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The electronic-structure origin of cation disorder in transition-metal oxides
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(Dated: October 17, 2017)

Cation disorder is an important design criterion for technologically relevant transition-metal (TM)
oxides, such as radiation-tolerant ceramics and Li-ion battery electrodes. In this letter, we use a
combination of first-principles calculations, normal mode analysis, and band-structure arguments
to pinpoint a specific electronic-structure effect that influences the stability of disordered phases.
We find that the electronic configuration of a TM ion determines to which extent the structural
energy is affected by site distortions. This mechanism explains the stability of disordered phases with
large ionic radius differences and provides a concrete guideline for the discovery of novel disordered
compositions.

Substitutional disorder is a common phenomenon in
transition-metal (TM) oxides and is known to affect struc-
tural and electronic properties. For example, cation dis-
order induces structural amorphization in La2Zr2O7 py-
rochlores [1], controls the magnetoresistance in Fe-Mo
perovskites [2], and affects the critical temperature of
La2CuO4 superconductors [3]. In rocksalt-type Li-TM
oxides, cation disorder determines the Li-ion conductiv-
ity [4, 5], an important performance measure for Li-ion
battery cathodes.

The technological relevance of cation-disordered oxides
creates the desire to predict whether a given composition
is likely to be disordered. While high-throughput first-
principles computations are useful to screen specific com-
position spaces for stable disordered compounds [6–9], a
better understanding of the origin of cation disorder might
lead to simple design criteria so that time-consuming com-
putations can be avoided.

For metallic alloys, the Hume-Rothery rules predict that
species with similar electronegativity form a solid solution
when their atomic radii differ no more than 15% [10, 11],
but this simple heuristic does not directly translate to
covalent and ionic materials such as oxides. For example,
cation disorder in pyrochlores has been extensively stud-
ied [12], and while the ionic radii are an important factor
for the tendency to disorder [13], species-dependent dif-
ferences in the metal-oxygen bonding [14] and electronic-
structure effects [6] have prevented the formulation of
heuristic rules to reliably predict disorder. Likewise, B-
site cation disorder in A(B′B′′)O3 perovskites has been
linked to the similarity of the ionic radius and charge of
the B′ and B′′ species, but these two parameters alone
cannot explain all experimentally observed trends [15, 16].
On the other hand, cation-disordered Li-TM oxides with
large ionic radius and charge differences are known, e.g.,
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LiNi0.5Ti0.5O2 [17] where the Shannon radii of Li+, Ni2+,
and Ti4+ are 76, 69, and 61 pm, respectively [18], which
seems to contradict the present understanding of the ori-
gin of cation disorder.
In an ordered structure, a TM has a single or few

local high-symmetry environments, whereas a disordered
structure has a large number of distinct low-symmetry
environments. Hence, the ability of a TM to disorder
will to some extent depend on how it can accommodate
such a variety of environments [14]. We demonstrate in
this letter that such an adaptability is determined by
the TM’s electronic structure. We show that d0 TMs
promote disorder while other d-electron configurations,
especially the d6 configuration, strongly prohibit disorder.
This mechanism explains the formation of solid solutions
with cation species that exhibit considerable ionic radius
differences.
As a case study we focus on the Li/TM disorder in

cation-disordered LiTMO2 compounds, which have re-
cently attracted interest as Li-ion battery cathode materi-
als [5, 19–23]. The presence of Li cations with no valence
electrons as one of the components simplifies the analysis
by focusing on the electronic configuration of the TM.
For all first and second row TMs the ground state

LiTMO2 structure is either the layered α−NaFeO2 struc-
ture or the γ−LiFeO2 structure with the exception of
LiMnO2 which forms an orthorhombic structure [8, 24].
The cation sites in these rocksalt-type Li-TM oxides are
octahedral. For a large number of TMs in the LiTMO2
composition we calculate the energy and relaxed atomic
configuration for the ground state and the disordered
structure as represented by a Special Quasi-Random Struc-
ture (SQS) [25, 26].
Structures and energies were obtained from spin-

polarized density-functional theory (DFT) calcula-
tions [27–29] using the PBE functional [30, 31], PAW
pseudopotentials [32] as implemented in VASP [33, 34],
and k-point meshes with a density of 1000 divided by the
number of atoms [35]. A Hubbard-U correction [36–39]
was employed to correct the DFT self-interaction error
(see Table II in the appendix). All DFT energies and
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FIG. 1. (a) TM site distortion in the LiTMO2 ground state structures (layered α−NaFeO2 structure and γ−LiFeO2 structure)
and in the special quasi-random structures (SQS) of all first and second-row TMs except Mn and Tc. The distortions are
decomposed into contributions from different normal mode symmetry groups. The first normal mode (ν1) corresponds to an
isotropic scaling and is not considered. ν2 is the Jahn-Teller distortion, ν3 corresponds to bending distortions, ν4 to twisting,
and ν5 describes the displacement of the TM from the center of the site. (b) Schematic of the normal modes of an octahedral
TM site grouped by symmetry (rotations and translations are not shown).

atomic forces were converged to 0.05 meV per atom and
50 meVÅ−1, respectively, and the plane-wave cutoff was
520 eV.
To more directly understand the response of the TM

electronic states on distortions of the local atomic envi-
ronment we represent the displacement of the TM and
oxygen atoms from their ideal positions in terms of the
21 normal coordinates of the octahedral MO6 structure
given in Table III. For the octahedral point group, the
normal coordinates (excluding rotations and translations)
belong to the five different groups ν1 through ν5 shown in
Fig. 1b. The symmetric stretching mode ν1 corresponds
to an isotropic scaling and does not contribute to any
distortion. The asymmetric stretching modes of type
ν2 are the modes of the Jahn–Teller (JT) distortion [40–
42]. The modes of types ν3 and ν4 describe bending and
twisting, respectively, and the modes in ν5 describe the
displacement of the cation from the center of the site.

The amplitude of the four symmetry-breaking normal
modes around the metal cations in the two ordered ground
state structures and disordered SQS are shown in Fig. 1a
for all first- and second-row TMs except Mn and Tc.
The relative distortions are given by the coefficients of
the normal coordinates in the representation of the dis-
torted octahedron D based on an ideal octahedron O,
D = O +

∑
i ciQ̃i, where Q̃i are the normalized normal

coordinates of Table III. For each group of normal coordi-
nates, the largest coefficient ci is plotted in Fig. 1a and
listed in Table IV. As seen in Fig. 1a, the site distortions
in most of the ordered layered and γ−LiFeO2 structures
range from 0 to 25% with the exception of LiCuO2 (lay-
ered) and LiAgO2 (γ−LiFeO2 structure) which exhibit
strong site distortions of type ν2 because of the prefer-
ence of d8 Cu3+ and Ag3+ for square planar coordina-
tion. Further, the other ordered compounds exhibit no or
only minor distortions (<5%) in the JT mode (ν2) and

the TM-displacement mode (ν5). Contributions of the
TM-displacement mode (ν5) are only significant for the
second-row TMs Nb, Mo, Ru, and Ag.

The situation is different for the SQS, in which all four
types of distortions are present for all of the TMs. In
addition, the magnitude of the distortions is on average
greater, and the contribution of the JT mode is greater
than 5% for most of the TMs. Interestingly, the amplitude
of the TM-displacement mode ν5 is also between 5% and
25% in each SQS. Hence, even cations that reside in nearly
undistorted sites in their ground-state structure, e.g., (d6)
Co3+ and Rh3+, will be subject to site distortions in a
cation-disordered structure.
To interpret the effect of these site distortions on

the energy of the disordered phase we consider the
band-sum expression of the total energy [43–45], U =
Eband + D with Eband =

∑occ.
i εi, where εi are the

eigenvalues of the Kohn–Sham single-electron Hamilto-
nian (i.e., the energies of the electronic eigenstates), and
the sum over the eigenvalues of all occupied electronic
states is the band energy Eband. The term D contains a
double-counting correction, electrostatics, and contribu-
tions from the exchange–correlation functional, and it is
mostly determined by pairwise interactions [43]. Eband
captures the distance and angle-dependent change of the
electronic states with the local structural environment [43].
Hence, to understand the energy trends in disordered
structures we ought to analyze the response of Eband on
site distortions.
We seek a qualitative picture of band-energy trends

for general TM oxides rather than quantitative energies
for select compositions (as these can be obtained directly
from DFT), so that a simple tight-binding (TB) model of
the electronic structure is most appropriate. As such, we
construct a model Hamiltonian for an octahedral TM site
based on the oxygen p and TM d hydrogen-like atomic
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FIG. 2. Change of the electronic states (top) and the band
energy (bottom) upon distortion of an octahedral TM site in
the direction of (a) the Jahn–Teller mode (ν2) and (b) the
TM-displacement mode (ν5). The band energies for four elec-
tronic configurations are shown: d0 (blue circles), d4 high spin
(hs, red squares), d6 low spin (ls, green line), and d8 (gray
dashed line). The energies shown in panel (a) are based on
the conventional Jahn–Teller mode (compression/elongation
in z direction) which is a linear combination of the normal
coordinates of type ν2 shown in Fig. 1b. The energy and
distortion scales are equal for both normal modes. The labels
in the top panels indicate the TM d orbitals that contribute
most for distortions along the Cartesian z direction.

orbitals in the spirit of the extended Hückel method [46],
Hij = K

Hii+Hjj

2 Sij , where Sij =
∫
φi(r)φj(r) dr is the

overlap of orbitals φi and φj , K = 1.75 is the Wolfsberg–
Helmholtz constant [46, 47], and the diagonal Hamilton
matrix elements Hii are the ionization potentials (IP)
of the oxygen p and TM d valence states. The angular
dependence of the overlap integrals is obtained from the
tables by Slater and Koster [48] for reference integrals
with appropriate radial symmetry (see section A in the
appendix).
Note that the actual choice of the (TM-species depen-

dent) IPs only affects the absolute energy of the electronic
states εi but not the relative change with different dis-
tortions, so for the present discussion we only require
that the oxygen p level lies lower in energy than the TM
d level. Thus, the choice made for the IPs does not limit
the generality of the trends discussed in the following.

Figure 2 shows the change of the electronic states and
of Eband that results from distortions in the directions of
the JT mode (ν2) and the TM-displacement mode (ν5)
predicted by the TB model. The impact of bending (ν3)
and twisting (ν4) distortions on Eband (Fig. 8) is small

compared to the JT (ν2) and displacement (ν5) modes.
Unlike the bending and twisting modes, the JT distortion
and the TM displacement directly affect the TM-O bond
length, explaining the stronger effect of these two modes
on the energy levels.
Only the five electronic states corresponding to the

TM d orbitals are shown in Fig. 2, i.e., the two eg and
three t2g states in the ideal octahedral crystal field, as the
dependence of the lower-lying states on the site distortions
is negligible in comparison. The band energies for four
d-electron configurations, d0, d4 (high spin), d6 (low spin),
and d8 are shown in Fig. 2, and the remaining d-electron
configurations can be found in Fig. 8. Note that Eband
also contains contributions from the lower lying states.
Note that, while the covalent character of the TM-O

bond varies with the TM species, the formal TM va-
lence state in oxides usually corresponds to the correct
d-electron count [49].

As seen in Fig. 2, distortions of the TM site in either
JT or TM-displacement mode lower the symmetry such
that the degenerate eg and t2g levels split. In the case of
the JT mode, the energy of the electronic states changes
approximately linearly, whereas TM displacement only
gives rise to quadratic and higher-order changes. As a
consequence, for TM displacements with amplitudes <5%,
the relative change of the electronic states is small com-
pared to the effect of a JT distortion with a comparable
amplitude. However, for distortions with amplitudes of
≥10%, the magnitude of the energy change resulting from
both normal modes is comparable.
The same general trend is seen in the band energies

(Fig. 2), as the JT distortion results in a linear change of
Eband for some d-electron configurations while the effect
of the TM displacement is at most quadratic. The net
energy change for TM displacements with amplitudes
>10% is, nevertheless, larger than for JT distortions for
most d-electron counts. JT distortions can increase or
reduce Eband depending on the electronic configuration of
the cation. TM displacements result in a steep increase
of Eband for TMs with more than four valence d electrons
and slightly stabilize d1 and d2 TMs (Fig. 8). Note that
distortions in either JT or TM-displacement mode result
in a strong increase of Eband for d6 (low spin) and d10

configurations. Finally, in the absence of t2g and eg elec-
trons, i.e., for the d0 configuration, Eband solely depends
on the lower-lying oxygen-dominated orbitals that are
always occupied. As a result, d0 TMs are least sensitive
with respect to TM site distortions, and the variation of
Eband is only minor.
A key conclusion of the original paper by Jahn and

Teller [40] is that, to first order, only distortions of type
ν2 can affect the electronic energy. Our results are fully
consistent with the JT theorem, as the TM-displacement
mode (ν5) only brings about at most second order changes
of Eband. When the TM ion is displaced from the center
of its octahedral site, one TM-O bond is elongated and a
second TM-O bond is compressed, and only the difference
of both effects is seen in Eband.
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FIG. 3. (a) Number of LiNi0.5Ti0.5O2 and LiNi0.5Mn0.5O2 configurations within a 100 meV/cation from the ground state out
of 469 distinct configurations with up to four formula units. (b) Energy per cation and TM site distortion of the 50 most stable
(b) LiNi0.5Ti0.5O2 and (c) LiNi0.5Mn0.5O2 configurations. Only TM-displacement (ν5) distortions are considered.

Most importantly, here we find that the second-order
contributions to the band energy by the TM displacement
are not negligible for the large distortions that occur in
cation-disordered Li-TM oxides with amplitudes between
5 and 25% (Fig. 1). Additionally, from the band energies
in Fig. 2 it is obvious that not only JT active TMs are
affected by site distortions, as significant energy contribu-
tions occur from distortions for any TM ion with more
than zero d electrons. Since only the band energy of d0

TMs is insensitive with respect to distortions, we conclude
that d0 TMs tolerate disordered phases even for relatively
large ionic radius differences.

As seen in Fig. 9, the DFT band energies of actual d0,
d6, and d8 Li-TM oxides (LiYO2, LiRhO2, and LiAgO2)
follow precisely the trend predicted by the TB model for
TM-displacement distortions.

TABLE I. Cation-disordered Li1+xTM1-xO2 made by conven-
tional solid-state synthesis. Li1.211Mo0.467Cr0.3O2, forms in
the layered (α−NaFeO2) structure and converts to the disor-
dered (NaCl) structure upon Li extraction and simultaneous
oxidation of Mo5+ to Mo6+ [5]. The other materials form
directly in the disordered rocksalt structure. d0 TM cations
are highlighted in bold font.

Composition TM Cations
LiMO2 (M=Ti, Fe) [24] Ti3+, Fe3+

Li1+xV2O5 [50] V3+, V5+

LiM0.5Ti0.5O2 (M=Fe, Ni) [17, 51] M2+, Ti4+

Li1.211Mo0.467Cr0.3O2 [5] a Mo5+, Cr3+

Li1.25Nb0.25Mn0.5O2 [19] Nb5+, Mn3+

Li1.3Nb0.3+xM0.4-xO2 (M=Mn, Fe, Co, Ni) [20] Nb5+, M3+

Li1+xTi2xFe1-3xO2 [21] Ti4+, Fe3+

Li1.6-4xMo0.4-xNi5xO2 [22] Mo6+, Ni2+

Li1.3Nb0.3V0.4O2 [23] Nb5+, V3+

LiCo0.5Zr0.5O2 [8] Co2+, Zr4+

a Forms in layered structure but disorders upon Li extraction.

Table I lists published cation-disordered Li-TM ox-
ides that were made by conventional solid-state synthe-
sis [5, 8, 17, 19–24, 50, 51]. Indeed, most of the compo-
sitions contain one TM species in a formal valence state
corresponding to the d0 electronic configuration: Ti4+,
V5+, Zr4+, Nb5+, or Mo6+. The Li-Mo-Cr oxide of refer-
ence 5 forms in the layered structure but becomes cation
disordered when Li is extracted and Mo5+ is oxidized
to d0 Mo6+. The only cation-disordered compositions
that do not contain d0 TM species are stoichiometric
LiTiO2 (d1 Ti3+) and LiFeO2 (d5 Fe3+) [24]. In the case
of LiFeO2, calorimetry measurements showed that the
disordered α−LiFeO2 phase is in fact significantly higher
(∼90meV) in energy than the ordered γ−LiFeO2 ground
state [52], and the formation of the α-phase during synthe-
sis has been attributed to kinetic reasons [52]. A similar
mechanism might be responsible for the stabilization of
cation-disordered LiTiO2. Hence, the literature supports
our hypothesis that d0 cations promote cation disorder.
Finally, to understand how the presence of d0 cations

within a composition with several TM species can sta-
bilize disordered structures, we systematically enumer-
ated atomic configurations of LiNi0.5Mn0.5O2, which is
known to form a layered ground-state structure [53], and
LiNi0.5Ti0.5O2, which is cation disordered at typical syn-
thesis temperatures [17]. For both compositions, the
DFT energies of 469 symmetrically distinct atomic con-
figurations with up to 8 cation sites were computed. Fig-
ure 3a shows the number of atomic configurations within
an energy range of 100 meV/cation above the ground
state for both oxides. As seen in the figure, the num-
ber of configurations within this energy interval is far
greater for LiNi0.5Ti0.5O2 (136 configuration) than for
LiNi0.5Mn0.5O2 (57 configurations). This means, for the
Ti-containing composition more atomic orderings are ther-
mally accessible at synthesis conditions. The origin of this
very different energetic behavior becomes obvious when
the TM site distortions are considered: Figure 3b and c
show the TM-displacement distortions in the 50 most sta-
ble configurations of both materials. As seen in the figure,
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the d0 Ti4+ cations accommodate large site distortions
allowing the Ni2+ sites to remain close to their preferred
geometry. Since d0 cations are less sensitive with respect
to site distortions, the energy of these 50 configurations
is within 40 meV/cation from the computational ground
state. In contrast, the energy of the LiNi0.5Mn0.5O2 con-
figurations increases rapidly with the relative distortion of
the d8 Ni2+ and d3 Mn4+ sites. Note that some distortion
of the Ni and Mn sites is tolerable, as the band energy in-
creases quadratically with the amplitude of ν5 (Fig. 2b).
Hence, not only do d0 cations have a low energy penalty
in distorted sites, their flexibility to distort allows the
other TM cations to minimize their distortions.

In conclusion, we identified a specific electronic-
structure effect that is responsible for the stabilization
of cation-disordered phases in lithium-transition-metal
oxides with large cation size differences. We showed that
the strong transition-metal site distortions that occur
when these compositions disorder give rise to significant
second-order energy contributions. As a consequence,
d6 transition metals are strongly destabilized in cation-
disordered phases, whereas d0 transition metals can tol-
erate such distortions with very low energy cost. Owing
to this tolerance, d0 species can absorb site distortions
in mixed compositions, even when the cation sizes differ
significantly. At the example of technologically relevant

lithium transition-metal oxides, we show that this insight
can function as a concrete guideline for the design of
novel cation-disordered compositions. While our numeri-
cal data focused on lithium-transition-metal oxides, we
believe that the specific mechanism presented here by
which disorder comes at lower energy cost when the TM
can accommodate the distorted site more easily, will be
more generally applicable to other oxides with octahedral
cations.
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Appendix A: Bond integrals used in the tight-binding model

Our tight-binding (TB) model assumes the usual hydrogen-like atomic orbitals {φi}, i.e., each atomic orbital
is the product of a radial function and a (real-valued) spherical harmonic function. Only the bonds between the
transition-metal d orbitals and the oxygen p orbitals are considered. Since the atomic-orbital radial functions decay
exponentially with the distance from the atomic center, the same is true for the overlap of two orbitals φi and φj

Sij =

∫
φi(r)φj(r) dr (A1)

and we therefore chose the form of Slater-type orbitals [54] to describe the overlap integrals Spdσ and Spdπ of the two
TM-O reference bonds (Fig. 4a)

Sb(r) = Ne−ζb r with the normalization constant N = 2 ζb
√
ζb , (A2)

where ζb is a constant that controls the exponential decay. The π bond decays faster than the σ bond, so that we
chose ζpdπ = 2ζpdσ with ζpdσ = 1.32. The overlap and bond integrals resulting from this choice are shown in Fig. 4b.
We confirmed that all of our conclusions are robust with respect to the choice of the ζb ratio and are not affected if the
value of ζpdπ is varied between 1ζpdσ and 3ζpdσ.
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FIG. 4. (a) Schematic of the reference bonds between the transition-metal d and oxygen p orbitals (Cartesian z direction). All
TM-O bonds for arbitrary geometries can be expressed in terms of these reference bonds following the approach by Slater and
Koster [48]. (b) Plot of the reference overlap and bond integrals. The gray shaded region indicates the TM-O bond lengths that
actually occur in the considered structures.

TABLE II. Hubbard U corrections used in DFT+U calculations. With the exception of the values for Mo, the U values are
identical to those by Jain et al. [39]. The U values were fitted to measured binary formation enthalpies and are particularly
well-suited for the calculation of phase stabilities.

TM U value (eV) TM U value (eV)
Ag 1.50 Mn 3.90
Co 3.40 Mo 4.38
Cr 3.50 Nb 1.50
Cu 4.00 Ni 6.00
Fe 4.00 V 3.10
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FIG. 5. Schematic showing the atom numbering convention used in Table III. Red balls indicate oxygen atoms and the blue ball
indicates the TM atom.

TABLE III. Normal coordinates of the octahedral MO6 site (not normalized or orthogonalized).

Atom 1 Atom 2 Atom 3 Atom 4 Atom 5 Atom 6 Atom 7
∆x ∆y ∆z ∆x ∆y ∆z ∆x ∆y ∆z ∆x ∆y ∆z ∆x ∆y ∆z ∆x ∆y ∆z ∆x ∆y ∆z

Symmetric stretching modes
Q1 0 0 0 +1 0 0 0 +1 0 0 0 +1 -1 0 0 0 -1 0 0 0 -1
Assymmetric stretching modes
Q2 0 0 0 -1 0 0 0 0 0 0 0 +1 +1 0 0 0 0 0 0 0 -1
Q3 0 0 0 -1 0 0 0 +1 0 0 0 0 +1 0 0 0 -1 0 0 0 0
Bending modes
Q4 0 0 0 0 +1 0 +1 0 0 0 0 0 0 -1 0 -1 0 0 0 0 0
Q5 0 0 0 0 0 0 0 0 -1 0 -1 0 0 0 0 0 0 +1 0 +1 0
Q6 0 0 0 0 0 -1 0 0 0 -1 0 0 0 0 +1 0 0 0 +1 0 0
Twisting modes
Q7 0 0 0 0 -1 0 0 0 0 0 +1 0 0 -1 0 0 0 0 0 +1 0
Q8 0 0 0 0 0 -1 0 0 +1 0 0 0 0 0 -1 0 0 +1 0 0 0
Q9 0 0 0 0 0 0 +1 0 0 -1 0 0 0 0 0 +1 0 0 -1 0 0
Displacement modes
Q10 0 0 0 0 +1 0 0 -2 0 0 +1 0 0 +1 0 0 -2 0 0 +1 0
Q11 0 0 0 0 0 +1 0 0 +1 0 0 -2 0 0 +1 0 0 +1 0 0 -2
Q12 0 0 0 -2 0 0 +1 0 0 +1 0 0 -2 0 0 +1 0 0 +1 0 0
Q13 0 +4 0 0 -1 0 0 0 0 0 -1 0 0 -1 0 0 0 0 0 -1 0
Q14 +4 0 0 0 0 0 -1 0 0 -1 0 0 0 0 0 -1 0 0 -1 0 0
Q15 0 0 -4 0 0 +1 0 0 +1 0 0 0 0 0 +1 0 0 +1 0 0 0
Translations
Q16 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0
Q17 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0
Q18 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1 0 0 +1
Rotations
Q19 0 0 0 0 0 0 0 0 +1 0 -1 0 0 0 0 0 0 -1 0 +1 0
Q20 0 0 0 0 0 +1 0 0 0 -1 0 0 0 0 -1 0 0 0 +1 0 0
Q21 0 0 0 0 +1 0 -1 0 0 0 0 0 0 -1 0 +1 0 0 0 0 0
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TABLE IV. Values of the TM site distortions visualized in Fig. 1 of the main manuscript. The orthorhombic LiMnO2 structure
is not shown in Fig. 1 but included here for completeness. The distortion values are the contributions of the different normal
coordinates to the normal mode representation of the distorted TM sites, i.e., the expansion coefficients for each normalized
normal coordinate of Table III.

TM Structure ν2 ν3 ν4 ν5 Structure ν2 ν3 ν4 ν5

Ag γ-LiFeO2 0.393 0.264 0.094 0.071 SQS 0.307 0.207 0.167 0.151
Cd γ-LiFeO2 0.007 0.001 0.006 0.002 SQS 0.037 0.069 0.051 0.062
Co α-NaFeO2 0.000 0.129 0.000 0.000 SQS 0.184 0.127 0.112 0.191
Cr α-NaFeO2 0.001 0.097 0.013 0.009 SQS 0.063 0.163 0.079 0.123
Cu α-NaFeO2 0.581 0.234 0.000 0.000 SQS 0.278 0.152 0.150 0.079
Fe γ-LiFeO2 0.002 0.005 0.175 0.003 SQS 0.079 0.118 0.080 0.124
Mn o-LiMnO2 0.201 0.060 0.083 0.061 SQS 0.198 0.205 0.173 0.117
Mo γ-LiFeO2 0.015 0.050 0.068 0.043 SQS 0.054 0.161 0.109 0.117
Nb α-NaFeO2 0.035 0.111 0.099 0.186 SQS 0.072 0.159 0.135 0.172
Ni α-NaFeO2 0.146 0.103 0.002 0.002 SQS 0.135 0.155 0.117 0.066
Rh α-NaFeO2 0.000 0.171 0.000 0.001 SQS 0.310 0.218 0.127 0.179
Ru α-NaFeO2 0.034 0.215 0.115 0.082 SQS 0.435 0.322 0.170 0.231
Sc γ-LiFeO2 0.022 0.001 0.195 0.005 SQS 0.070 0.147 0.096 0.147
Ti γ-LiFeO2 0.042 0.002 0.008 0.004 SQS 0.054 0.099 0.086 0.132
V α-NaFeO2 0.029 0.077 0.001 0.001 SQS 0.085 0.148 0.109 0.148
Y γ-LiFeO2 0.047 0.007 0.245 0.011 SQS 0.105 0.221 0.168 0.173
Zn γ-LiFeO2 0.066 0.001 0.142 0.002 SQS 0.031 0.051 0.076 0.071
Zr γ-LiFeO2 0.056 0.002 0.047 0.003 SQS 0.055 0.153 0.122 0.131
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11

Distortion in normal mode direction (%)

B
a
n
d
 e

n
e
rg

y
 (

re
la

ti
v
e
) d

0

d
1

d
2

B
a
n
d
 e

n
e
rg

y
 (

re
la

ti
v
e
) d

3

d
4
 (ls)

d
4
 (hs)

B
a
n
d
 e

n
e
rg

y
 (

re
la

ti
v
e
) d

5
 (ls)

d
5
 (hs)

B
a
n
d
 e

n
e
rg

y
 (

re
la

ti
v
e
) d

6
 (ls)

d
6
 (hs)

B
a
n
d
 e

n
e
rg

y
 (

re
la

ti
v
e
) d

7
 (ls)

d
7
 (hs)

−20 −10 0 10 20

B
a
n
d
 e

n
e
rg

y
 (

re
la

ti
v
e
) d

8

d
9

d
10

−20 −10 0 10 20 −20 −10 0 10 20 −20 −10 0 10 20

FIG. 8. Tight-binding band energies for all d-electron configurations and spin states upon distortion in the direction of the five
symmetry-breaking normal modes.



12

-4
-2
0
2
4
6
8

10
12
14
16

0 2 4 6 8 10 12 14 16

D
FT

 b
an

d 
en

er
gy

 c
ha

ng
e 

(e
V)

Relative distortion in ν5 (%)

Y
Rh
Ag

d6

d0

d8

FIG. 9. Change of the density-functional theory (DFT) band energies of LiYO2, LiRhO2, and LiAgO2 upon distortion of
the transition-metal site in the TM-displacement mode (ν5). To ensure a global energy reference, all DFT eigenvalues were
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manuscript.
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