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Oxygen plays a critical role in strongly correlated transition metal oxides as crystal field effect is one
of the key factors that determine the degree of localization of the valence d/f states. Based on the

. localization, a set of conventional mechanisms such as Mott-Hubbard, Charge-transfer and Slater

. were formulated to explain the antiferromagnetic and insulating (AFl) phenomena in many of these
correlated systems. From the case study on LiFePO,, through density-functional calculations, we

. demonstrate that none of these mechanisms are strictly applicable to explain the AFI behavior when

. the transition metal oxides have polyanions such as (PO,)*~. The symmetry-lowering of the metal-
oxygen complex, to stabilize the polyanion, creates an asymmetric crystal field for d/f states. In
LiFePO, this field creates completely non-degenerate Fe-d states which, with negligible p-d and d-d
covalent interactions, become atomically localized to ensure a gap at the Fermi level. Due to large
exchange splitting, high spin state is favored and an antiferromagnetic configuration is stabilized.
For the prototype LiFePO,, independent electron approximation is good enough to obtain the AFI

. ground state. Inclusion of additional correlation measures like Hubbard U simply amplifies the gap and

. therefore LiFePO, can be preferably called as weakly coupled Mott insulator.

LiFePO, (LFPO) is considered to be one of the most efficient cathode materials"?. It offers reasonably high oper-
ating circuit voltage, one-dimensional Li ion diffusion and large capacity®*. Therefore, most of the research activ-
ities on LFPO are about its electro-chemical properties. However, electronic and magnetic structure of LFPO is
also equally interesting as it exhibits antiferromagnetic and insulating (AFI) behavior®=® similar to many of the
© strongly correlated transition metal oxides (TMO). Like many TMOs (e.g. NiO, FeO)*', LFPO has a band gap
. problem. Without appropriate correlation measures, either the band gap is found to be absent or very small'!-!*
. and with correlation measures the band gap is predicted to be large (~3.5 eV)!*!>1¢ which matches well with
: the experimental value'®. Theoretical explanation of the magnetic properties of LFPO is also equally diverse. It
* is predicted to be either an antiferromagnetic Mott-insulator!” or a ferromagnetic metal'!* or a ferromagnetic
. half-metal'2. Despite of having many virtues of regular TMOs, the structure of LFPO differs significantly. Firstly it
: involves a stable polyanion (PO,)*~ and secondly the Fe-O complex is highly asymmetric as the expected planar
and octahedral symmetries are completely broken.
: In this paper, we have performed density functional calculations on LFPO to investigate the link between the
. presence of the polyanion, Fe-O asymmetric complex and the AFI behavior. Based on the results we propose a
: mechanism which is schematically illustrated in Fig. 1d. We expect that LFPO is just a prototype and many other
TMOs with polyanions may follow this mechanism to obtain their AFI ground state. For the purpose of compar-
ison we have also illustrated the Mott-Hubbard!®!8, Charge-Transfer'® and Slater?® mechanism, respectively in
Fig.1a—c, which are appropriate to explain the AFI nature of many strongly correlated TMOs.

The symmetric M-O complexes in TMOs splits the five-fold degenerate atomic d states to new degenerate
d-states through crystal field splitting®'. For example the octahedral M-O complex creates triply degnerate t,,
and doubly degenerate e, states. The new degenerate states undergo coordinated covalent interactions with the
O-p states to become localized or itinerant’. Due to strong correlation effect, the localized states, depending on

© Condensed Matter Theory and Computational Lab, Department of Physics, Indian Institute of Technology Madras,
. Chennai, India, 600036. Correspondence and requests for materials should be addressed to B.R.K.N. (email:
nandab@iitm.ac.in)

SCIENTIFICREPORTS | 6:19573| DOI: 10.1038/srep19573 1


mailto:nandab@iitm.ac.in

www.nature.com/scientificreports/

Conventional Mott-Hubbard

Insulator (b) Charge-Transfer Insulator

Correlated
electron

Correlated U
electron

Weakly coupled Mott-Hubbard

(©) Slater Insulator (d)

DOS ——

Correlated
electron

Energy ——

Figure 1. Schematic illustration of several mechanisms leading to AFI behavior in TMOs. Strong

correlation effect creates Mott-Hubbard!®!® and Charge transfer type insulators'®. Slater insulator is driven

by Neel temperature®. Very weakly coupled d states in bulk LFPO form the gap at the Fermi level as in low
dimensional systems such as clusters and nano dots?*. The band gap is amplified with the inclusion of Hubbard U.

occupancy, either lead to Mott insulators (Fig. 1a) (e.g. LaVO3, MnO, FeO)*!° or lead to Charge-transfer insula-
tors (Fig. 1b) (e.g. NiO, Cu0)!1922,

There are some other TMOs, mostly involving weakly localized d electrons (e.g. Sr,IrO,)*, which undergo
metal-insulator transition at the Neel temperature (Ty). The antiferromagnetic ordering stabilizes as electrons
with opposite spins move in different potentials® below Ty. As a consequence each Brillouin zone is reduced by
half and each energy level splits into two with a gap in the middle as shown in Fig. lc.

In the case of LFPO, we show that the planar and octahedral symmetries among Fe and O ions are lost as
phosphorus strongly attracts the oxygens to form stable (PO,)*" tetrahedral polyanions in the system. This
lowering in symmetry introduces a completely anisotropic and inhomogeneous crystal field to create multiple
non-degenerate d-states which are devoid of any covalent interaction with the O-p orbitals. These atomic like
d-states ensure a gap at the Fermi level to drive the insulating behavior in LFPO as we see in zero dimensional
systems such as clusters and nano dots*. Also these states undergo large spin-splitting below Ty to create multi-
ple spin half states which mediate Heisenberg type antiferromagnetic interaction in the system. The correlation
correction, made through Hubbard U, simply increases the magnitude of the gap as demonstrated in Fig. 1d.

Structural and Computational Details

Olivine Crystal Structure. Crystal structure of LiFePO, is orthorhombic and it belongs to the Olivine fam-
ily of compounds"? with space group Pnma (No. 62). The two deterministic features of the crystal structure of
LFPO are: (i) the presence of perfect PO, tetrahedras (Fig. 2a) and (ii) the presence of FeO4 complexes (Fig. 2b),
where the octahderal symmetry is lost due to unequal bond lengths and bond angles as shown in Fig. 2c. The crys-
tal axes differ from the axes of the FeO complexes and neighboring FeO4 complexes are tilted with each other.

Computational Details. Density functional calculations are performed using the Vanderbilt ultra-soft
pseudo-potentials®® and plane wave basis sets as implemented in Quantum Espresso (QE)?. Exchange-correlation
potential is approximated through PBE-GGA functional®®. Some of the calculations are performed using LDA
for comparison and analysis purpose. Strong correlation is a natural phenomena in transition metal oxides. To
account for this, parameterized Hubbard U is included in our ab initio calculations. The kinetic energy cutoft to
fix the number of plane waves is taken as 30 Ry. However, the kinetic energy cutoff for charge density is taken as
250 Ry. A 6 x 10 x 12 k-mesh of the BZ, yielding 456 irreducible k-points, for the regular unit cell is found to be
sufficient to calculate the total energy with reasonable accuracy within pseudopotential approximation. Table 1
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Figure 2. (a) Olivine crystal structure of LiFePO, viewed from the 001 plane. It shows as if Fe and Li ions are
distributed in a matrix of PO, tetrahedra. The conventional unit cell is shown by the rectangle with dashed

line. (b) The FeO4 complexes tilted with each other and are also rotated with respect to the crystal axes. (c)
Demonstration of octahedral symmetry breaking through unequal Fe-O bond lengths and O-Fe-O bond angles.

Lattice Const. (A) Fe (4¢) P (4¢) 01 (4¢) 02 (4¢) 03 (8d)
Expt 10.227 6.004 4.692 0.290.25 —0.03 0.090.250.43 0.09 0.250.75 0.450.250.19 0.170.050.30
DFT 10.201 5.990 4.724 0.270.25 —0.03 0.09 0.250.41 0.090.250.74 0.450.250.21 0.16 0.04 0.28

Table 1. Experimental”® and DFT optimized structural parameters of LFPO. Li occupies 4a (0 0 0). The DFT
results are obtained within GGA + U (U=3eV).

shows that the DFT optimized structure is quite close to the experimental one. Hence it is expected that the DFT
calculations will reproduce the low temperature experimental properties of LFPO.

Results

Non-Planarity and Structural Stability. Crystals with planar geometry are highly symmetric and there-
fore many compounds, particularly the TMOs prefer to stabilize in a planar (layered) crystal structure. Some
of the well known planar TMOs are monoxides like MnO?’, NiO%, perovskites (AMO;)*"*2, cuprates®® and
Ruddlesden-Popper series: A, ,;M, 05, ,***. In these TMOs, the transition metal and oxygen ions lie (almost)
on a plane. As a consequence, the O ligands of the M-O complex create a symmetric crystal field to split the five-
fold degenerate atomic M-d states into multiple degenerate states. For example if there is an octahedral symmetry,
as in the case of perovskites, the d-states split into triply degenerate t,, and doubly degenerate e, states>"*. These
degenerate states, depending on their occupancies and strong correlation due to localization, exhibit many exotic
phenomena. These include half-metallicity”’, itinerant magnetisms?®, colossal magneto resistance (CMR)*, Mott-
Hubbard and Charge-transfer insulators'®" and high-T superconductivity*.

Unlike the TMOs discussed above, LFPO is highly non-planar, yet stable and shows AFI behavior. Therefore,
it is paramount to study the link between non-planarity and structural stability which, in return, will give useful
insight to the electronic and magnetic structure of this compound. In this context, we have carried out a virtual
structural deformation experiment as demonstrated in Fig. 3. We start with a perfectly planar hypothetical struc-
ture and gradually deform it to the experimental non-planar structure and in each step we performed the ab initio
calculations. The hypothetical planar structure may be realized experimentally through atomic layer deposition
(ALD) and molecular beam epitaxy (MBE) approaches.

Though for the virtual experiment several intermediate structures between the planar and the experimental
structure were studied, only three of them, whose Wyckoff positions are listed in Table 2, are discussed here to
avoid the redundancy. The stability of these structures are measured through the total energy calculations using
the ground state antiferromagnetic ordering of the experimental structure.

A comparison of the structures and the corresponding total energies (Fig. 3) suggests that the lowering in
symmetry through planar deformation brings stability to the structure. In fact the planar structure is unstable by
~20 eV, with respect to the experimental structure, which is too high for a crystal. During the process of defor-
mation, FeOg complexes give rise to FeO4 complexes and concurrently perfect tetrahedral (PO,)*~ polyanions are
formed. The octahedral symmetries, C;, C,, C, and C,?! are far-off for the FeO4 complexes since we have highly
unequal Fe-O bond lengths and O-Fe-O bond angles are significantly deviated from the ideal 180°.

The relation between structural stability and formation of PO, tetrahedra is quite evident from the energy
comparison of structure IIT and IV. As we move from III to IV, the PO, complex takes the shape of a tetrahedra
by attracting two O ions from the FeOgz complex. In this process the system gains stability by ~11 eV. Further per-
fection of the tetrahedral shape (structure V) makes the system most stable. The consequence is very significant
in realizing LFPO as a cathode material. As Li ion has minimal role for the structural stability, it can be easily
diffused and absorbed to facilitate charging and discharging process respectively. The non-planarity brings a big
change in the electronic and magnetic properties of LFPO as well. For the planar structure (I), i.e. in the absence
of PO, tetrahedra, the band structure is metallic with widely dispersed bands crossing the Fermi level (E;). By
lowering the symmetry the bands at E; become less and less dispersed. For the experimental structure they are
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Figure 3. Based on the virtual experiment, gradual transition from a perfectly planar (layered)
hypothetical structure (top) to the experimental non-planar structure (bottom) of LFPO. The Wyckoft
positions for each of the structures are listed in Table 2. The stability, in eV, of each structure is mentioned in the
extreme left panel. The planar deformation is shown in the second panel. Formation of perfect PO, tetrahedra
and largely distorted FeO, complexes concurring to the planar deformation are displayed in third and fourth
panels respectively. The corresponding band structures are plotted on the extreme right panel. The red dotted
circles indicate the detachment of O ion from the parent complex. The Fermi energy (Eg) is set to zero for band
structures plotted here and also in remaining relevant figures. In the starting hypothetical FeO,4 complex four of
the Fe-O (in plane) bonds have length close to 1.9 A, the other four (inter plane) Fe-O bonds have length close
to 2.8 A.

I (Hypothetical, Planar) 000 0.250.250 00.250.50 00.250.75 0.50.250.25 0.2500.25

1I 000 0.250.25-0.03 00.250.43 00.250.75 0.50.250.19 0.250.050.3
III 000 0.26 0.25 —0.03 0.020.250.43 0.02250.250.75 0.48750.250.19 0.230.050.3
v 000 0.27 0.25 —0.03 0.040.250.43 0.0450.250.75 0.4750.250.19 0.210.050.3
V (Experimental) 000 0.290.25 —0.03 0.090.250.43 0.090.250.75 0.450.250.19 0.170.050.3

Table 2. The Wyckoff positions for the structures shown in Fig. 3. The numbers written in bold indicate the
changes made with respect to the previous structure.

almost flat to induce insulating behavior in this compound. Detailed discussion on the mechanisms that lead to
the AFI behavior in LFPO is made in the following two sections. We note that weak electron conductivity is one
of the major disadvantages of LFPO as cathode material”¢. Bottom two structures in Fig. 3 suggest that a small
distortion in tetrahedra enhances the band dispersion substantially. The distortion may be achieved by external
pressures or doping.

Electronic and Magnetic Ground State. The objective of this section is to see how octahedral asymmetry
due to structural non-planarity affects the electronic and magnetic properties of LFPO. It is well known that a
small distortion of the MnOg octahedra breaks the e, degeneracy in LaMnO; and as a consequence A-type AFI
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Figure 4. Upper: DFT-GGA obtained LFPO band structure of non-magnetic (NM), ferromagnetic (FM)
and antiferromagnetic (ground state (GS) and first excited state (ES)) configurations. For the FM case,
solid and dashed lines respectively represent the band structure of spin-majority and minority channels. The
asymmetric crystal field splits the d-states into multiple non-degenerate states d,, d,, ds, d,, ds. Middle: The
ground state and excited state antiferromagnetic spin arrangement. Bottom: The three dimensional electron
density map plotted, for one of the FeO4 complex, in different energy ranges to reflect the shape of the non-
degenerate d states in AFM (GS) structure. The value of the iso-surface was set to 0.02 e/A3,

ground state emerges in this compound®. However, in most of the theoretical studies''*-!* on LFPO the primary
structural assumption is that the FeOs complex is not distorted to the extent that t,, and e, symmetries of the Fe-d
states are broken. While such an assumption does not affect the energetics and hence stability of the system, it
lacks in explaining the electronic and magnetic behavior. Also, as LFPO has 3d electrons, it is necessary to inves-
tigate the correlation effect on the electronic properties of this system. To our knowledge there are few literature
which have partly discussed the correlation effect using DFT + U calculations'!*-'7 and using DFT + dynamical
mean-field theory (DMFT) calculations**2. While the DMFT studies are restricted to the paramagnetic phase,
DFT + U calculations were carried out to match the theoretical band gap with the experimental band gap'>'®.
Therefore, a definitive mechanism to explain the experimental AFI behavior has not evolved so far.

Electronic structure of LiFePO, within GGA.  Electronic structure of LFPO can be well understood from
Fig. 4 where we have plotted the GGA band structures near E; for the non-magnetic, ferromagnetic and two
antiferromagnetic (ground and first excited states) configurations. The band structures reveal three universal
phenomena: (a) existence of a narrow band gap at E, (b) non-dispersive bands in the vicinity of E; and (c) Fermi
level is occupied by the Fe-d states while O-p states lie below the d states (not shown in the figure). These obser-
vations, combined together, are in contradiction with any of the conventional magnetic insulators such as Slater,
Mott and Charge-transfer which are schematically illustrated in Fig. 1. The non-magnetic insulating feature of the
band structure agrees well with the fact that experimentally LFPO is found to be insulating far beyond the Neel
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temperature”®. Therefore, it contradicts the Slater mechanism®. As the band gap exists even without additional
correlation (Hubbard U), it is not appropriate to define LFPO as a conventional Mott insulator®. The charge
-transfer mechanism'? is ruled out as we have d-d gap instead of a p-d gap at Ep.

The band structures in Fig. 4 further reveal that irrespective of the magnetic order, non-dispersive bands at
Ep are basically non-degenerate Fe-d states. The distinction of the non-degenerate states is very prominent in
the AFM structures. The three dimensional electron density of these non-dispersive bands for the AFM(GS)
structure, plotted in the bottom panel of Fig. 4, clearly shows that these bands are basically the individual atomic
d orbtials. Therefore, the p-d covalent interaction is either absent or negligible which can be further confirmed
from the bandwidth of these states.

A careful observation of Fig. 4, tells us that the band width of the non-degenerate states lies in the range of 0.24
to 0.4 eV for the unstable NM, 0.22 to 0.84 eV for the FM configurations and 0.08 to 0.52 eV for the stable AFM
configuration. If we map these bandwidths to that of a oversimplified nearest-neighbor tight-binding band dis-
persion (2t cos ka) for a one-dimensional lattice of length ‘@, then the hopping parameter will lie in the range 0.06
to 0.1eV for NM, 0.055 to 0. 21 eV for FM and 0.016 to 0.13 eV for AFM configuration. Such a hopping strength
is very negligible to assume any covalent p-d or d-d interactions in the system.

The non-interacting d-orbitals in the presence of a weak crystal field are filled following the Hund’s rule and
hence Fe*" favors high spin (HS) state. This agrees well with the DFT prediction as the AFM (GS) band structure
shows that except four spin-minority d states, the rest are lying below Ep. In fact the NM configuration represents
the low spin (LS) state for Fe*™ and is highly unstable, approximately by 0.5 eV, than that of the magnetic configu-
rations. At higher temperature it will give rise to paramagnetic insulating phase. We note that for odd number of
d electrons (Fe**), as in the case of the de-lithiated compound FePO,, the hypothetical NM phase may have states
pinned on the Fermi level, but the paramagnetic phase is always insulating. This is discussed in detail in Fig. 1 of
the supplementary material attached with this paper. Contrary to the experimental observations of HS configu-
ration (S = 5/2), the DMFT results*! provide an intermediate-spin state (S= 3/2) for FePO, in the paramagnetic
insulating phase.

Effects of Exchange Correlation and Onsite Correlation on the Electronic Structure.  Appropriate
exchange correlation functionals are vital for accurate DFT prediction of the electronic structure of solids, par-
ticularly for the correlated TMOs due to presence of localized d states. A simple case study is the family of mon-
oxides. While LDA predicts accurately the ground state magnetic ordering for NiO and MnO, it gives a smaller
band gap than the experimental values'®**. For FeO and CoO, LDA suggests a metallic solution while in reality
these are insulators with wide band gaps*. The errors are attributed to the inability of LDA to account for the
correlation. One way to correct the error is through a Hubbard term H,*.

= l 122
Hl o 2 v Z(1/ =ul) M i (1)
where i represents the site index and v= (m, o) collectively represents the orbital (m) and spin index (o) of the
state. U serves the purpose of onsite repulsion between the states v and /. Within mean field solution, the pairs
vand v/’ split to produce a gap ~ U between them. While one of the states gets occupied, other remains above Eg
Based on the strong correlation effect, two of the mechanisms (Mott-Hubbard and Charge-transfer) that have
evolved to explain the AFI behavior in TMOs are schematically shown in Fig.1.

Earlier DFT calculations''~" using LDA predict ferromagnetic and metallic ground state for LFPO. Inclusion
of U makes it AFI and the gap resembles to that of a Mott insulator!”. However, the electronic structure with
GGA, presented in the last section, predicts the AFI behavior even without U. To see whether the LDA really pro-
vides a metallic solution, we performed the calculations using a relatively highly dense k-mesh (~3350 irreducible
k-points) and large number of plane waves (~22000) and we found a zero band gap as shown in Fig. 5a. A very
small value of U opens up the gap. Therefore the metallic solution is to some extent a computational inaccuracy
rather than a correlation problem.

To further investigate the effect of correlation, we have plotted U dependent DOS in Fig. 5b. As expected, with
increasing U, the occupied d states are pushed below and unoccupied d states are pushed above to open up a larger
band gap. Also with increasing U, the d states penetrate the O-p spectrum and induce a reverse hybridization with
the latter. The band gap vs U plot of Fig. 5c shows that for small values of U, E,~ U for LDA and E,~ U + E, for
GGA. Here E}; is the gap without U. Such a situation arises for extreme localization of the states. For large value of
U (>5eV) E, saturates as O-p states occupy the valence band maximum. We note that experimental band gap is
(~3.8€V)!® which is obtained theoretically when U is close to 4.5¢V.

It is important to compare the electronic structure of FeO and LFPO as in both the cases Fe is in 2 + charge
states as well as in high spin state. The difference is in the structure. In FeO, the octahedral symmetry is present
while it is completely broken in LFPO as discussed in the early part of this paper. In this context we have sche-
matically summarized the electronic and magnetic structure of both the compounds in Fig. 6. The electronic
structure of FeO is understood from the DFT results reported by Anisimov et al.'® and Terakura et al.*> Within
LDA, the degenerate t,, and e, states of the FeOg4 octahedra have larger band width in FeO since the covalent p-d
and d-d interactions are maximized in this case. Fe** being in high spin state, the spin-down t,, band remains
partially occupied. Therefore, without U, FeO will always have a metallic solution. On the contrary in LFPO, the
five non-degenerate d states with negligible p-d and d-d covalent interactions resemble to the electronic states of
clusters and are localized enough to produce a narrow gap at Ex. The Hubbard term in the Hamiltonian (Eq. 1)
amplifies this gap. If the Hamiltonian involves both intra-orbital and inter-orbital onsite Coulomb repulsions,
ordering of the d orbitals with respect to the Fermi level might also change along with the gap amplification*!.
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Figure 5. (a) Band structure of LFPO at E; within LDA shows a zero band gap (left). A small value of U is
sufficient to open the gap (right). (b) Ground state antiferromagnetic DOS for different values of Hubbard U as
obtained using LDA (left) and GGA (right). The arrows indicate the gradual widening of the gap as well as the
penetration of Fe-d states in the O-p spectrum as U increases. Band gap with respect to U is quantified in (c).
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Figure 6. Schematic representation of the electronic structure of FeO (with perfect FeO, octahedra) and of
LFPO (with distorted FeO; complex).

The mechanism that leads to the formation of AFI ground state in LiFePO, can be extended to other members
of the LIMPO, (M = Cr, Mn, Co and Ni) (see Fig. 4 of the supplementary material).

Magnetic Exchange Interactions and estimation of Neel temperature (Ty). Since there are several
possible antiferromagnetic configurations for LFPO and all of them exhibit insulating behavior, it is ncessary to
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Figure 7. (Left) Various possible Fe-Fe spin dimers (J;). For each them the super exchange path (Fe-O-Fe or
Fe-O-0O-Fe) is also shown. (Right) Mapping of J; in the crystal. For clarity only Fe atoms are presented.

study the stability of each magnetic ordering by calculating the spin exchange interactions (J). Experimentally,
magnetocrystaline anisotropies are observed in the family of LIMPO, due to spin-orbit coupling*-*¢. For LiFePO,
it is found to be modereate for (Ag/g~ 0.1, g is the Lande g factor)*!. This may be significant for the magne-
toelectric effect?” but the Dzyaloshinskii-Moriya (DM) exchange interaction strength is found to be weak and its
contribution to Ty is very negligible for LFPO***%, Therefore, we have neglected the DM term in this work. To
estimate J in LFPO we have applied the extension of the Noodleman’s broken-symmetry method* given by Dai
and Whangbo®. According to this method, the energy difference between the high spin state and low spin state
for a spin dimer can be approximated as:

1
Ehs - Els = E(Smux)z T, (2)
where J is related to the spin-dimer Hamiltonian, H = J §, - §,, with S, being the maximum spin of the dimer.
If both the sites of the dimer have same number of unpaired spins, say N, which is relevant for the LFPO, then
Eq. 2 takes the form®
N’ —-N? N’
=gl =5 (3)
E,, and Ej, are energies of the high and low spin states respectively which can be estimated from the DFT calcu-
lations as discussed below. In Eq. 3, N (=4) represents the number of unpaired spins in each monomer. The net
spin arrangement can be considered as a sum of individual spin-dimers of the lattice. The spin-dimers considered
in this paper are shown in Fig. 7.

To evaluate the exchange interaction parameters from DFT results, we have considered seven magnetic con-
figurations out of which one of them is ferromagnetic (FM). In other configurations (A1 - A6) at least one of the
spin dimers is antiferromagnetic. The configurations for A1 (AFM(GS)) and A2 (AFM(ES)) are shown in Fig. 4
and are already discussed in the context of electronic structure. The rest are not shown in this paper, but can be
mapped from the expression of their total spin- exchange energy which, using Eq. 3, can be written as:

E,, —

S

Epy = 4QL+ L+ T+ Ju+Ts +]6)7

Eqn = 4(=2h+ L= T3+ Ju+ 75+ Js),

Ep =42+ L+Js— Ja—Ts+ ),

Ey = 4(_]2“‘ ]4_]5+]6)7

Ey = 4(2]1+ I, +]6)7

Eys = 40+ ]4+]5_]5)7

Ep = 4(_]2 _]3+]6)~ (4)

The energies, E, of Eq. 4 are now equated to the DFT calculated total energy of the respective magnetic configura-
tion to estimate the J; values®! and the results are listed in Table 3. Small values of J; (0-1 meV) suggest that LFPO is
a magnetically weak system. Our estimated exchange interaction parameters are comparable with the previously
reported values*+*0. We attribute the weak magnetic interaction of the spin dimers to the extremely non-linear
super exchange paths shown in Fig. 7. A pair of localized spins (dimer) always prefers to be antiferromagnetic
which cannot be full filled when the spin-dimers are not isolated. For example an antiferromagnetic J, would
prefer ferromagnetic J, and J as can be observed from Fig. 7. Therefore, the system may exhibit incommensurate
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Structure LZ) | B(Z) | 1:Z) | JZ) | T5(Z) | Js(Zg) | Ocw(K) | Ty(K)
Optimized 0.90(4) | 0.04(2) | 045(2) | 0.02(2) | 0.04(2) | 027(2) | —121.61 | 54.04
Experimental |  0.96 0.03 0.64 0.06 0.04 043 | —144.82 | 64.36

Table 3. Exchange interaction parameters (J;), in meV, are obtained by equating the DFT calculated
energies to that of Eq. 4. The corresponding exchange paths are shown in Fig. 7. Z; represents the number of
equivalent magnetic neighbors for J; exchange path. Positive and negative values of J; indicate antiferro and ferro
ordering respectively. The Curie-Weiss temperature O, and the Neel temperature Ty are evaluated using Eq. 5.

antiferromagnetic ordering. While so far it has not been observed experimentally in LFPO, related compounds
LiNi,_ ,Fe,PO, have exhibited the incommensurate antiferromagnetic ordering®>*.
The Neel temperature (Ty ) can be evaluated from the Curie-Weiss temperature®* as follows:

S(S+1) Ocw|
Ocw =———222J;, Ty=
v 3Ky E ! Y M (5)

where Z; represents the number of equivalent magnetic neighbors corresponding to J; (see Table 3). Ky is the
Maxwell-Boltzmann constant and . is a mean field constant. From the experimental studies® 6, and Ty are
found to be —115 K and 51 K respectively and hence p ~2.25. Now taking S as 2, we have estimated 6, and Ty
for the optimized and experimental structures and the results are listed in Table 3.

Our DFT calculations predict the Neel temperature in the range 54.04 to 64.36 K which agree well with the
experimental value. However, one has to be careful while predicting the exchange interactions from DFT. The
mean-field based calculations, such as DFT, overestimate the exchange interaction strengths. Also we would like
to note that in the present case, a change in the total energy by 1 meV can change the Ty by 5 K on either side.
For better estimation of exchange interactions and Ty, more comprehensive methods at the atomic scale such as
DFT + DMFT>¢ and atomistic spin dynamics®’ may be used.

Summary

In summary, we have studied the electronic and magnetic structure of the cathode material LiFePO, with the
objective to study the role of a polyanion in transition metal oxides. We find that the stable (PO,)*" polyanion
makes the compound non-planar and the degree of non-planarity determine the electronic and magnetic stability
of the system. Here, the FeO,4 complex is formed to stabilize the (PO,)*~ polyanion. The former is largely distorted
where the octahedral symmetry is completely absent. Therefore, the crystal field induced on the Fe-d orbitals is
strongly asymmetric and splits the degenerate d states into multiple non-degenerate states. These states are local-
ized, in the absence of strong d-d and p-d and p-p covalent interactions, and resemble to that of zero-dimensional
systems such as clusters and nano-dots. The crystal field splitting is sufficient to introduce a narrow band gap
which is unlikely for the conventional Mott insulators. The increase in Hubbard U simply enhances the magni-
tude of the gap. The spin-dimer analysis presented in this paper suggests a weak antiferromagnetic ordering and
the estimated Neel temperature is found to be lying in the range [54-64 K] which agrees very well with the exper-
imental value of 51 K. The mechanism presented in this article to explain the antiferromagnetic and insulating
ground state of LFPO is extendable to other members of transition metal olivine phosphates and is expected to be
a prototype for many transition metal oxides having polyanions.
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