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Using ab initio dynamical mean-field theory we explore the electronic and magnetic states of lay-
ered LixMnO2 as a function of x, the state of charge. Constructing real-space Wannier projections of
Kohn-Sham orbitals based on the low-energy subspace of Mn 3d states and solving a multi-impurity
problem, our approach focuses on local correlations at Mn sites. The antiferromagnetic insulating
state in LiMnO2 has a moderate Néel temperature of TN = 296K in agreement with experimental
studies. Upon delithiation the system proceeds through a number of states: ferrimagnetic corre-
lated metals at x=0.92, 0.83; multiple charge disproportionated ferromagnetic correlated metals
with large quasiparticle weights at x=0.67, 0.50, 0.33; ferromagnetic metals with small quasiparticle
weights at x=0.17, 0.08 and an antiferromagnetic insulator for the fully delithiated state, x = 0.0.
At moderate states of charge, x = 0.67 − 0.33, a mix of +3/+4 formal oxidation states of Mn is
observed, while the overall nominal oxidation of Mn state changes from +3 in LiMnO2 to +4 in
MnO2. In all these cases the high-spin state emerges as the most likely state in our calculations
considering the full d manifold of Mn based on the proximity of eg levels in energy to t2g. The
quasiparticle peaks in the correlated metallic states were attributed to polaronic states, based on
previous literature for similar isoelectronic JT driven materials, arising due to non-Fermi liquid type
behaviour of the strongly correlated system.

Introduction LiMnO2 (LMO) [1–3] has the poten-
tial to be a low-cost, low-toxicity, high safety, and en-
vironmentally friendly alternative to the most popu-
lar rechargeable lithium-ion battery cathode material,
LiCoO2[1, 4–8], however at 50 % delithiation LMO ir-
reversibly transforms to a spinel (Fd3̄m) phase, which
causes significant reduction in the capacity and operat-
ing voltage, limiting its large-scale application [9–11].

The thermodynamically stable phase of LMO at am-
bient conditions is orthorhombic (Pmmn) [12] although
a rhombohedral layered O3 structure, may be produced
by ion exchange from NaMnO2[1, 2]. The rhombo-
hedral O3 structures comprise a family of materials,
including LiCoO2 (LCO), LiNiO2 (LNO) [13–15] and
LiNi1−x−yMnyCoxO2 (NMC) [8, 16–21]. Within this
family LMO adopts the same oxygen stacking as LCO,
but with symmetry reduced from rhombohedral (R3̄m)
to monoclinic (C2/m), as a result of a cooperative Jahn-
Teller(JT) distortion. Based on magnetization data
[12, 22] pristine monclinic LMO is an antiferromagnetic
insulator in its high spin state with relatively moderate
Neél temperatures (TN ∼ 250K) due to the stabilisa-
tion of antiferromagnetism by the cooperative JT distor-
tions [22].

Structural phase transitions during cycling have pre-
vented the widespread adoption of layered monoclinic
LMO as a cathode material. Upon 50% delithiation,
layered phase to spinel structural phase transformation
of LMO involves the migration of Mn ions, whilst the
close-packed O lattice remains intact. Density-functional
theory (DFT) calculations, combined with a hybrid

eigenvector-following method to uncover the pathways,
show that for the case of x = 0.5, particular orderings of
Li+/Li+ vacancy and Mn3+/Mn4+ ions play a significant
role in this structural transformation [1, 9, 23–26]. More-
over the ionic pathways that give rise to the ordering and
transformations are highly dependent on the inclusion of
a Hubbard U term in the Kohn-Sham Hamiltonian, hint-
ing that these structural changes may have a strong un-
derlying electronic origin. However, the role of electron
correlations in the origin of the mixed-valence charge-
ordered state, as well as the possibility of existence of
such states at other states-of-charge remains unknown.

Electronic phase transitions occurring during cath-
ode cycling[27–32] significantly influence the reversibil-
ity of the (de)lithiation process, in terms of rate limit-
ing formation and propagation of phase boundaries, lat-
tice mismatch and volume changes, all of which lead to
slow (de)lithiation kinetics hence affecting rate capability
and stability, causing degradation of the active material
[33]. For example, a first-order metal-insulator transi-
tion, normally driven through doping [34, 35] or pressure
[36, 37], is driven electronically in LixCoO2 as a func-
tion of states-of-charge x [30–32]. Naturally the ques-
tion arises whether such a electrochemically driven metal-
insulator transition, or other exotic phases may also be
observed in the analogous cathode material LMO.

Electrochemical and magnetic phase transition studies
of complex layered oxides are made all the more robust
through first principles modelling of the electronic and
magnetic states of these materials. Whilst the first or-
der metal-insulator transition observed in LCO has been
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postulated to be a Mott transition by some DFT stud-
ies [31, 38], a true Mott transition is difficult to cap-
ture within non-interacting DFT and warrants the use
of many body methods like dynamical mean-field theory
(DMFT) [39–44]. Recently a DFT + DMFT study to ac-
count for both static and dynamic correlations has been
carried out to explore this Mott transition and associ-
ated compositional phase diagram in LixCoO2 [45]. Here
local interactions, which DMFT describes, are seen to
strongly impact self energies, occupancies of d orbitals,
phase stability and electronic behaviour of LCO at var-
ious x. Pristine LCO is an insulator while delithiated
phases are moderately correlated Fermi liquids with mod-
est quasiparticle weights. Quasiparticles like polarons are
known to affect charge conductivity in batteries [46, 47].
It is likely that similar treatment of strong correlations
is essential for modelling plausible phase transitions in
LMO.

One of the main bottlenecks to the use of DMFT in
battery cathodes is that they need to be studied at dif-
ferent states-of-charge. This means dealing with multi-
ple inequivalent sites, and hence solving multi-impurity
problems. This has the disadvantage of having to solve
very large density matrices which are not only very ex-
pensive, but may often have large off diagonal terms,
leading to fermionic sign problems.

In this letter we predict using DFT+DMFT the phase
transitions in layered monoclinic LixMnO2, as a func-
tion of x, and explore the temperature versus x phase
diagram. We develop a computationally fast method to
deal with multi-impurity DMFT calculations. The elec-
tronic and magnetic state of pristine LMO are examined
and compared to experimental results at temperatures
below and above TN . The system is then delithiated
systematically and for each x we present the spectral
functions, magnetic properties, and transition temper-
atures. We find a metal-insulator Mott transition as a
function of delithiation and the emergence of exotic states
like ferrimagnetic correlated metals with large quasipar-
ticle weights and charge-ordered ferromagnetic correlated
metals with large quasiparticle peaks arising due to non-
Fermi liquid behaviour shown by polarons. We clarify
that origin of the charge disproportionated mixed valence
states is due to different quasiparticle weights at different
sites and postulate this ordering to be present for a range
of x. The pathways leading to structural transformations
to spinel structure could be traced back to such charge
disproportionated state.

Computational Methodology We develop a method to
carry out multi-impurity DMFT calculations in a novel
way by mapping multi-impurity problems to equivalent
number of single-impurity problems interacting through
bath hybridisation by means of Wannier projections.
Delithiating the system results in formation of crystallo-
graphically inequivalent Mn sites in the LMO supercell,
which requires solving multi-impurity problems, involv-
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FIG. 1: The DMFT spectral functions and magnetic calcu-
lations in LMO. Figure shows the DMFT spectral functions
for both single-site spin-polarised (at T=58 K, left panel) and
paramagnetic (at T=580 K, right panel) calculations. Inset in
left panel shows the plot of 1/χ vs temperature on application
of small magnetic fields at various temperatures. The straight
line Curie-Weiss fit χ=C/(T-θ) for the data is shown.

ing solution of extremely large density matrices, which is
computationally expensive, and has fermionic sign prob-
lem at low temperatures. To make the problem tractable,
Maximally Localised Wannier Functions (MLWF) were
constructed for all structurally inequivalent sites, how-
ever each inequivalent site was solved as a single-impurity
problem interacting through the bath with the other in-
equivalent sites by virtue of the constructed MWLF,
and the bath hybridisation. This method works well
for strongly localised systems and makes accurate cal-
culations at low temperatures converge faster with much
less noise, avoiding the fermionic sign problem. Further
details on parameters and comparison to conventional
DMFT cf. SI

Results To correctly account for dynamic correlation
effects on Mn d states, we first carry out single-impurity
DMFT calculations for Mn d based low-energy Hamilto-
nians defined in the basis of DFT-derived Wannier func-
tions (cf. SI).

The paramagnetic state of pristine layered monoclinic
LMO at T=580K shown by the paramagnetic spectral
function in Fig. 1 (a) (right) shows good agreement with
XPS spectral line-shapes in experimental studies [48].
Pristine LMO is an insulator [22, 49] however experimen-
tal value of the electronic band gap is unknown. A wide
range of band gap values from 0.3 eV to 1.8 eV have been
reported from ab initio calculations based on various
choices of static Hubbard U in DFT+U calculations[49–
53]. We report a paramagnetic band gap of ∼0.6eV, with
U ′ = 5eV . We find 3 slightly degeneracy broken t2g
states that are half-filled, 1 eg state is half-filled and 1
eg state completely empty. The impurity charge on Mn
is 3.99 |e| indicating Mn is in a d4 (+3) formal oxidation
state, again in agreement with XPS experiments [48].
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FIG. 2: The structures and orbital resolved DMFT spec-
tral functions for various states of charge showing the various
phases as a function of x. The orbital spectral functions are
denoted by the same colours as in Figure 1. (a) shows the case
of x = 0.83. The top far right panel shows the paramagnetic
spectral function for Mn1. (b) shows the case of x = 0.67.
The middle far right panel shows the paramagnetic spectral
function for Mn1. (c) shows the case for x = 0.17. The bot-
tom far right panel shows the paramagnetic spectral function
ofr Mn1.

Next, we proceed to explore the magnetism within
single-impurity DMFT. For this purpose, we start from
the paramagnetic solutions, add a symmetry breaking
term in form of a spin-splitting term in the real part of
the self energies, and let the DMFT iterative cycle con-
verge to a possible symmetry-broken solution with net
ordered magnetic moment. We carry out the calculations
at various different values of inverse temperature with β
between 20 and 300 eV−1, where β = 1

kBT , where kB is

the Boltzmann’s constant. At β = 20 eV−1 (T = 580K),
the calculations are found to converge to a paramagnetic
state, while upon reducing temperature, a transition to
a magnetic solution is found. In Fig.(SI) 2 , we show
a plot of the ordered average Wannier moments of Mn
Wannier functions with the number of DMFT iterations.
The ordered moments (saturating around 3.25µB) are
not stable, they oscillate as a function of iteration. This
shows the propensity of the system towards antiferro-
magnetic fluctuations being present in the system [54].
The spectral function for the magnetic state shows insu-
lating behaviour. The ordered saturation moment and
antiferromagnetic behaviour is in good agreement with

susceptibility experiments [22].

Using a U ′ = 5 eV within DMFT the antiferromagnetic
band gap is ∼1.2 eV.

In order to determine the Néel temperature (TN ) we
carry out susceptibility calculations with an external field
applied on the system. We vary the applied field from
0.01 − 0.03 eV in steps of 0.01 eV, and for each value of
temperature we obtain the inverse slope of the magnetisa-
tion vs applied field within the linear regime. Magnetic
fields are applied as a split in energy and the value of
magnetic field is added to the DFT Hamiltonian. The
contribution −hfield×Σ is added to diagonal elements of
the Hamiltonian. This gives the inverse of the uniform
susceptibility 1/χ vs temperature T , as shown in Fig.1
(b). By fitting the data to Curie Weiss law χ=C/(T-θ),
where C is Curie constant, θ is Weiss temperature in the
high temperature regime we find θ = 769K in excellent
agreement with experimentally reported values on two
different samples θ = 790K, 540K, [22] and a calculated
value of θ = 790K [52]. This has been attributed to the
stabilisation of antiferromagnetic state due to the coop-
erative JT distortion [52]. The calculated Néel tempera-
ture (TN ) ∼296K, is also in agreement with experiments
[22]. We use the same set of parameters throughout for
benchmarking of TN with experimental data.

Next we look at delithiating the pristine LMO by mak-
ing two supercells of dimensions 3× 1× 1 and 3× 2× 1.
This results in 6 and 12 symmetry equivalent Mn sites in
case of 3× 1× 1 and 3× 2× 1 respectively. One Li atom
is removed sequentially at each stage and various result-
ing structures are relaxed within DFT using the PBESol
exchange-correlation functional. For the sake of brevity
we do not enumerate all the structural details here how-
ever a significant contraction of lattice parameters and
lattice volume is seen on delithiation, as also observed in
experiments, as well as a reduction in JT distortion in
the system is observed. The various fractions of x con-
sidered here are x = 0.92, 0.83, 0.67, 0.50, 0.33, 0.17, 0.08,
and 0.00. However, x = 0.00 is an extreme case: remov-
ing all the Li from the structure is not possible experi-
mentally and makes the structure unstable.

In case of delithiation to x = 0.83, the 6 symmetry
equivalent Mn atoms in the pristine 3×1×1 cell are now
split by reduction of symmetry into have 4 structurally
inequivalent types, Mn1, Mn2, Mn3 and Mn4 each with
multiplicity 2, 1, 2 and 1 respectively. We find a ferri-
magnetic state in this case since from the DMFT spec-
tral functions and from magnetic moments in Table 1
(SI) we see that Mn1 with multiplicity=2 (Mn3 spectral
function is electronically similar to Mn1) is oppositely
oriented to Mn2 with multiplicity=1 (Mn4 spectral func-
tion is electronically similar Mn2), as shown in Fig. 2 (a).
A large quasiparticle peak is seen at the chemical po-
tential in Mn1 and Mn3 indicating a strongly correlated
metallic state[44]. Thus these 4 structurally inequiva-
lent types may thus be primarily be grouped into two
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FIG. 3: The different phases at different temperatures of
LixMnO2 as a function of Li content. Where AFM-I refers
to antiferromagnetic insulator; FiM-M, ferrimagnetic metal;
FM-M, ferromagnetic metal; PM-I, paramagnetic insulator;
PM-M, paramagnetic metal; CD, charge disproportionated;
and QP, quasiparticle. The different symbols on the line cor-
responds to the actual data points demarcating the different
phases.

categories - one with large quasiparticle and the other
with small quasiparticle weights. This quasiparticle peak
have a polaronic nature as suggested by previous stud-
ies on isoelectronic JT active manganites [55, 56]. The
spectral function for the x = 0.83 filling is orbital re-
solved and shows that the t2g orbitals are partially filled
and one of the eg orbitals is partially filled while the
other eg orbital is empty, as shown in Fig 2(a). This
implies an occupancy of d4 and a formal oxidation state
of +3. The occupancies and Wannier moments are given
in Table 1 (SI). The paramagnetic phase at T=580 K
corresponds to a strongly correlated paramagnetic metal
with a large quasiparticle peak and non-Fermi liquid be-
haviour as seen from the paramagnetic spectral function
shown in the top right panel of Fig 2 (a). The electronic
structure for the case of x = 0.92 is found to be very
similar to x = 0.83.

Delithiated states with x = 0.67, 0.50, 0.33 show simi-
lar electronic structure to each other across this range of
x with certain slight differences, and belong to the same
phase of charge-ordered ferromagnetic correlated metallic
states. In case of x = 0.67 and x = 0.33, the 6 symmetry
equivalent Mn atoms in the pristine 3 × 1 × 1 cell are
again split by reduction of symmetry into 4 structurally
inequivalent types, Mn1, Mn2, Mn3 and Mn4, each with
different multiplicities of 2, 1, 2, 1 respectively, however
in case of x = 0.50 there are 2 structurally inequivalent
sites each with multiplicity 3. These sites may primarily
be grouped again into two categories - one group with
large quasiparticle and the other group with small quasi-
particle weights. The x = 0.67 state is ferromagnetic

since all Mn sites have the same orientation in the spec-
tral function, as shown in Fig. 2 (b), and can also be
seen from Moments in Table 1 (SI). A large quasiparticle
peak is seen at the chemical potential in Mn1 (multiplic-
ity=2), Mn3(multiplicity=2) and Mn4 (multiplicity=1).
Mn3 and Mn4 not shown here for the sake of brevity.
The middle right panel of Fig. 2 shows the paramagnetic
spectral function as a strongly correlated metal for Mn1,
for the case of x = 0.67. Large quasiparticle weights are
also seen on Mn1, with multiplicity of 3 (for x = 0.50)
and on Mn1 with multiplicity 2 for x = 0.33, indicating
a strongly correlated metallic state in all cases. From
Table 1 (SI) a mix of +3 and +4 states are seen in all
these cases of x = 0.67, 0.50, 0.33 with different fractions
of +3 and +4 Mn being present in the system. It is also
seen from the spectral functions that this mixed oxida-
tion state and corresponding charge disproportionation
originates due to different quasiparticle weights on dif-
ferent sites. Spectral functions obtained for x = 0.50,
and 0.33 are seen to be qualitatively similar to the case
of x = 0.67.

In case of the delithiated state with x = 0.17 the 6 sym-
metry equivalent Mn atoms in the pristine 3× 1× 1 cell
are also split by reduction of symmetry into 4 structurally
inequivalent types, Mn1, Mn2, Mn3 and Mn4 each with
multiplicity 2, 1, 2 and 1 respectively. Qualitatively all
Mn have similar electronic structures at all sites. A ferro-
magnetic arrangement is observed here since all Mn sites
have same orientation as can be seen from the spectral
function in fig. 2 (c) as well as in Table 1 (SI). A small
quasiparticle peak is seen at the chemical potential in
each of Mn1, Mn2 and Mn3 indicating a moderately cor-
related metallic state. A majority of +4 oxidation states
are seen. There is no charge disproportionation/ordering
in this case. The bottom right panel 2 (c) shows the para-
magnetic weakly correlated metallic state with a small
quasiparticle peak. Similar spectral functions and mag-
netic structures are obtained in case of x = 0.08.

Discussion The exotic phase diagram and associated
phase transitions in LixMnO2 as a function of x vs tem-
perature, is shown in Fig 3. The y axis shows the phase
change from magnetic to paramagnetic states at each x
driven by competition of thermal fluctuations with mag-
netic order. The change of magnetic phases along x is
more nuanced. JT distorted materials show large su-
perexchange which favours anti-ferromagnetism. This
is the case of the pristine material x = 1, which is a
JT driven antiferromagnetic insulator. As the system
is delithiated, JT distortion reduces on different MnO6

octahedra, which in turn indicates a reduction in mon-
oclinicity. This reduction in JT favours ferromagnetism
instead of anti-ferromagnetism. At x = 0.83 there are
few sites with reduced JT distortion and hence ferromag-
netic exchange whereas majority of other sites still have
significant JT distortion and hence show Mn-Mn anti-
ferromagnetic superexchange, leading to an overall ferri-
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magnetic state. When further delithiated to x = 0.67,
and beyond, the overall reduction of JT distortion now
favours FM double exchange, between different occupan-
cies at majority of Mn sites. Reduction in JT distortion
is usually associated with ferromagnetism particularly in
Manganites [57–59].

To elucidate the origin of polaronic quasiparticles
on delithiating we look at the crossover from coher-
ence (Fermi-liquid) to incoherence (non-Fermi liquid) be-
haviour as a function of x. We plot −ImΣ(ω → 0), Σ is
self energy, as a function of x shown in Fig. 4 which gives
the measure of the coherence/incoherence behaviour of
the quasiparticle states [54]. A finite value of this quan-
tity indicates a strongly correlated incoherent state - such
as a polaron in this case, which is indicative of non-
Fermi liquid behaviour, in ground state, not captured by
DFT. This manifests as a large localised peak in the spec-
tral function obtained from interacting Green’s functions,
which is known as a quasiparticle peak. Large quasipar-
ticle polaronic states arise on delithiation on some Mn
sites owing to non-Fermi liquid behaviour of the system.
Charge disproportionation into Mn3+/Mn4+ states re-
sult from large quasiparticles on some sites and small
quasiparticles on others. −ImΣ(ω → 0) is shown for
the site with largest quasiparticle weights seen in spec-
tral functions. As we show an increase in incoherent or
non-Fermi liquid type behaviour is seen with delithia-
tion from x=0.83 to x=0.33, which indicates that these
are strongly correlated quasiparticle states, and explains
the origin of the polaronic states. Doped manganites in
general have been known to show polaronic quasiparticle
peaks[56].

Conclusion In summary we have shown the exotic
phase diagram and phase transitions in LixMnO2 as a
function of state-of-charge x, and temperature. Our
study shows a novel method of carrying out multi-
impurity DMFT calculations in cathode materials in a
computationally tractable way, thus opening up the field
of battery physics in terms of strong correlations based
many-body studies. It demonstrates an electrochemi-
cal method of tuning strongly correlated phase transi-
tions and also shows emergence of polaronic quasiparticle
states which contribute to charge disproportionation and
which eventually lead to structural transformations seen
in this material, and helps us in understanding degrada-
tion in cathodes.

We find that an antiferromagnetic insulating state
emerges in LiMnO2, with a Weiss temperature of θ =
769K, in its +3 formal oxidation state, in high-spin
configuration, in excellent agreement with experimental
measurements. As the system is delithiated at fractions
of x = 0.92, and 0.83 we predict a ferrimagnetic corre-
lated metallic state thus observing a metal-insulator tran-
sition, similar to that in LCO. From the DMFT spectral
function this metal-insulator transition is seen to be of a
Mott type transition with a large quasiparticle weight in
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FIG. 4: Figure showing the plot of -Im Σ (ω → 0) which gives
a measure of coherence/incoherence behaviour as a function
of state of charge plotted for the sites with largest quasi-
particle weights. A finite value of this quantity indicates a
strongly correlated non-Fermi liquid type metallic behaviour
with a large quasiparticle weight indicating the presence of
large polarons. An infinitesimally small value tends to indi-
cate a weakly correlated coherent Fermi liquid type behaviour.

the strongly correlated metallic state.

At fractions of x = 0.67, 0.5, and 0.33 we find the
system to be in ferromagnetic strongly correlated metal-
lic state with a mix of +3/+4 formal oxidation states.
The pathways leading to the structural transformation
to low energy spinel structure, originates with orderings
of Li+/Livac and Mn3+/ Mn4+ mixed oxidation states at
x = 0.50 [9]. We postulate that this Mn3+/ Mn4+ charge
disproportionation occurs due to the different quasipar-
ticle weights at different sites.

At a high state of charge with x = 0.17, we find a
ferromagnetic correlated metal with a small quasiparticle
peak near a formal oxidation state of +4.

An overall nominal oxidation state change of Mn from
+3 in LiMnO2 to +4 in MnO2 is observed, through stages
of mixed oxidation states. In all these cases the high-spin
state emerges as the most likely state considering the full
d manifold of Mn in the model.

The quasiparticle peaks in the correlated metallic
states were attributed to polaronic states, owing to in-
coherent non-Fermi liquid behaviour, and the correlated
metallic systems may be thought of as polaronic hopping
semiconductors.

Our novel and faster method of carrying out multi-
impurity DMFT calculations involves calculating Wan-
nier projections for all impurities and solving each sep-
arately keeping others in the bath, interacting through
the bath hybridisation.

To the best of our knowledge a systematic examination
of the electrochemically driven Mott transition and the
full phase diagram of LMO from a correlations based
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perspective does not exist, nor does an explanation for
the observed orbital ordering at x = 0.50 and our study
is expected to give rise to further experimental studies
exploring these aspects of this very important cathode
material through possible in-situ XPS+BIS spectra and
magnetic susceptibility measurements while charging and
discharging of the LMO cathodes.
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