June 29, 2022
Published online:

[11 R. W. Wyckoff, Proc. Natl. Acad. Sci. USA 1923, 9, 33.

[2] a) V. Goldschmidt, Skrifer Norske Videnskaps-Akad, Mat. Nat. KI., Oslo
1926. b) L. Pauling, The Nature of the Chemical Bond, Cornell Univer-
sity Press, Ithaca, NY, 1960; c) L. Pauling, J. Am. Chem. Soc. 1927, 49,
765.

[3] L.C. Pauling, Proc. R. Soc. London, Ser. A 1949, 196, 343.

[4] a) R. D. Shannon, C. T. Prewitt, Acta Crystallogr., Sect. B: Struct. Sci.,
Cryst. Eng. Mater. 1969, 25, 925; b) R. D. Shannon, Acta Crystallogr. A
1976, 32, 751.

[5] G. Bergerhoff, R. Hundt, R. Sievers, I. Brown, J. Chem. Inf. Comput.
Sci. 1983, 23, 66.

[6] S.P.Ong,S. Cholia, A. Jain, M. Brafman, D. Gunter, G. Ceder, K. A.
Persson, Comput. Mater. Sci. 2015, 97, 209.

[7] O. C. Gagné, F. C. Hawthorne, Acta Crystallogr., Sect. B: Struct. Sci.,
Cryst. Eng. Mater. 2016, 72, 602.

[8] O. C. Gagné, F. C. Hawthorne, Acta Crystallogr., Sect. B: Struct. Sci.,
Cryst. Eng. Mater. 2018, 74, 63.

[9] O.C. Gagné, F. C. Hawthorne, IUCr/ 2020, 7, 581.

[10] D. Waroquiers, X. Gonze, G.-M. Rignanese, C. Welker-Nieuwoudt, F.
Rosowski, M. Gébel, S. Schenk, P. Degelmann, R. André, R. Glaum,
Chem. Mater. 2017, 29, 8346.

[11] a) A.Jain, S. P.Ong, G. Hautier, W. Chen, W. D. Richards, S. Dacek, S.
Cholia, D. Gunter, D. Skinner, G. Ceder, APL Mater. 2013, 1,011002;
b) J. E. Saal, S. Kirklin, M. Aykol, B. Meredig, C. Wolverton, JOM 2013,
65, 1507; c) Atomly, https://atomly.net/, accessed.

[12] a) ). P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865;
b) V. I. Anisimoyv, J. Zaanen, O. K. Andersen, Phys. Rev. B 1991, 44,
943.

(13]

(14]

[15]

(16]
(17]

(18]

[19]
(20]
(21]
(22]

(23]

(24]

(25]

(26]

(27]

www.advancedscience.com

a) L. Wang, T. Maxisch, G. Ceder, Phys. Rev. B 2006, 73, 195107;
b) W. Sun, S. T. Dacek, S. P. Ong, G. Hautier, A. Jain, W. D.
Richards, A. C. Gamst, K. A. Persson, G. Ceder, Sci. Adv. 2016, 2,
e1600225.

a) P. S. Halasyamani, K. R. Poeppelmeier, Chem. Mater. 1998, 10,
2753; b) P. S. Halasyamani, Chem. Mater. 2004, 16, 3586; c) I. D.
Brown, The Chemical Bond in Inorganic Chemistry: the Bond Valence
Model, Oxford University Press, Oxford 2016; d) R. G. Pearson, J. Am.
Chem. Soc. 1969, 91, 4947; €) J. Mol. Struct.: Theochem 1983, 103,
25.

J. George, D. Waroquiers, D. Di Stefano, G. Petretto, G. M. Rignanese,
G. Hautier, Angew. Chem. 2020, 132, 7639.

C. Wu, F. Feng, Y. Xie, Chem. Soc. Rev. 2013, 42, 5157.

G. Hautier, C. Fischer, V. Ehrlacher, A. Jain, G. Ceder, Inorg. Chem.
2011, 50, 656.

a) C. Johnson, J. Kim, C. Lefief, N. Li, ). Vaughey, M. Thackeray, Elec-
trochem. Commun. 2004, 6, 1085; b) M. M. Thackeray, C. S. Johnson,
K. Amine, J. Kim, US patent 6677082, 2004.

J. Lee, A. Urban, X. Li, D. Su, G. Hautier, G. Ceder, Science 2014, 343,
519.

X. Zheng, Z. Xu, S. Li, Y. Zhang, . Zhang, C. Kuai, L. Tao, M. M. Rah-
man, Y. Zhang, S.-J. Lee, Acta Mater. 2021, 212, 116935.

A. Urban, A. Abdellahi, S. Dacek, N. Artrith, G. Ceder, Phys. Rev. Lett.
2017, 119, 176402.

a) M. Okeeffe, N. E. Brese, J. Am. Chem. Soc. 1991, 113, 3226; b) I.
D. Brown, Chem. Rev. 2009, 109, 6858.

S. P. Ong, W. D. Richards, A. Jain, G. Hautier, M. Kocher, S. Cholia,
D. Gunter, V. L. Chevrier, K. A. Persson, G. Ceder, Comput. Mater. Sci.
2013, 68, 314.

H. Pan, A. M. Ganose, M. Horton, M. Aykol, K. A. Persson, N. E.
Zimmermann, A. Jain, Inorg. Chem. 2021, 60, 1590.

D. Waroquiers, J. George, M. Horton, S. Schenk, K. A. Persson, G.-M.
Rignanese, X. Gonze, G. Hautier, Acta Crystallogr., Sect. B: Struct. Sci.,
Cryst. Eng. Mater. 2020, 76, 683.

P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, D.
Cournapeau, E. Burovski, P. Peterson, W. Weckesser, |. Bright, Nat.
Methods 2020, 17, 261.

S. Seabold, J. Perktold, in Proceedings of the 9th Python in Science
Conference, Austin, Texas 2010, pp. 92-96.

Adv. Sci. 2022, 2202756 2202756 (9 0f9) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



