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A B S T R A C T   

LiMn2O4 is a battery cathode material with desirable properties such as low cost, low toxicity, high natural 
abundance of Mn, and environmental compatibility. By means of first-principles calculations, we study the 
structural, magnetic, and electronic properties of LiMn2O4 under ambient conditions and high hydrostatic 
pressures (until 20 GPa). We obtain two oxidation states for Mn, even using a cubic structure, which differ in all 
analyzed properties: structural, electronic, and magnetic. At P > 0, such properties were found to display a 
standard behavior decreasing smoothly and linearly with pressure. Furthermore, the enthalpy of cubic and 
orthorhombic structures under low and high-pressure conditions were examined, showing that no cubic to 
orthorhombic phase transition exists in all the investigated pressure range, nor is a magnetic cubic to a non- 
magnetic cubic phase transition possible.   

1. Introduction 

Electric batteries are electrochemical stores of clean and renewable 
energy and, therefore, are devices considered able to replace fossil fuels. 
Lithium-ion batteries (LIBs) have become the main battery stream for 
portable devices due to their high energy storage capacity, life cycle, 
environmental compatibility, and more effortless mobility than lead- 
acid batteries. This type of battery is used in cell phones, laptops, tab-
lets, and electric vehicles [1,2]. 

During the choice of material to produce LIBs, some factors must be 
considered, for example, how the cathodic and anodic materials behave 
under the effects of temperature or pressure. These effects can strongly 
influence the electrochemical performance of cathode materials in the 
battery environment. Therefore, investigating the effects of pressure and 
temperature on cathodic and anodic materials is extremely important. 
Understanding the behavior of the structural properties of lithiated 
transition metal oxides under high pressure can provide valuable in-
formation about the control of the mechanical and electrochemical 
processes that occur during the charge/discharge process of lithium 

batteries [3]. In this work, we analyze the effects of hydrostatic pressure 
on lithium manganese oxide (LiMn2O4, LMO). 

LMO is a cathode material with desirable properties belonging to a 
class of materials that enable the formation of greener and more sus-
tainable batteries for electrical energy storage [4–7]. This compound has 
a high Li intercalation potential showing good energy density in batte-
ries that use it as cathodic material. At ambient conditions, the LMO 
crystallizes in a partially inverse spinel structure with space group Fd3m. 
Manganese ions are located at 16d octahedral sites, half of them 
exhibiting 3+, and other half 4+ oxidation state. Li ions preferentially 
occupy 8a tetrahedral sites, but in the discharge process, they can 
occupy 16c empty octahedral sites. Oxygen ions occupy position 32e. 
The Li-ion can be removed and reversibly inserted into the structure at a 
very high voltage (4 V), with a theoretical specific capacity of 148 
mAh/g. The structure of the LMO forms a rigid three-dimensional 
network that favors the transport of Li ions. The channels for Li inser-
tion and disinsertion are formed by connecting the 8a tetrahedral sites 
with the empty 16c octahedral sites. Li ions are mobile within these 
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channels along the 8a-16c-8a path. In this compound, Mn3+ (configu-
ration: e2

g, b1
2g, a1

1g, b0
1g) is a Jahn-Teller (JT) active ion. On the other 

hand, Mn4+ (configuration: t32g, e0
g) is not a JT active ion [8–10]. 

In recent years, density functional theory (DFT) [11,12] has been 
widely used to study energy storage [13]. Through this theory, several 
important contributions have been made to the understanding of elec-
trochemical reactions. This theory is also very useful for investigating 
the effects of pressure on materials. In this work, we use DFT to inves-
tigate different physical and chemical properties of LMO under ambient 
conditions and at high hydrostatic pressures (0 ≤ P < 20 GPa). 

LMO under hydrostatic and non-hydrostatic pressure has already 
been investigated experimentally. The pioneering work of LMO under 
non-hydrostatic pressure (0 ≤ P < 2.6 GPa) revealed, by X-ray diffrac-
tion, a transition from cubic to tetragonal phase [14]. Most other works 
that investigated this compound under hydrostatic and non-hydrostatic 
pressure also proposed a cubic → tetragonal phase transition [3,15–17]. 
Lin et al. [3] showed that when non-hydrostatic pressure of around 0.4 
GPa is applied, the LMO already undergoes an irreversible cubic →  
tetragonal phase transition. These authors also showed that the structure 
of LMO under hydrostatic pressure remains cubic even at 10 GPa. In 
turn, Paolone et al. [18] investigated the LMO under hydrostatic pres-
sure, also by X-ray diffraction, and found a cubic →  orthorhombic 
transition at 1.8 ± 0.4 GPa. Most previous works cite the results ob-
tained by Paolone et al. but do not describe any additional information 
about the possible cubic → orthorhombic transition. Lin et al. [3] 
described the work of Paolone et al. as a suggestion of an orthorhombic 
phase without additional structural information. Piszora [17], in a brief 
commentary, described that the nature of this transition (cubic →  
orthorhombic) seems to be not so clear. The cubic → orthorhombic 
phase transition has been concluded from profile broadening of the 
cubic (311) and (400) reflections compared to (111) and (222) lines. 
Piszora [17] describes that due to the low resolution it was not possible 
to observe the division of these lines. In conclusion, according to the 
experimental works published so far, a consensus about the existence of 
the cubic → orthorhombic phase transitions under hydrostatic pressure 
has not been reached. A theoretical investigation of the LMO under 
pressure is therefore fundamental for understanding this eventual 
transition. By calculating the enthalpy, it is possible to confirm the ex-
istence or absence of the orthorhombic phase which can help the 
experimental work. Therefore, the main goal of this work is to investi-
gate the possible cubic → orthorhombic phase transition of the LMO 
from first principles theory. To verify this structural transition, it is 
necessary to correctly simulate the material in the cubic phase, a task 
that faces some difficulties. Namely, the standard simulation of the cubic 
Fd3m space group (n ◦ 227) does not allow for a JT distortion around the 
Mn3+ ions, once all the Mn are equivalent, i.e., the spontaneous sym-
metry breaking is not trivially possible. The LMO cubic phase is stable 
under ambient conditions. However, below 280 K there is a cubic →  
orthorhombic phase transition [14]. Therefore, the orthorhombic 
structure must be the ground state structure, as shown by our results at P 
= 0 for this material (see below). 

Due to the difficulty of simulating the cubic structure of the LMO, 
and due to the fact that the orthorhombic structure is the ground state, 
most of the previous calculations always resorted to the orthorhombic 
phase to observe different oxidation states of Mn, allowing them to 
observe the JT distortion of the oxygen atoms surrounding the Mn3+ ion, 
and correctly describing the semiconducting state of LMO [8,19–21]. 
These properties could not be observed for a cubic phase restricted to the 
Fd3m space group, where the Mn atoms are all equivalent. On the other 
hand, the calculations of the cubic phase are fundamental in describing 
the possible transition between the cubic and the orthorhombic phase. 
Accordingly, the simulation of the cubic phase was the primary objective 
of this work. The details of this simulation are described in section 2. By 
applying some simple computational tricks, we were able to observe 
different oxidation states for Mn in all properties analyzed for the cubic 

structure: structural (different bond lengths for Mn3+ and Mn4+ ions), 
electronic (different density of states for Mn3+ and Mn4+ ions), and 
magnetic (different magnetic moments for Mn3+ and Mn4+ ions). Pre-
viously, a successful simulation of the cubic phase of the LMO has been 
reported only in Ref. [22], but the authors did not notify which magnetic 
ordering has been considered in their calculations, information that is 
essential for the determination of the enthalpy. 

Finally, on the base of the calculated enthalpies of the LMO in cubic 
and orthorhombic phases, we concluded that the cubic phase persists in 
the whole range of investigated pressures (0–12 GPa), discarding the 
occurrence of the cubic → orthorhombic phase transition. Additionally, 
we also discarded the existence of the cubic magnetic → cubic non- 
magnetic phase transition in the same pressure range. 

2. Method and calculations details 

In this work, the LiMn2O4 was simulated using the all-electron spin- 
polarized full-potential linearized augmented plane wave (FP-LAPW) 
method [23], implemented in the WIEN2k computational package [24], 
within the framework of the density functional theory [11,12]. In this 
method, the electronic wave functions are expanded into spherical 
harmonics within the atomic spheres and into plane waves in the 
interstitial region. In the atomic regions, a spherical harmonic basis set 
was used with azimuthal quantum number up to l max = 10. Conver-
gence in the total energy was achieved using a Kmax = 7.0/RMT param-
eter, which defines the total number of plane waves describing the 
electronic wave functions in the interstitial region, where RMT is the 
smallest radii of the atomic spheres, which were chosen to be RMT(Mn) 
= 1.70, RMT(O) = 1.6, and RMT(Li) = 1.5 atomic units (a.u.). The valence 
electrons configurations were Li: 2s1, Mn: 3s23p63d54s2, and O: 2s22p4. 
Self-consistent iterations were performed until the total energy 
converged within the accuracy of 10− 5 Ryd. 32 k-point mesh was used 
for the integration in the irreducible part of the Brillouin zone. The 
exchange-correlation effects were treated by the generalized gradient 
approximation [25] plus the on-site Hubbard U [26–28] potential to 
describe in a mean field approximation the electronic correlation among 
the Mn-3d electrons. The U = 4.2 eV has been applied, which is among 
the values that already have been used to describe several properties of 
the LMO [29,30]. Formation energy, average voltage, and theoretical 
specific capacity were calculated according to equations S1, S2, and S3 
of the supplementary information (SI). 

The procedure to simulate the cubic structure of the LMO has been the 
same as used to simulate an inverse spinel structure by the WIEN2k code 
when there exist, for example, the same ions in an octahedral site, but 
with different oxidation states. This is what happens, for example, in the 
inverse spinel structures of Fe3O4 (Fetetrahedral

3+ )[Feoctahedral
2+ Feoctahedral

3+ ]O4 
and Co3O4 (Cotetrahedral

2+ )[Cooctahedral
2+ Cooctahedral

3+ ]O4 which have structures 
restricted to the Fd3m space group with all 4 equivalent Fe ions or Co ions 
(octahedral). The primitive cell of LMO, in turn, is formed by (Litetrahedral

1+ ) 
[Mnoctahedral

3+ Mnoctahedral
4+ ]O4, restricted to the Fd3m space group with the 

4 equivalent Mn ions. 
In order to differentiate the four Mn atoms, all 14 atoms were set to 

be crystallographically inequivalent. Then, the Mn atoms have been 
labeled differently, as Mn1, Mn2, Mn3, and Mn4. This forced the WIEN2k 
code calculations to consider them as inequivalent. The next step was to 
run the structure generator program that applies all possible symmetry 
operations to the given set of atoms in order to find a new space group 
for the crystal structure. As a result, a face-centered cubic structure has 
been recognized, with 9 inequivalent atoms: 1 Li, 4 Mn, and 4 O, and 
only 2 point group symmetries (inversion and identity). Finally, the 
atomic positions have been relaxed. As a result, the two pairs of the Mn 
ions in different oxidation states have been observed: Mn3+ at the po-
sitions (0.5, 0.5, 0.5) and (0.5, 0.75, 0.75), and Mn4+ at the positions 
(0.75, 0.5, 0.75) and (0.75, 0.75, 0.5), in terms of the lattice parameter 
a. As it will be shown in the next section, they differ in all analyzed 
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properties: structural, electronic, and magnetic. More details of the po-
sitions of all the atoms in the FCC cell generated by us can be observed in 
Table S1 of SI. 

Knowing the spatial coordinates of each one of the Mn3+ and Mn4+

ions it was possible to perform simulations with different magnetic 
configurations. The magnetism in LiMn2O4 is the subject of much 
experimental controversy. There is a discussion about in which tem-
perature a long-range magnetic order is observed (see Ref. [31] and 
references therein). For the cubic phase simulated by us at T = 0, we 
considered that the system is magnetically ordered. For that structure, 
we performed ferromagnetic (FM), antiferromagnetic (AFM), and FM 
and AFM combinations, as shown in Table S2 of SI. The magnetic 
ordering with the lowest energy was the same as found for the ortho-
rhombic structure calculated by Liu et al. [29] with Mn3+ AFM (↑ ↓) and 
Mn4+ FM (↑ ↑). 

3. Results and discussion 

3.1. LiMn2O4 under ambient pressure 

We started our study by calculating the structural, electronic, and 
magnetic properties of the LMO cubic structure under ambient condi-
tions (P = 0). In the simulations, the atomic positions were relaxed ac-
cording to equation S4 of SI. In turn, the optimization of the lattice 
parameters was realized using the Birch-Murnagham equations of states 
(equations S5 and S6 of SI) [32,33]. 

After the optimization process, the electronic structure and magnetic 
moments of Mn ions were calculated. Results are compared with 
experimental data in Table 1. These results show that the lattice pa-
rameters are in very good agreement with the experimental data, 
especially considering the functional GGA + U, with U = 4.2 eV. We did 
not find experimental data to compare the magnetic moments. Mn3+ has 
four unpaired d-electrons, Mn4+, in turn, has three, so the magnetic 
moment of the Mn3+ ion should be larger than the magnetic moment of 
the Mn4+ ion. This configuration was indeed obtained by us in the cubic 
structure calculation. The Mn4+ - O bond lengths are 1.93 Å; in turn, the 
bond lengths of Mn3+ - O are 1.95, 1.96 Å in the xy plane and 2.13 Å 
along the z direction. This elongation along the z-direction is due to the 
JT distortion in the Mn3+ O6 octahedron. The band gap of 0.5 eV is close 
to the experimental value of 0.37 eV. The value of the experimental 
specific capacity is smaller than the estimated theoretical value due to 
the fact that during the charge-discharge process not all Li ions are 
inserted or disinserted in the material. The experimental value is only 
120 mAh/g, that is, the insertion and extraction of Li is only 0.8 per 
formula unit, that is, 80%. The calculated average voltage, in turn, is 
very close to the experimental value and in agreement with previous 
theoretical results [21,22,29]. 

Mn ions have the electronic configurations: Mn3+ (e2
g, b1

2g, a1
1g, b0

1g) 
and Mn4+ (t32g, e0

g). One can differentiate the two Mn atoms by in-
spection of the partial densities of states (PDOS) shown in Fig. 1. For 
Mn4+ ion, the t2g energy levels (dxy,dxz,dyz) with spin-up configuration 
are below the Fermi level, that is, the states are fully occupied. In turn, 
the t2g energy levels with spin-down configuration, as well as the eg 

energy levels (dz2 ,dx2 − y2 ) with spin-up and spin-down configurations, are 

above the Fermi level and are unoccupied states. The PDOS displayed in 
Fig. 1 is compatible with the t32ge0

g electronic configuration of Mn4+ ion 
(d3 configuration). For Mn3+ ion, the spin-up eg (dxz,dyz), b2g (dxy), and 
a1g (dz2 ) states are below the Fermi level and fully occupied, while the 
b1g (dx2 − y2 ) level is unoccupied, consistent with the e2

g b1
2ga1

1gb0
1g config-

uration of Mn3+ ion (d4 configuration). The spin-down eg, b2g, a1g, and 
b1g orbitals are above the Fermi level and are all unoccupied states. 

In this work, the face-centered cubic structure was able to describe 
the two oxidation states of the Mn ions of the LMO material, the JT 
distortion for the Mn3+ ion, the semiconducting state, and the ground 
state magnetic ordering. Therefore, we were able to verify the changes 
undergone in the LMO host matrix during lithium intercalation. These 
changes have already been theoretically investigated by considering 
either the orthorhombic [8,21,29,39] or cubic [22] phase of the LMO. 
Our results for the LMO properties with Li extraction agree with the 
previous theoretical [8,21,22,29,39] and experimental [38,39] results, 
which can be observed in Fig. S1 of SI. 

3.2. LiMn2O4 under external pressure 

For calculation of properties of the LMO under external hydrostatic 
pressure (P > 0), we utilized the same computational parameters as for 
the calculations at ambient pressure (P = 0), as well as the same func-
tional GGA + U with U = 4.2 eV. Fig. 2 shows some of the properties 
calculated for the cubic LMO structure as a function of external pressure, 
ranging from 0 to 20 GPa. It can be observed that these properties 
change linearly with applied pressure. 

Fig. 2 (a) shows the variation of the lattice parameter as a function of 
pressure. This result can be compared to that obtained experimentally 
by Lin et al. [3] who carried out a study of the LMO under high pressures 
using the X-ray diffraction technique. The lattice parameter values ob-
tained theoretically are overestimated when compared to the experi-
mental data over the whole range of the considered pressures. However, 
the same behavior of the lattice parameter, decreasing smoothly with 
the application of pressure, is observed in both the theoretical and 
experimental results. Fig. 2(b) describes the behavior of the unit cell 
volume as a function of pressure, and as expected, follows the same 
behavior pattern as the lattice parameter, that is, it decreases with 
pressure in a smooth and linear way. Fig. 2(c) shows the variation of the 
volume of the octahedrons (Mn3+O6 and Mn4+O6) when external pres-
sure is applied. The volume of the octahedron around the Mn3+ ion 
exceeds the octahedron volume around the Mn4+ ion for all pressures 
considered. This is due to the fact that the octahedra containing Mn3+

ions exhibit larger bond lengths than octahedra containing Mn4+ ions, as 
shown in Fig. 2(d). The reason for this is the JT distortion around the 
Mn3+, as discussed previously. 

The electronic properties also exhibit smooth changes with increase 
of the pressure, keeping the arrangement and position of the Mn d-bands 
very similar to those shown in Fig. 1 for P = 0. In fact, the largest change 
perceived refers to the band gap value, which decreases smoothly with 
increasing pressure, as depicted in Fig. 3(a). The same behavior is 
observed for the magnetic moments of Mn3+ and Mn4+ ions at octahe-
dral sites, i.e, they also decrease smoothly with increasing pressure, as 
displayed in Fig. 3(b). 

After analyzing the structural, electronic, and magnetic properties of 
the cubic phase of the LMO under pressure, we investigated the possible 
transition from magnetic cubic (Cb-M) to magnetic orthorhombic (Ot- 
M) phase, experimentally suggested by Paolone et al. [18]. Furthermore, 
we simulated a possible non-magnetic cubic phase (Cb-NM) of this 
compound, since the external pressure can lead to a non-magnetic 
phase, as occurs, for example, with the Co3O4 spinel [40,41]. The 
Cb-NM phase is simulated using the same computational parameters as 
for the simulation of the Cb-M phase, but imposing zero magnetic mo-
ments for the Mn ions. 

A summary of the structural, electronic, and magnetic properties 

Table 1 
Lattice parameter a (Å), valence states, magnetic moment (μB), band gap (eV), 
specific capacity (mAh/g), and average voltage (V) of the cubic phase of the 
LMO.  

LMO Theoretical Experimental [3,34–38] 

a = b = c 8.32 8.25 
Mn valence state Mn3+/Mn4+ Mn3+/Mn4+

Magnetic Moment 3.57/2.91 – 
Specific capacity 148 120 
Average voltage 3.95 4.1 
Band gap 0.50 0.37  
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obtained for all three calculated phases is shown in Table 2. Although 
the lattice parameters of these phases look different, the change in 
volume is in fact quite small. The values of the magnetic moments for 
Mn3+ and Mn4+ ions for the magnetic phases are very close. The band 
gaps calculated for the cubic and orthorhombic phases indicate that the 
Cb-M phase has a slightly higher electronic conductivity than the Ot-M 
one. The Cb-NM phase, in turn, has a vanishing band gap. The lattice 
parameters calculated for the orthorhombic structure agree with the 

experimental results [42] and with previous calculations [19]. 
After the successful simulation of the Cb-M, Cb-NM and Ot-M phases 

of the LMO, it was possible to calculate their enthalpy (H = E+ PV) and 
to determine their relative stability in the considered pressure range. 
The result obtained for the enthalpy as a function of pressure can be seen 
in Fig. 4. From this result, one can analyze which LMO phase is more 
stable at each point of the considered pressure range. At P = 0 the 
orthorhombic structure exhibits lower energy than the magnetic cubic 

Fig. 1. Partial densities of states of LMO projected in the 3d orbitals of Mn3+ and Mn4+ ions, calculated using the GGA + U functional. The predominant orbitals are 
shown in each energy range considered. The dashed line denotes the Fermi level. 

Fig. 2. (a) Lattice parameters, (b) unit cell volume, (c) octahedral volumes, and (d) Mn–O bond lengths at octahedral sites as a function of pressure for the cubic 
phase of the LMO. The lattice parameters (a) are compared to the experimental values obtained by Lin et al. [3]. 
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structure, that is, the orthorhombic phase is the ground state structure. 
This result agrees with the conclusion of Liu et al. [29] who described 
the orthorhombic phase of LMO as the ground state phase at P = 0. 

For P > 0, no transition from orthorhombic to cubic phase was 
observed for all pressures analyzed. The orthorhombic phase remains at 
lower energy even at high pressures. Therefore, the theoretical calcu-
lations do not confirm the existence of the Cb-M → Ot-M phase transition 
that had been predicted by Paolone et al. [18]. Our calculations agree 
with other experimental works that did not observe this transition (Cb-M 

→ Ot-M) when analyzing LMO under hydrostatic and non-hydrostatic 
pressure [3,14–17]. Therefore, the Cb-M → Ot-M transition could 
occur only as function of temperature (below 280 K), but not of the 
hydrostatic pressure. The NM cubic phase, in turn, proved to be unfa-
vorable in the entire pressure range considered, presenting an energy 
difference of 0.30 Ry (per formula unit) in relation to the cubic phase 
and of 0.36 Ry (per formula unit) to the orthorhombic phase at P = 0. 

4. Conclusions 

In this work, we used the density functional theory, in an GGA + U 
implementation, to calculate structural, electronic, and magnetic prop-
erties of the LiMn2O4 compound at ambient pressure, as well as to 
analyze the variation of these properties under elevated external hy-
drostatic pressures up to 20 GPa. We managed to describe the cubic 
phase of the material with different oxidation states of the Mn ions. At 
ambient pressure, Mn4+ - O bond lengths are found to be 1.93 Å, while 
Mn3+ - O bonds are 1.95–1.96 Å in the xy plane and 2.13 Å along the 
z-direction. Electronic properties determine different densities of states 
for Mn3+ (with one electron in the dz2 -derived state) and Mn4+ (with an 
unoccupied dz2 -derived state), with different magnetic moments of 3.57 
μB for Mn3+ ion and 2.91 μB for Mn4+ ion. 

The simulation of the LiMn2O4 under external pressure (up to 20 
GPa) included the analysis of three different phases of the material: 
cubic magnetic, cubic-non-magnetic and orthorhombic one. The calcu-
lations under pressure demonstrated a standard behavior for the prop-
erties of the LiMn2O4, i.e, the lattice parameter, the unit cell volume, the 
octahedral volume around the Mn ions, the Mn–O bond lengths, the 
band gap width, and the magnetic moments of Mn3+ and Mn4+ ions 
decrease smoothly and linearly with increasing pressure. The enthalpy 
calculations revealed that the orthorhombic phase is the ground state 
structure and that the cubic → orthorhombic transition does not occur in 
all hydrostatic pressure range considered. A magnetic cubic to a non- 
magnetic cubic transition is proved to be quite unfavorable to form in 
the analyzed pressure range. 
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