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Impact of temperature on short-range charge ordering in LiFePO4/FePO4
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Energy is stored in a LiFePO4 battery electrode through the intercalation of Li. As Li incorporate into the
crystal lattice of Fe(III)PO4, electrons reduce Fe(III) into Fe(II). The interactions of Li and its vacant site (Va)
with these localized electrons (holes), so-called polarons, cause phase separation during battery operation. These
fundamental interactions are however difficult to quantify using standard electronic structure calculations. In this
paper, we utilize DFT+U with occupation matrix control to compute interaction energies at varying Li-Fe(II) and
Va-Fe(III) pair separations. The increased energy with separation warrants the use of an electrostatic description.
The DFT+U data are fitted to a Coulombic potential with two-body corrections and used in a Monte Carlo
scheme. The coordination of the species determines their short-range ordering, showing that the Li and Va
create chains bridged by their associated polarons which dissociate into dimers at higher temperatures. This
dissociation happens at higher temperatures for Va than for Li, indicating a more pronounced clustering behavior
during the formation of FePO4. Notably, a significant amount of uncoordinated Li exists at elevated temperatures,
challenging the simplified picture of complete Li-Fe(II) pairing.
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I. INTRODUCTION

LiFePO4 (LFP) is commonly used as an electrode material
for energy storage, showing good performance and safety
metrics [1]. It is characterized by its distinct phase-separation
behavior [2–6]. At low temperature, this material decomposes
into phases rich and poor in Li, LFP, and FePO4 (FP), re-
spectively. Intercalation of Li into the electrode causes an
interplay between these phases that is not only affected by
thermodynamic and kinetic properties, but also by size and
strain effects as well as battery cycling conditions [7–9]. This
has intrigued the scientific community since 1997, when the
LFP/FP system was first introduced by Padhi et al. [10]. While
the two-phase miscibility has been considerably investigated,
it was only in 2005 that the existence of a high-temperature
solid solution was identified by Delacourt et al. [2,11].

As Li incorporates into the Li1−xFePO4 crystal, so does
an electron that reduces Fe(III) into Fe(II). Similarly, the
removal of Li introduces vacancies (Va) and oxidation of
Fe(II) into Fe(III). The change in oxidation states accompa-
nied with lattice distortions localizes the electrons (holes) on
specific iron sites, creating so-called small polarons [6]. The
solid solution phase emerges by consideration of all these
(Li, Va, and polarons) degrees of freedom as supported by
experimental and theoretical studies [12–14]. Experiments
conducted by Ellis et al. have shown that electrons exhibit
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mobility upon entering the solid solution phase, indicating a
Li-Fe(II) coupling within the system [12]. This corresponds
well with the calculated high binding energies of Li-Fe(II) and
Va-Fe(III) in Refs. [15–17]. Together, these studies suggest
that the Li-polaron mobility is strongly correlated in the solid
solution.

Additionally, the LFP-FP phase diagram has only been
reconstructed by explicitly considering both Li and electronic
degrees of freedom [13,18]. The computationally derived
phase boundaries by Zhou et al. using a two-lattice model and
short-range multibody interactions are in qualitative agree-
ment with experiments, showcasing both the miscibility gap
and the high-temperature solid solution region [13,14]. It has
been suggested that the solid solution phase obtained is not
entirely random but exhibits short-range ordering [19,20].
These results show a gap in our understanding of the ordering
of Li-Fe(II)/Va-Fe(III) arrangements.

The two pairs, Li-Fe(II) and Va-Fe(III), interact differently
as evidenced by their respective binding energies. Refer-
ences [16,21] report a barrier for separating the Li/Va and its
respective polaron but disagree on which of the Li-Fe(II)/Va-
Fe(III) pairs interacts more strongly. The observed increase
in energy associated with Li/Va and Fe(II)/Fe(III) separa-
tion, as presented in Ref. [21], demonstrates the presence
of long-range electrostatic interactions. Accounting for such
long-range forces has been stressed as neglecting them could
lead to the occurrence of unphysical charge ordering [22].

The pronounced electrostatic interactions underpin the
prevailing hypothesis that the two species remain coupled,
although this assumption warrants further scrutiny. Recent
findings in Ref. [23] describe the decoupling of the Li-Fe(II)
pairs as a rare occurrence emphasizing their electrostatic
nature while overlooking thermal effects. However, this
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contrasts experimental work by Cabana et al. where the de-
coupling increases with higher temperature [24].

In this paper, we investigate the impact of temperature on
the short-range ordering of Li-Fe(II) and Va-Fe(III) pairs us-
ing a multiscale modeling approach. The multiscale model has
its origin in electronic structure calculations, used to quantify
the fundamental interactions between Li/Va and Fe(II)/Fe(III)
in LixVa1−xFe(II)xFe(III)1−xPO4. In general, to accurately
describe localized electronic states in transition metals such
as iron in LiFePO4, methods beyond conventional (semilocal)
density functional theory (DFT) are needed [16,25,26].
Furthermore, generating a diverse data set for a correlated
system of two sublattices, where one contains polarons,
poses additional problems. Distortions in the cell, as well as
symmetry operations, would strongly favor localization of the
polarons close to the Li or Va, thereby effectively preventing
sampling of larger charge separations. To overcome both
these problems and enable the assessment of various possible
electron configurations, DFT+U is used in conjunction
with occupation matrix control (OMC), which enables site
specificity without any explicit structural modification [26].

To assess the temperature dependence on the short-range
charge ordering in LiFePO4/FePO4, the generated DFT+U
data set is used to fit interaction models for statistical sampling
with Monte Carlo (MC) simulations. One model is generated
for low Li concentrations in which Li-Fe(II) pairs represent
the LFP phase formation and one model at high concentration
which represents the opposite case with Va-Fe(III) pairs for
the FP phase. In this way, we can efficiently account for the
different electrostatic conditions in LFP and FP, and indepen-
dently investigate the [Li,Va] and [Fe(II), Fe(III)] sublattices
and their equilibrium structures at varying temperatures.

The outline of the paper as follows. In Sec. II, the
constituents of the used multiscale approach are described.
Section III goes through the results starting with a presentation
of the materials FP and LFP (Sec. III A) followed by a detailed
investigation of the electronic properties of Fe(II) in different
environments (Sec. III B). Thereafter, we go through the data
set generation and analysis of the DFT+U data (Sec. III C)
followed by a detailed analysis of the MC simulation results
(Sec. III D). Section IV concludes the paper.

II. METHODOLOGY

To investigate the temperature-dependent properties of
Li/Va-Fe(II)/Fe(III) pairs in LixVa1−xFe(II)xFe(III)1−xPO4 at
the dilute limits, efficient methods of sampling different lattice
configurations are necessary. In this paper, the chosen method
is lattice-based Monte Carlo sampling in which rapid energy
evaluations are enabled through the use of a point-charge
model with short-range two-body correction terms account-
ing for overlapping relaxation spheres and Pauli repulsion.
This model describes the interactions between the species of
interest, which for the dilute case at low Li concentrations
are Li and Fe(II). Similarly, at high Li concentrations, Va
are introduced at the corresponding Li sites giving Va/Fe(III)
pairs. The interaction model is parametrized using data from
DFT+U calculations with OMC. In the following, we de-
scribe the technical details of these methods.

A. Electronic structure calculations

Electronic structure calculations using spin-polarized DFT
in the implementation with a plane-wave basis set and
pseudopotentials have been performed using VASP [27,28].
The exchange-correlation energy was described by the
Perdew-Burke-Ernzerhof density functional [29]. Projector
augmented wave (PAW) pseudopotentials were used in all
calculations [30]. Li was described by three valence electrons
(1s22s1), oxygen by six valence electrons (2s22p4), phospho-
rous by five valence electrons (3s22p3), and iron by eight
valence electrons (3d64s2). Nonspherical contributions from
the gradient corrections inside the PAW spheres were included
in all calculations [31]. Structural optimizations of the unit
cell and atomic positions for all bulk systems were performed
using the conjugate gradient algorithm, where the relaxation
continued until all components of the stress tensor were less
than 0.01 kbar and the forces on each atom were less than
0.01 eV/Å. The Brillouin zone was sampled using a k spacing
of 0.5 Å−1. In all calculations, the plane-wave energy cutoff
was set to 600 eV.

To treat the highly correlated Fe 3d electrons, we used the
rotationally invariant Hubbard correction of Dudarev et al.
[32] with a U -J value of 4.0 eV. The choice of using 4.0 eV
for the description for the Fe(II)/Fe(III) redox couple is based
on work by Jain et al. [33]. Regardless of correcting for
electron-electron repulsion as done with the Hubbard correc-
tion, special care has to be taken to ensure the correct orbital
occupation. To explicitly set the electronic configuration, we
have used the OMC method implemented by Allen and Wat-
son [26]. A two-step procedure is utilized, the first step being
a restrained ionic relaxation of a frozen cell with OMC and
the second being a regular DFT+U calculation with full ge-
ometric relaxation (both ions and lattice) restarted using the
optimized structure and wave functions from the first step. The
atomic magnetic moments are initialized for all calculations.
OMC has previously been used to investigate similar systems,
for example polaron-assisted migration in Li4Ti5O12 [34] and
Jahn-Teller distortions in layered transition metal oxides [35].

B. Interaction model

A Monte Carlo approach was used to investigate the
temperature dependence in Li-Fe(II) and Va-Fe(III) arrange-
ments. To simplify, we will focus on the former case in this
description. The method follows a similar procedure to the one
outlined in Ref. [36], studying the interaction and clustering
of charged impurities and their associated cations. In this case,
the interaction model describes Li and Fe(II) in a structure
consisting of two sublattices where Li ions reside on one
lattice and Fe(II) on the other. The total energy is described
by Eq. (1), where ai and a j represent the different atoms in
the system:

E =
∑
〈i, j〉

[
C

ri j
aia j + qiq j

ri j

]
+ const. (1)

Short-range interactions (up to 4.2 Å) are described using
pairwise terms with individual constants, Cri j

aia j , for each
unique atom pair [Li-Li, Li-Fe(II), and Fe(II)-Fe(II)] and dis-
tances between them, ri j . The cutoff for the two-body terms
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TABLE I. Crystallographic data of bulk FePO4 and LiFePO4 and corresponding computed data for structures in a ferromagnetic ordering.

Material Space group Materials project ID Calc. a, b, c (Å) Expt. a, b, c (Å) Expt. Ref.

Fe(III)PO4 Pnma mp-20361 4.864, 5.899, 9.944 4.756, 5.752, 9.760 [39]
LiFe(II)PO4 Pnma mp-19017 4.736, 6.055, 10.418 4.695, 6.011, 10.338 [39]

was chosen to be 3.5 Å for Li-Li, 4.2 Å for Fe(II)-Fe(II), and
4.0 Å for Li/Fe(II) leading to 1, 1, and 3 constants, respec-
tively. Long-range interactions are treated using an effective
point charge model and Ewald summation as shown by the
second term of the equation.

The charges of the Li and Fe(II) ions, qLi and qFe(II), are
described by a single parameter, Qeff = qLi = −qFe(II). Fi-
nally, the constant term describes the energy associated with
introducing a noninteracting Li-Fe(II) pair to the lattice as
well as accounting for the background matrix of PO4. This
is necessary when fitting the model to a dataset with varying
concentrations of Li and associated Fe(II). The interaction
parameters and effective charge were optimized using the
DFT data in the software package CCS [37], then used as input
for thermodynamic sampling in GULP [38]. Both the CCS and
GULP codes are open source and freely available.

III. RESULTS AND DISCUSSION

In Sec. III A, we present results for the bulk systems and
describe the structural models we use in the rest of the paper.
In Sec. III B, we validate and test the OMC method for Fe(II)
by calculations on a [Fe(H2O)6]+2 octahedral complex and in
a FP primitive cell. This section serves as a guide, providing
insights into the practical application of the methodology and
shedding light on the electronic properties of Fe(II) ions in
various environments. In Sec. III C, we show the results from
the Li and Va insertion and the formation of Li-Fe(II) and Va-
Fe(III) pairs. In Sec. III D, we report on the results obtained
from the thermodynamic sampling.

A. Structural and electronic properties of FP/LFP

There are many different crystal structures to choose from
for FP and LFP as seen by the entries in the Materials project
database [40]. The ground state of LFP is a unit cell of or-
thorhombic symmetry (space group Pnma), a configuration
also presumed for the delithiated FP phase. For FP, this phase
is thermodynamically slightly less stable than the computed
ground state tetragonal structure, E f , within 0.02 eV/atom
above the hull [40], but has been observed experimentally
[39]. The crystallographic data for the bulk phases investi-
gated in the present paper are given in Table I and the unit
cells for both the FP and LFP phases are shown in Fig. 1.

Both the FP and LFP phases exhibit antiferromagnetic
ordering at low temperatures, transitioning to a paramagnetic
state at 50 and 125 K, respectively [39,41]. Prior studies have
indicated that the magnetic ordering in LFP and FP has a
minor impact on the formation energies and the relaxation
of the crystal structure [42]. This aligns with the findings
presented in Table II. Therefore, for the sake of simplicity,
all structures in the training set are treated in a ferromagnetic
manner.

As a reference, the projected density of states (pDOS) of
FP and LFP in the ferromagnetic states are shown in Figs. 2(a)
and 2(b), respectively. In the figures, both spin channels are
shown. Figure 2(b) shows additional occupied spin-down d
states in LFP due to the Fe(II) formation. The computed
band gaps are given in Table II, where we also report band
gaps obtained for the other magnetic orderings. The value for
the band gap varies slightly more for FP, but both are close
to the ones computed in Ref. [6]. This further validates the
use of a ferromagnetic ordering in the electronic structure
calculations.

B. Validating the OMC methodology for Fe2+ ions

In the case of d elements such as Fe in LFP, the orbital
occupancy is specified by two 5×5 matrices, one for each spin
channel. The five diagonal elements of these matrices repre-
sent the occupation of the five d orbitals, while off-diagonal
elements signify deviation from these ideal states. Thus, the
eigenvalues of the matrix give the weighted orbital occupation
and the sum of the eigenvalues gives the number of electrons
on the atoms, and thereby the oxidation state [43].

As a first case to test and demonstrate the OMC method for
Fe(II), an isolated [Fe(H2O)6]+2 octahedral complex is used.
Fe(II) in the [Fe(H2O)6]+2 will be in a high-spin configuration
with four unpaired electrons and should display a crystal field
splitting, �oct, between two high-energy eg states and three
low-energy t2g states.

OMC+DFT+U calculations following the two-step pro-
cedure described in Sec. II A, however with only ionic
relaxation, were applied on the [Fe(H2O)6]+2 octahedra. To
obtain an Fe(II) ion, two electrons were removed from the
neutral complex, resulting in a Fe(3d6) electronic configura-
tion. To compensate for the charged unit cell, a neutralizing
negative background charge (jellium model) was applied. The

FIG. 1. The crystal structure of (a) FePO4 and (b) LiFePO4 with
labels showing the respective chemical species: lithium (green), iron
(brown), phosphorous (purple), and oxygen (red).
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TABLE II. Computed lattice constants, formation energies, and band gaps for FP and LFP in a 2×2×2 supercell of different magnetic
ordering.

Ordering a, b, c (Å) V (Å3) �Ef (eV/atom) Eg (eV)

FePO4 Ferromagnetic 4.864, 5.899, 9.944 285.296 0.002 1.76
Antiferromagnetic 4.858, 5.888, 9.942 284.367 0.000 2.20
Paramagnetic 4.862, 5.892, 9.943 284.803 0.001 1.96

LiFePO4 Ferromagnetic 4.736, 6.055, 10.418 298.726 0.010 3.40
Antiferromagnetic 4.734, 6.052, 10.414 298.364 0.000 3.40
Paramagnetic 4.736, 6.054, 10.412 298.490 0.002 3.39

electron occupation of both spin channels was controlled by
the occupation matrix, with five electrons in the spin-up chan-
nel and one electron in the spin-down channel. This was done
by specifying integer values (0 or 1) along the diagonal of
the two 5×5 matrices, while the off-diagonal values were set
to zero. These so-called diagonal occupation matrices have
previously been used by Dorado et al. [44] and Miskowiec
[45] for describing electron localization of 5 f electrons in ura-
nium. For the 5×5 matrix, this gives five different possibilities
with different orbital occupation in the spin-down channel.

The resulting spin densities and corresponding total energy
differences, �E , from the five OMC+DFT+U calculations
for the [Fe(H2O)6]+2 complex are shown in Figs. 3(a)–3(e).
We note that the main effect captured in the energy difference,

FIG. 2. Projected density of states (pDOS) for (a) FePO4 and
(b) LiFePO4. Energies have been shifted by the alignment of the
oxygen 2s orbitals. The dashed vertical lines show the Fermi level
at the highest occupied electronic state.

�E , originates from the occupation of different eigenstates.
This implies that �E is a measure of �oct described above. We
estimate �oct for the d orbitals in Fe(II) in the [Fe(H2O)6]+2

complex d orbitals to be 0.64 eV. This is within the
0.46–0.83 eV range predicted in Ref. [46].

To investigate if a standard DFT+U calculation will find
the low-energy state also without OMC control, we have
generated 50 structures of the [Fe(H2O)6]+2 complex, each
initialized with a slight distortion where the positions of the
atoms in the initial structure were displaced in a random direc-
tion following a normal distribution with a standard deviation
of 0.1 Å and initializing the atomic density using randomized
wave functions. After the geometry optimizations, we find
that standard DFT+U captures the low-energy state in all 50
cases, i.e., the �E is similar as that of the ones found for
the low-energy t2g using the OMC method. The spin density
for a typical case shown in Fig. 3(f) resembles that of the
low-energy t2g spin density obtained with OMC+DFT+U
[see Fig. 3(d)].

It is interesting to note that the spin density corresponding
to the three degenerated low-energy t2g and two high-energy
eg orbitals shown in Figs. 3(a)–3(e) resembles the atomic d
orbitals expected from crystal field theory. We identify the

FIG. 3. Spin densities and total energy differences, �E , from
OMC+DFT+U calculations for [Fe(H2O)6]+2 corresponding to
(a), (b) high-energy eg states and (c)–(e) low-energy t2g states. It is
interesting to note that the spin densities resemble the correspond-
ing d-atomic orbitals expected from crystal field theory: (a) 3dz2 ,
(b) 3dx2−y2 , (c) 3dxy (d) 3dyz, and (e) 3dxz. (f) Resulting spin density
and total energy difference from DFT+U calculations without OMC.
The spin density is shown for one structure, however the total energy
difference is the average, �Ē , obtained from 50 different DFT+U
calculations (see text for description). The isosurface level is plotted
at 0.025 e/Å.
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FIG. 4. Fe(II)-OX bond lengths in [Fe(H2O)6]+2 for the different
cases presented in Fig. 3 [x = 1 − 6 as illustrated in Fig. 3(f)]. Bond
lengths for the structures with occupied (a) high-energy eg states,
(b) low-energy t2g, and (c) the representative DFT+U structure given
in Fig. 3(f).

typical t2g orbital orientation with lobes pointing out into the
empty space and the typical eg orientation with lobes point-
ing directly toward the ligands. These observations are also
confirmed by larger bond lengths along these directions when
occupying eg states with the extra spin-down electron (see
Fig. 4). In Fig. 4(a), the Jahn-Teller distortion obtained for the
high-energy eg state is presented. Figure 4(b) shows smaller
distortions obtained for the low-energy t2g state. Figure 4(c)
demonstrates the lack of distortion obtained without OMC
which leads to the fractional occupation of all d orbitals. This
highlights the importance of going beyond standard DFT+U
calculations when studying effects related to structural distor-
tions originating from specific orbital occupations.

Fe is also sixfold coordinated in bulk FP, but with five
closest neighbors and one in the next nearest shell (see Fig. 5).
The primitive structure thereby lacks the perfect octahedral
symmetry we have in the [Fe(H2O)6]+2 complex investigated
above, and is therefore expected to have a smaller energy
splitting. We have followed the same procedure as above for
Fe(II) in FP by adding one electron to the FP unit cell, again
compensated by a neutralizing positive background charge.
This additional electron placed on one Fe iron changes the
Fe-O bond distances and is localized as the structure distorts
in order to adjust to its presence. This leads to the formation of
a localized polaronic state, Fe(II). These states appear in the

FIG. 5. Spin density plots of [FePO4]−1 with energies in eV
showing (a)–(e) five different cases of attempted orbital configura-
tions using OMC+DFT+U and (f) average energy for 50 DFT+U
calculations without OMC. The configurations are ordered by their
energy and the isosurface level is plotted at 0.025 e/Å.

FIG. 6. Projected density of states (pDOS) of (a) FP with an
additional electron as illustrated in Fig. 5(d) and (b) a LFP with a
hole, produced in the same way. Energies have been shifted by the
alignment of the oxygen 2s orbitals. The dashed vertical lines show
the Fermi level at the highest occupied electronic state.

band gap in the density of states for the spin-down channel
[see Fig. 6(a)].

The spin densities obtained from the OMC+DFT+U cal-
culations for FP are not as clearly interpreted as they were
for the octahedral Fe(II) complex discussed above. Still, there
is a clear division into two states at higher energy and three
levels at lower energy. The high-energy states [Figs. 5(a) and
5(b)] are found to lie in the ba plane and close to the 3dxy

state in Fig. 3(c). The low-energy states [Figs. 5(c)–5(e)]
are seemingly like the 3dyz state in Fig. 3(d). Compared to
the hydrated Fe(II) ion, the total energy difference between
occupation of low- and high-energy states is smaller in the
solid, �E = 0.16 eV.

Again, as a comparison we performed relaxations without
OMC for 50 slightly distorted structures (using the same
procedure as for the [Fe(H2O)6]+2 complexes but with 0.05
Å in standard deviation). The average energy from the 50
unconstrained DFT+U calculations [Fig. 5(f)] reaches the
same value as the low-energy OMC structures. These studies
confirm that the OMC procedure does not affect the ground
state energy but gives additional control on polaron localiza-
tion and occupation in the structure.

A similar procedure has been applied to an LFP primi-
tive cell, were one electron is removed in order to generate
a hole polaron [Fe(III)]. The electronic structure show-
ing Fe(III) is presented in Fig. 6(b). Similarly, both the
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FIG. 7. Energy vs distance for (a) Li-Fe(II) and (b) Va-Fe(III)
where Li/Va has been placed in 16 symmetry nonequivalent po-
sitions. A Coulomb potential (E ) with (a) k = 1.10, c = 0.34 and
(b) k = 1.60, c = 0.49 is fitted on the LFP lattice points for each
case and included as a guide. Note that the fitting in this case does
not consider the periodicity of the supercell.

unconstrained DFT+U and the OMC+DFT+U procedures
find the ground state with energy differences down to the
fourth digit.

C. Polarons in FePO4/LiFePO4

In this section the OMC+DFT+U method is used to in-
vestigate the interaction between intercalated Li/Va and their
associated Fe(II)/Fe(III) in the dilute limits. We use a 2×2×2
supercell with one or two Li-Fe(II)/Va-Fe(III) pairs corre-
sponding to a concentration of 3.125 and 6.25%, respectively.
Multiple configurations with different separations between the
Li and Fe(II) were considered. In the previous subsection
we found that the 3dxz orbital configuration had the lowest
energy for a single electron polaron in the FP lattice. The same
occupations was enforced, using the OMC method, on all
Fe(II) ions in the calculations presented here. A ferromagnetic
ordering of the spins is imposed in all cases.

First, we computed 16 configurations for a single Li-
Fe(II)/Va-Fe(III) pair at 16 symmetry nonequivalent separa-
tions, spanning up to 10 Å in an FP cell. We confirmed that
the localization of the polaron on the chosen Fe site was
successful by inspecting the magnetic moments of all Fe ions
in the structures. Figure 7(a) shows a scatter plot of the relative
energies (setting the lowest-energy configuration at zero) for
all these configurations as a function of the distance between
the Li ion and Fe(II).

The first coordination sphere is under 4 Å with five possible
closest neighbors and the second sphere is between 5 and

7.2 Å. Results for the Va-Fe(III) case are similarly presented
in Fig. 7(b), with the vacancy lattice points corresponding
to Li lattice positions. We note that the relaxation effect of
the Li-Fe(II) separation is small by comparing the optimized
distances with the lattice points of the cell. Calculating the
optimized distance between Va-Fe(III) has been opted out, due
to the added complication of finding the center of mass of the
vacant site.

Despite using the OMC procedure, it is still difficult to trap
the polarons in the high-energy structures. When turning off
the OMC control, two of the high-energy Li-Fe(II) structures
changed site location. This change should not significantly
impact our results, as we still possess a diverse set of struc-
tures with varying energies. We note that our reported values
closely match those given in Ref. [21] up to 7 Å. In the Li-
Fe(II) case, energies are in accordance with Ref. [15] within
the same range.

Overall, both interactions seem to follow a Coulomb-like
behavior as can also be inferred from the fitted 1/r curves
shown in Fig. 7. In Fig. 7(a), the fitted line corresponds to
an effective charge for the Li ion of 0.3 e, or equivalent to
a static dielectric constant of 13.1 assuming a charge of +1
for the Li ions. In Fig. 7(b) for one Va-Fe(III) pair in LFP,
the equivalent value is 9.0. In comparison, Ref. [47] report a
value of 11.6 for LFP which was motivated by other inorganic
phosphates having a dielectric constant within the range of
4.6–10.7 [48]. Reference [49] used the same procedure as
Ref. [47] but included structures over the whole concentration
range and reported a value of 17.5 for FP and 19.8 for LFP.
This would indicate a higher screening in LFP which is not
reflected in our results.

This discrepancy is further investigated by DFT+U cal-
culations on bulk FP and LFP structures using perturbation
theory [50]. For the case of bulk FP, the total dielectric con-
stant including both electronic and ionic contributions is an
isotropic tensor with values of (9.1,18.0,10.2). The corre-
sponding value for LFP is (9.0,9.6,8.4), which is on average
lower than for FP which further proves the consistency of our
data.

Next, we consider two Li-Fe(II)/Va-Fe(III) pairs in the
same supercell. These calculations allow us to also investigate
Li-Li/Va-Va and Fe(II)-Fe(II)/Fe(III)-Fe(III) interactions. The
ac plane of LFP can be seen in Fig. 8(a) with Li-Li distances
of 4.7 and 5.7 Å. However, a second Li can also be placed in
the next ac plane, either at 3.0 or 6.5 Å as seen in Fig. 8(b). A
total of 29 structures were generated with Fe(II) and Fe(III) at
various positions and Li/Va at a maximum distance of 6.5 Å.

The results for the structures containing two pairs are pre-
sented in Fig. 9 showing the variation in energy depending on
the Li-Li and Va-Va distance and the distance to and between
their respective polarons. Figures 9(a) and 9(c) show the dis-
tribution of the average distance while Figs. 9(b) and 9(d)
show the distribution of the Fe(II)-Fe(II) and Fe(III)-Fe(III)
distances.

We see a large spread in energies for the different configu-
rations within each group, up to 0.6 eV. Structures with shorter
Li-Li distances have overall higher energy indicating possible
repulsive forces between these species. In Fig. 9(a), we see
that shorter average distances between Li and Fe(II) give
lower energies. For the Va case, the low-energy structure with
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FIG. 8. The crystal structure of LiFePO4 showing (a) the ac
plane and (b) a three dimensional rendering of multiple such ac
planes separated at 3.0 Å. Here, lithium is in green and iron is in
brown. Oxygen and phosphorus have been excluded for visualization
purposes.

4.7 Å Va-Va separation is notably more stable. The picture
is more complete when combined with Figs. 9(b) and 9(d),
where the change in distance between the polarons seems to
have a more prominent effect.

The absence of a correlation between energies and polaron
distances suggests that additional factors, beyond these pa-
rameters, are influencing the system. One such factor is the
shielding of polarons from each other by Li. It is notewor-
thy that this shielding effect manifests differently in the case
of Va. The designation of Va as a species is primarily for
modeling purposes, when it in its actuality represents a vacant

FIG. 9. OMC+DFT+U calculated energies of two pairs of either
Li-Fe(II) or Va-Fe(III) in a 2×2×2 cell showing the scattering in
energy with (a) average Li-Fe(II) distance, (b) Fe(II)-Fe(II) distance,
(c) average Va-Fe(II) distance, as well as (d) Fe(III)-Fe(III) distance.
All distances are given in Å.

TABLE III. Fitted parameters in the interaction model described
in Sec. III C [see Eq. (1)].

rcut (Å) ai a j C (eV)

Qeff = qLi = −qFe(II) = 0.26e

3.5 Li Li 0.01
4.2 Fe(II) Fe(II) 0.19
4.0 Li Fe(II) −0.01
4.0 Li Fe(II) 0.04
4.0 Li Fe(II) 0.00

Qeff = −qVa = qFe(III) = 0.33e

3.5 Va Va 0.13
4.2 Fe(III) Fe(III) −0.05
4.0 Va Fe(III) −0.02
4.0 Va Fe(III) 0.07
4.0 Va Fe(III) 0.03

Li site within the lattice. These results emphasize the intricate
nature of this system, where structural stability is evidently
sensitive to the specific arrangement of polarons.

D. Temperature dependence

As discussed in the Introduction, a temperature depen-
dence in the correlation between the polaronic and Li-Va
sublattices has been reported [24]. To investigate and quan-
tify this dependence in Li-Li/Va-Va, Li-Fe(II)/Va-Fe(III), and
Fe(II)-Fe(II)/Fe(III)-Fe(III) arrangements, we have fitted in-
teraction models to the DFT+U data from Sec. III C and
performed a series of Monte Carlo simulations. To account
for the dissimilar electrostatic conditions in FP and LFP, as
presented by the DFT+U results (Sec. III C), two different
interaction models have been generated.

1. Fitting an interaction model

The interaction model used in the Monte Carlo simulations
was described in Sec. II B and is defined by two parameters,
the two-body interaction terms C and the effective charge,
Qeff . These parameters are fitted to the OMC+DFT+U data
for the 16+29 configurations containing one and two Li and
their associated Fe(II); see Sec. III C for details. We include
all structures in the numerical fit of the model, both the ones
containing one and two Li. The Va-Fe(III) data were fitted
analogously. The mean squared error of the fit for the Li-Fe(II)
structures is 2.3 meV and for Va-Fe(III) it is 1.6 meV. Table III
give the values for all the fitted parameters of the models. We
obtain an effective charge, Qeff , of 0.26e and 0.34e for the
Li and Va case, respectively. The larger value of the Va-Va
interaction parameter compared to Li-Li indicates a higher
repulsive force. We note the similarity of the effective charge
fitted here using a full Ewald treatment and the one obtained
from the simple line fit to a Coulomb potential in Sec. III C.

2. Statistical sampling

A series of Monte Carlo simulations were performed be-
tween 100 and 1000 K which is the region of interest in the
phase diagram of LFP [2,3]. A (4×8×8) supercell is used
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FIG. 10. Initial structures for Li-Fe(II) (a) with a constructed ordered initial arrangement in the ac plane, (b) with a constructed ordered
initial arrangement in the bc plane, and (c) after an MC equilibration simulation. Snapshots of the resulting Monte Carlo trajectories at 300 K
are depicted in (d), (e), and (f), respectively. The T = 0 K energy difference in eV is predicted using the generated interaction model. Li
is represented in green, Fe(II) in brown, and Li vacancies as black dots. O, P, and Fe(III) are omitted for clarity. The ac and bc planes are
illustrated for reference.

consisting of 2048 lattice sites. We use a number of Li and
Va corresponding to an overall stoichiometry of Li0.0625FePO4

and Li0.9375FePO4 and perform MC simulations for these sep-
arate cases. This corresponds to the same concentrations as
our DFT+U data consisting of two Li in a 2×2×2 supercell.
As a reference, we have included results from an MC simula-
tion with an identical simulation cell but with no interaction
between the species, a so-called hard-sphere model.

Previous theoretical and experimental results indicate a
preference for the Li atoms to position into planar arrange-
ments in the ac plane [51,52]. To investigate the stability
of such planes using our model, we have considered three
different cases of atomic arrangements as seen in Fig. 10.
The first one is a supercell with atoms in the ac plane shown
in Fig. 10(a), the second is similarly arranged but in the bc
plane as shown in Fig. 10(b), and the third case is a structure
obtained from an equilibration run of 2 000 000 trial moves
as shown in Fig. 10(c). These are used as inputs in separate
MC simulations where each trial move consists of a random
swap of either a Li-Va or a Fe(II)-Fe(III). For the ac and bc
plane, statistics were collected over 200 000 trial moves. For
the already equilibrated simulation, statistics were collected
over 20 000 trial moves.

Snapshots from the resulting trajectories are shown in
Figs. 10(d)–10(f). The 0 K energies of the structures are
calculated using the fitted interaction model for both the
initial and resulting snapshots. In agreement with the theo-
retical study in Ref. [51], Fig. 10(a) shows the lowest-energy
configuration of Li-Fe(II) to be in the ac plane. The
agreement between the 0-K results and those in Ref. [51] is

expected, given the absence of temperature effects. During the
Monte Carlo simulations, temperature is seen to have a sig-
nificant impact on the short-range ordering in the structures.
Consequently, both the ac and bc planar structures gradually
disintegrate, eventually converging to a similar state to that
depicted in Fig. 10(f). Similar results have been obtained for
the Va-Fe(III) system.

To determine whether or not these simulations have
reached an equilibrated state, it is important to evaluate their
sampling efficiency. This assessment has been carried out by
computing the acceptance ratio for some indicative cases (see

FIG. 11. Acceptance ratio, i.e., percentage of accepted attempts
during the Monte Carlo simulations, at varying temperature initiated
either after an equilibration run or with an ordered atomic arrange-
ment in the ac plane.
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FIG. 12. A typical linked cluster from the Monte Carlo sim-
ulation showing examples of different coordination types: (a) 1
Fe(II)/Li, (b) 2 Fe(II)/Li, and (c) 3 Fe(II)/Li.

Fig. 11). A low acceptance ratio, as can be seen for tempera-
tures between 100 and 300 K, indicates a trapped metastable
state. The thermal energy at those temperatures might not be
sufficient to transition the system into states of lower energy.
In addition, we see a shift in the acceptance ratio for the Va
case. This is due to the stronger Va-Fe(III) interaction as seen
in Figs. 7(b) and 9. A trial move that separates the Va and
Fe(III) pair has a higher probability of being rejected. As all
three simulations reach a similar state, we conclude that the
used algorithm leads to well-equilibrated structures within a
finite number of MC steps at T = 300 K and above.

The equilibrated structures are seemingly disordered, but
actually exhibit short-range ordering. This ordering can be
quantified by examining their coordination. The Li-Fe(II) co-
ordination sphere is defined with a cutoff radius of 4 Å, which
includes the five closest neighbors as seen in the energy plot
presented in Fig. 7(a). The Li-Li distances are presented in the
structure in Fig. 8 and the coordination cutoff is set as 7 Å.

Figure 12 displays a representative chain cluster with dif-
ferent Li-Fe(II) coordination according to the chosen cutoff

values. A zero-coordinated species [0 Fe(II)/Li] is isolated,
a one-coordinated species [1 Fe(II)/Li] is in the form of
a dimer, while higher coordination indicates clustering of
some sort. The cluster can be in the form of a chain, one-
coordinated end members linked by two-coordinated pairs, or
three-dimensional clustering coordinated with three or more
species.

Further analysis has been conducted on all MC calculations
at temperatures 200–1000 K. These calculations were gener-
ated using the same procedure as in Fig. 10(f), starting from an
initial equilibration. The 100-K data have been omitted due to
the low acceptance ratio. The results from the MC simulations
are presented in Fig. 13, which shows the coordination and
average cluster size of Li-Fe(II) and Va-Fe(III) as a function
of temperature. As expected, the average coordination of Li-
Fe(II) and Va-Fe(III) decreases with increasing temperature.
For the case of Li-Fe(II) in Fig. 13(a), we note a rather sharp
increase in the amount of Li that coordinates only one Fe(II)
at around 200 K, reaching 0.6 and decreasing slightly until
reaching an almost constant value of about 0.5. In contrast,
we see a gradual, albeit steady, increase in the amount of
uncoordinated Li ions, starting to rise from a value close to
zero at 200 K and reaching a value of about 0.4 at 1000 K.

The coordination is different in the Va case [see Fig. 13(d)],
where it is initially higher and consists of more twofold and
threefold coordinated pairs. This observation aligns with the
higher binding energies reported in Ref. [16] as well as the
results we see in Fig. 7(b) where larger Va-Fe(III) separa-
tions are higher in energy as compared to Li-Fe(II). Another
discrepancy is found for the one-coordinated pairs, which
increase from 0.1 to 0.6 within a larger temperature range.
Similarly to the Li-Fe(II) case in Fig. 13(a), the fraction of

FIG. 13. Coordination plots from the Monte Carlo simulations of 4×8×8 supercells at 6.25 or 93.75% lithiation with (a) coordination
between every Li-Fe(II) at 4 Å cutoff distance and (b) Li-Li at 7.0 Å cutoff, (c) average cluster size for Li-Li, (d) coordination of Va-Fe(III) at
4 Å cutoff distance, (e) Va-Va at 7.0 Å cutoff distance, and (f) average cluster size for Va-Va. The clusters are either (i) all Li/Va within 7 Å
or (ii) all Li/Va linked by a Fe(II)/Fe(III). The reference hard-sphere model has been modified with a Li/Va cutoff distance of 4 Å. The shaded
region indicates an acceptance ratio of �1.25%.
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uncoordinated Va increase in a steady manner with tempera-
ture, however only reaching at most 0.2.

To summarize, the change in coordination of Li-Fe(II) and
Va-Fe(III) in Figs. 13(a) and 13(d), respectively, is present
across all temperatures. However, the transition to isolated
and single pairs is shifted in temperature for the latter case.
That we have an increase up to 40% isolated Li challenges
the conjecture that Li-Fe(II) are being associated into pairs as
postulated by Ellis et al. [12]. A study by Cabana et al. [24]
on metastable solid solutions indicates a decoupling between
these two sublattices with increased temperature. Our results
are in agreement with the latter observation while also quan-
tifying the percentage of uncoupled Li-Fe(II).

To further explore the system, we investigate the Li-Li and
Va-Va pairing. There are very few Li-Li/Va-Va pairs within 4
Å; at most 11 and 16% of the Li and Va are found in such
situations, respectively. It is interesting to note the difference
between the amount of such pairs to what could have been in
a completely disordered system. In the reference hard-sphere
model, the corresponding value is 12%. To create a system
with similar characteristics, we modify the reference hard-
sphere model by imposing a restriction: the Li/Va species are
not allowed to approach each other within a distance of 4 Å.

Beyond 4 Å, Li-Li and Va-Va neighbors are frequently
present in the next nearest shell which is revealed by co-
ordination plots presented in Figs. 13(b) and 13(e). These
figures show a high fraction of Li/Va coordinating one or
two Li/Va neighbors. This indicates the presence of dimers
(composed of only one-coordinated members) and chains
(composed of one- and two-coordinated members); see such
an example in Fig. 12.

Three-dimensional clusters are scarce as can be seen from
the low occurrences of Li/Va coordinating more than two
Li/Va neighbors. Inspecting snapshots from the MC simu-
lations, we found that many of the Li/Va clusters seem to
be connected with bridging Fe(II)/Fe(III) ions, like the one
depicted in Fig. 12.

In an attempt to quantify this observation we have com-
puted the average size of Li/Va clusters in which each
member is linked to its neighbors via Fe(II)/Fe(III) ions lo-
cated at a short distance (<4 Å) from the connected Li/Va
members. Figures 13(c) and 13(f) show the average size
of these “linked” clusters. Specifically, we consider two
scenarios.

(i) We define a cluster as all Li atoms within a 7 Å radius.
(ii) We identify clusters as Li atoms beyond 4 Å that are

linked by a polaron neighbor.
Here, we also show the values for the modified hard-sphere

model analyzed in the same way. Note that the maximum size
for a cluster is limited to the number of Li or Va in the simula-
tion cell which is 64. With increasing temperature, the average
size of the clusters decreases, approaching that of the modified
hard-sphere reference. These findings are consistent with the
number of isolated Li/Va observed in the MC simulations.
This fraction is 32.8 and 24.3% for the Li case and Va case at
1000 K compared to 25.2% in the modified hard-sphere case.

Clearly, an appreciable amount of such clusters are present,
over the entire temperature range, in both the Li and Va case,
as compared to the hard-sphere case. The measured distances
between the atoms in the clusters at 400 K are depicted in

FIG. 14. Measured distances within clusters including two or
more Li/Va at a temperature of 400 K for (a) Li-Li and (b) Va-Va.
The uncoloured histogram corresponds to the perfect ordering of the
ac plane in Fig. 10(a).

Fig. 14. The same distances have been illustrated in Fig. 10.
This reveals that most Li-Li and Va-Va atoms maintain a
distance of 6.5 Å. The low occurrence of these atoms within
4.7 Å indicates a lack of arrangement in the ac plane, as
already seen from Fig. 10(f).

In short, our findings consistently indicate a more pro-
nounced clustering behavior between Va-Fe(III) as compared
to Li-Fe(II). The Va-Fe(III) is a model for the delithiation
process during battery operation, where removal of Li atoms
forms Va-Fe(III) pairs leading to the formation of FePO4. En-
hanced clustering in FePO4 suggests a reduced energy barrier
for phase initiation. This in turn implies a less stable solid
solution. This is evidenced by the higher fraction of coordi-
nated clusters, highlighting a less pronounced solid solution
behavior. The shift in acceptance ratio with temperature (see
Fig. 11) further corroborates this. These results indicate that it
is more likely to form a solid solution near LFP, which is in
accordance with findings by Phan et al. [18].

It should be emphasized that the DFT+U data and the
MC simulations were performed at two extreme cases at the
dilute limits. The boundaries of the phase diagram indicate a
shift and asymmetry of the lithiation and delithiation process,
with an eutectoid point at xLi ≈ 0.6 [2,3]. The shown results
of the different clustering behaviors of Li and Va suggest an
explanation of the asymmetry of the phase diagram. However,
more studies need to be conducted in order to fully compre-
hend the lattice dynamics and their effects at intermediate
concentrations.

IV. CONCLUSION

We have investigated LixVa1−xFe(II)xFe(III)1−xPO4 from
first principles by explicit control of both Li and elec-
tronic degrees of freedoms. The presented method of us-
ing OMC+DFT+U results in a controlled localization of
electron and hole polarons, allowing the placement of one and
two Li-Fe(II) or Va-Fe(III) pairs at varying separations. The
generated data are used to quantify interactions in terms of a
Coulomb potential with a short-range correction considering
only closest neighbors, motivated by the 1/r form of the
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energy increase at larger separations. This interaction model is
used to investigate the short-range charge ordering of multiple
pairs using lattice-based Monte Carlo simulations.

In the Monte Carlo simulations (spanning up to 1000 K) we
see virtually no association, neither of Li-Li nor of Va-Va at
nearest neighbor distances. The generated trajectories display
a solid-solution-like phase with a short-range ordering. We
observe a strong indication of Li-Li and Va-Va association
in the next nearest neighbor shell, separated by about 6.5 Å
and bridged with Fe(II)/Fe(III), respectively. This results in a
clear preference to form chains rather than three-dimensional
clusters. With increasing temperature, these chains dissociate
into smaller units as the system goes towards a complete
random ordering.

Clustering of this sort is more present in the Va case, which
is consistent with the OMC+DFT+U data and the larger
effective charge of the Va in the fitted Coulomb model. This
is mirrored in the computed fraction of isolated Li/Va that
does not coordinate with any Fe(II)/Fe(III). With increasing
temperature, these fractions gradually increase up to 40 and
20%, for Li and Va, respectively, challenging the simplified
picture of a complete Li-Fe(II) pairing.

To conclude, the presented methodology allows for the
quantification of Li-Li, Va-Va, Li-Fe(II), and Va-Fe(III)

interactions in a controlled manner. Their interactions are
mainly found to be governed by electrostatic forces, which is
often overlooked in many models attempting to describe these
systems. Despite a rather strong coupling at low temperatures,
we note that already at normal battery operating conditions, a
significant fraction of short-range charge ordering is present.
This short-range ordering implies an enhanced FePO4 phase
formation during battery cycling and a higher solid solution
stability during the delithiation process. In a broader picture,
these results further emphasize the importance of using a two-
sublattice description to accurately describe the intercalation
thermodynamics of the LFP system.
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