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Electronic structure of FePO4, LiFePO4, and related materials
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The electronic structures of FePO4 and LiMPO4, whereM5Mn, Fe, Co, and Ni, are studied within the
framework of density-functional theory. These materials have interesting magnetic properties and have prom-
ising technological interest as cathode materials in rechargeable batteries. A comparison of results for various
spin configurations suggests that the ferromagnetic configuration, while not seen experimentally, can serve as
a useful approximation for studying general features of the electronic structure. The partial densities of states
and contour plots of electron densities show that covalent bonding between Fe 3d and O 2p orbitals is greater
in FePO4 than in LiFePO4. Nevertheless, LiFePO4 is calculated to have a greater binding energy than its
FePO4 and Li metal components; the corresponding open circuit voltage for the cathode discharge is calculated
to be 3.2 V, which is comparable to~although smaller than! the experimentally measured value.

DOI: 10.1103/PhysRevB.68.165107 PACS number~s!: 71.20.Ps, 71.15.Mb, 71.15.Nc, 75.50.Bb
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I. INTRODUCTION

Crystals of LiFePO4 and related materials have recen
received a lot of attention due to their very promising use
cathodes in rechargeable lithium ion batteries. A paper
Padhi, Nanjundaswamy, and Goodenough1 in 1997 intro-
duced LiFePO4 as a viable alternative to some of the tran
tion metal oxides that are currently used in commercial b
teries. Current cathode materials—LiCoO2, LiNiO2, and
LiMn2O4—suffer from deterioration with use or at mode
ately higher temperatures and also have raised environm
concerns with their disposal.1–3 By contrast, LiFePO4 is
much more stable, while having similar theoretical capac
and voltage characteristics as well as possible cost and e
ronmental advantages.1,4,5There has been extensive develo
mental work focused on increasing the electrical conduct
ties of LiFePO4 and FePO4, in order to optimize their
cathodic performance as summarized in several recen
view papers.6–8

Coincidentally, low temperature studies of the LiMPO4
compounds, whereM5Mn, Fe, Co, and Ni, have reveale
that the materials also have very interesting magnetic be
iors with antiferromagnetic ground states.9–11 Recent studies
of the magnetic susceptibility as a function of temperatur12

show that the room-temperature behavior follows a Cu
Weiss model with well-defined magnetic moments associa
with the transition metal sites and a negative Curie temp
ture consistent with the behavior of an antiferromagnetic m
terial at temperatures above its Ne´el point. While the mag-
netic properties of these materials may not have dir
technological use, they do affect the electronic states of
materials which determine their electrochemical behavio

In order to take the first step toward developing realis
simulations of structural, electronic, and magnetic proper
of these materials, we have performed a series of electr
structure calculations within the framework of densit
functional theory.13,14 While simulation work on the
LiFePO4 family of materials is relatively new,15–17 we note
that computer simulations on other electrode materials18–22

have been very successful for advancing both basic mate
physics and technological development.
0163-1829/2003/68~16!/165107~10!/$20.00 68 1651
s
y

-
t-

tal

y
vi-
-
i-

e-

v-

-
d

a-
-

ct
e

c
s
ic

ls

The calculational method is briefly discussed in Sec.
The crystal structures are described in Sec. III. Section IV
presents results for various spin configurations. Section IV
analyzes the calculated total energies. Section IV C pres
the spectral results for the one-electron states. The summ
and conclusions are given in Sec. V.

II. CALCULATIONAL METHODS

Self-consistent electronic structure calculations were p
formed within the framework of density-functiona
theory13,14 using theWIEN2K code23 which is based on the
linearized augmented plane-wave method~LAPW! of
Andersen.24

The calculational parameters used in this work are as
lows. The muffin-tin radii (RMT) were 2.0 bohrs for Li and
M, and 1.38 bohrs for P and O. These radii were also used
determining the weighting of the partial densities of sta
for each atomic type and for integrating the net electron s
within each muffin-tin sphere. The wave functions were re
resented using the so-called ‘‘APW1 lo’’ basis25 inside the
muffin-tin spheres and plane waves with wave vect
<5.1 bohrs21 in the interstitial region, where ‘‘lo’’ repre-
sents local orbitals. The integrals over the Brillouin zo
were done using a tetrahedron method26 with a k-point sam-
pling based on a uniform grid with 33536 divisions in the
a, b, and c directions, respectively. For LiMnPO4,
LiCoPO4, and LiNiPO4 a smaller grid (23536) was used.
We verified that these choices for the computational para
eters ensured that total energy differences were converge
better than 0.01 eV.

For most of the calculations, the exchange-correlat
functional was the local spin-density approximatio
~‘‘LSDA’’ ! form of Perdew and Wang,27 while a few of the
calculations used the generalized gradient~‘‘GGA’’ ! form of
Perdew, Burke, and Ernzerhof.28 It is well known that there
are limitations in these functionals, particularly in predictin
the band gaps29 and in including unphysical electro
self-interactions30 which can be significant for transition
metal materials. However, this study provides a well-defin
basis for more sophisticated treatments in the future.
©2003 The American Physical Society07-1
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For some of the materials, we optimized the structural a
lattice parameters. For a given set of lattice parameters,
WIEN2K code moves the independent atoms into their eq
librium positions on the basis of the calculated forces.
performed these optimizations for a grid of lattice consta
and found the optimal lattice constants using a polynom
interpolation. Although the results were surprisingly sen
tive to thek-point sampling, reasonable accuracy could
obtained by performing each optimization calculation usin
(13232) sampling grid, which reduces to a singlek point
because of crystal symmetry. The total energies of the o
mized structures were then determined using the (335
36) k-point sampling grid discussed above, checking t
the forces on the atoms remained small.

III. CRYSTAL STRUCTURES

The materials in this study form the olivine structure31

with the symmetry groupPnma, which is listed as no. 62 in
the International Tables for Crystallography.32 Figure 1
shows a ball and stick diagram of the LiFePO4 crystal struc-
ture. The O sites form a nearly tetrahedral arrangement a
each P site and also form an approximately octahedral
rangement about each Fe site. From the diagram, it is ap
ent that there are channels along theb axis which accommo-
date the mobile Li1 ions. When Li1 ions and electrons ar
removed from LiFePO4, the remaining FePO4 framework
has same structure, with a small~7%! reduction in volume.

The fact that most of these materials are naturally occ
ring minerals34 is encouraging evidence of their structur
stability. LiFePO4 is known as ‘‘triphylite.’’ It has the same
structure as LiMnPO4 which is known as ‘‘lithiophilite’’ and
the two form a complete solid-solution series. The delithia
forms of the materials FePO4 and MnPO4 are known as
‘‘heterosite’’ and ‘‘purpurite,’’ respectively. While thePnma
structure of FePO4 formed from delithiating LiFePO4 is well
established, there does not appear to be experimental
dence that otherMPO4 materials have stablePnma struc-
tures. In particular, the Cambridge Structural Databas35

does not list Pnma structures for MnPO4, CoPO4, or
NiPO4. In fact FePO4 is also known to have a quartz-lik
form.36 Synthetic crystals of LiMPO4 have been prepared b

FIG. 1. Crystal structure of LiFePO4 showing two unit cells
constructed using XCrySDen~Ref. 33!.
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heating stoichiometric amounts of the constituents in an in
atmosphere.1,37–40 A new promising synthesis techniqu
based on ‘‘carbothermal reduction’’ has recently been
ported by Barker and co-workers.40

Table I summarizesPnma structural parameters whic
have appeared in the literature. Each unit cell contains f
formula units of the compound. The first entry in the tab
for each material represents the lattice constants used in
present work. The internal parameters for theM, P, and O
sites were taken from those references. Some of these wi
discussed further in Sec. IV B.

IV. RESULTS

A. Spin configurations

The calculations were performed using three differe
spin configurations. Their abbreviations are explained bel

~1! NS ~no spin!: These results were obtained by forcin
double occupancy of each band.

~2! FM ~ferromagnetic!: These results were obtained b
allowing unrestricted spin polarization within the unit cell

~3!AF ~antiferromagnetic!: These results were obtained b
forcing opposite spins on sites related by inversion symme
within the unit cell, as is consistent with experimental an
ferromagnetic structure at low temperature.9–11

Since spin-orbit interactions were not included in the c
culations, the spin orientations are not related to the crys
lographic directions. The↑ spin direction is arbitrarily iden-
tified with the majority spin for the FM calculations, whil
the ↑ and↓ states are equivalent in the AF calculations.

Table II shows the differences in the total energy of ea
material in the nonspin polarized configuration relative to
total energy in the ferromagnetic configuration. From the
results, we see that for all of the materials, the ferromagn
spin configurations are much more stable than the non
polarized configurations. For FePO4, the FM spin stabiliza-
tion is more than 1 eV and for LiFePO4 it is '1.5 eV. For
both materials, the spin stabilization energies are larger
the GGA exchange-correlation form than for the LSDA form
For the LiMPO4 series of materials, the FM spin stabiliza
tion energy monotonically increases with the number of u

TABLE I. Experimental lattice constants for stoichiometric m
terials in thePnma ~62! structure.

Ref. a(Å) b(Å) c(Å) V (Å) 3

LiMnPO4 38 10.431 6.0947 4.7366 301.12
LiFePO4 38 10.227 6.0048 4.6918 288.12

1 10.334 6.008 4.693 291.392
41 10.332 6.010 4.692 291.4
42 10.3290 6.0065 4.6908 291.02
40 10.288 5.976 4.672 287.23

LiCoPO4 43 10.2001 5.9199 4.690 283.2
LiNiPO4 38 10.0275 5.8537 4.6763 274.49
FePO4 42 9.8142 5.7893 4.7820 271.7

1 9.821 5.792 4.788 272.357
7-2
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paired electrons in the 3d shell of the transition metalM. The
smallest is forM5Ni (d8) and the largest energy is forM
5Mn (d5).

Table II also shows the differences in the total energy
each material in the antiferromagnetic configuration relat
to its total energy in the ferromagnetic configuration. The
energy differences are very small—of the order of 0.1 eV
less for all of the materials. The energy difference
LiFePO4 is the smallest of the materials studied. Since lo
temperature antiferromagnetic phases have been fo
experimentally9–11,44,45for LiMPO4 (M5Mn, Fe, Co, and
Ni!, we would expect the energies in the AF column of Ta
II to be negative. The extent to which this is not true pr
vides a measure of the inaccuracies in the calculatio
model. More accurate calculations should include correla
energy corrections beyond LSDA and GGA, and also inclu
spin-orbit interactions in order to describe the coupling of
spins to the lattice. These more accurate calculations
reveal spin configurations in addition to those conside
here. On the other hand, the fact that the energy differe
between the FM and AF configurations are calculated to
small, and that much of the interest in these materials

TABLE II. Calculated total energy differencesEtotal(NS)
2Etotal(FM) and Etotal(AF)2Etotal(FM), given in units of eV/
formula unit. The calculations were done using the LSDA~Ref. 27!
and GGA~Ref. 28! exchange-correlation functionals as noted.

NS AF

FePO4 ~LSDA! 1.10 20.15
~GGA! 1.31 20.14

LiFePO4 ~LSDA! 1.45 0.02
~GGA! 1.61 20.03

LiMnPO4 ~LSDA! 2.69 0.12
LiCoPO4 ~LSDA! 0.79
LiNiPO4 ~LSDA! 0.47 0.11
16510
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focused on their room-temperature behavior which has
spin ordering, provides a justification for focusing on the F
configuration for approximately representing these mater
within the present formalism.

Room-temperature measurements of the magnetic sus
tibility of these materials12,46 follow a Curie-Weiss model
from which it is possible to extract an effective local ma
netic moment associated with theM sites. The spin-
polarization density calculated for the ferromagnetic and
tiferromagnetic configurations should be related to
measured moments. The calculations give several poss
measures of spin. For example, the spin polarization in
grated within the muffin-tin sphere of theM sites can be
determined according to

sSphere[E
ur2RM u<RMT

d3r @n↑~r !2n↓~r !# ~1!

for either the ferromagnetic or antiferromagnetic spin co
figuration. These values are listed in Table III, showing th
the GGA results favor slightly higher spin polarization rel
tive to the LSDA results and that spin polarization within t
muffin-tin sphere is slightly larger in the ferromagnetic co
figuration than in the antiferromagnetic configuration. Al
the number of unpaired spins in the ferromagnetic confi
ration averaged over a unit cell and divided by the numbe
formula units per cell,sUnit

FM , is shown in Table III.~The
corresponding quantity for the antiferromagnetic configu
tion is identically 0.! These take simple integer values whic
exactly follow Hund’s rules for the transition metal ion
Since for all of these materials the transition metald-electron
densities extend beyond the muffin-tin radius, it is not s
prising thatsSphere,sUnit

FM . If it is assumed that the numbe
of unpaired spins per formula unit is associated with thz
component of the total spin quantum number for theM site,

Sz5
\

2
sUnit

FM , ~2!
spins
ic
TABLE III. Calculated spin polarizations within muffin-tin spheressSphere
FM and sSphere

AF @Eq. ~1!# for the
ferromagnetic and antiferromagnetic configurations, respectively. In addition, the number of unpaired
per formula unit in the ferromagnetic configuration~denotedsUnit

FM ) are used to estimate local magnet
moments according to Eq.~3! and compared with the experimental moments in units ofmB .

sSphere
FM sSphere

AF sUnit
FM meff

est. meff
exp.

FePO4 ~LSDA! 3.95 3.83 5 5.9
~GGA! 4.00 3.91 5

LiFePO4 ~LSDA! 3.46 3.40 4 4.9 5.45~Ref. 11!
~GGA! 3.49 3.45 4 5.41~Refs. 46 and 47!

6.8 ~Ref. 12!
LiMnPO4 ~LSDA! 4.30 4.27 5 5.9 5.95~Ref. 11!

5.4 ~Ref. 12!
LiCoPO4 ~LSDA! 2.54 2.45 3 3.9 5.7~Ref. 45!

4.85 ~Refs. 46 and 47!
5.16 ~Refs. 9 and 47!

5.1 ~Ref. 12!
LiNiPO4 ~LSDA! 1.58 1.44 2 3.2 3.35~Ref. 45!

3.1 ~Ref. 12!
7-3
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and if we approximate the electrong factor with its free-
electron value, we can estimate the local magnetic mom
according to

meff
est.5mB

g

2
AsUnit

FM ~sUnit
FM 12!. ~3!

In Table III we compare these values with the experimen
values of the effective local moments obtained by fitting
temperature dependence of the magnetic susceptibility
Curie-Weiss form. While the experimental measureme
vary with each other, in general the results indicate t
meff

est.,meff
exp., suggesting that a more sophisticated analysi

needed.

B. Structural optimization and total energy results
for Li xFePO4

The total energy results can be used to analyze the c
ode reaction and voltage. The discharge reaction for the c
ode should have the form

FePO41xLi11xe2→Li xFePO4, ~4!

where LixFePO4 represents a nonstoichiometric form of th
material. The open circuit voltage for this process relative
a Li metal anode can be approximated from a total ene
difference expression if entropy and volumetric effects c
be ignored:18

eDV1'
Etotal~FePO4!1xEtotal~Li !2Etotal~Li xFePO4!

x
,

~5!

whereEtotal denotes the total energy relative to a single f
mula unit.

However, Padhi and co-workers1 presented evidence tha
the nonstoichiometric compound LixFePO4 is unstable rela-
tive to a two-phase form containing FePO4 and LiFePO4
crystallites, so that the reaction is instead given by

FePO41xLi11xe2→x LiFePO41~12x!FePO4. ~6!

In this case, the open circuit voltage would be

eDV2'Etotal~FePO4!1Etotal~Li !2Etotal~LiFePO4!, ~7!

which is independent ofx.
However, in order for the cathode reaction to occur, n

stoichiometric material LixFePO4 must exist for some period
of time, perhaps in a meta-stable state. In order to asses
stability of the nonstoichiometric material, we need to exa
ine the total energies difference:

DE12~x![Etotal~Li xFePO4!2@xEtotal~LiFePO4!

1~12x!Etotal~FePO4!#. ~8!

In order to properly calculate the voltages~5! and~7! and
the stability of the partially charged materials~8!, it is nec-
essary to work with the theoretical ground states of the s
tems, which often differ slightly from the experimental stru
tures. We restricted our attention to the LSDA form of t
16510
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exchange-correlation functionals and to the ferromagn
spin configurations for optimizing the structures of FePO4,
LiFePO4, and a representative partially charged structu
The nonstoichiometric structure constructed for this eval
tion ~A! hasx5 1

2 and is formed from the experimental stru
ture of LiFePO4,38 by removing every other Li1 ion along
the b axis and assumingP21 /a symmetry. We also briefly
considered another structure (B), formed by removing one
b-axis channel of Li1 ions per unit cell, and assumin
P21 /m symmetry. These symmetries are listed32 as struc-
tures 14 and 11, respectively.

Table IV lists the values of the optimized lattice param
eters and the relaxation energies and Table V lists the o
mized internal parameters compared with the experime
values obtained in this study. The ‘‘experimental’’ structur
for LiFePO4 and FePO4 were taken from Refs. 38 and 42
respectively. While the lattice parameters for FePO4 are
identical to the experimentally measured values, the inte
parameters changed slightly to yield a small relaxation
ergy. For LiFePO4, the lattice constants are calculated to
approximately 2% smaller than their experimental values
the relaxation energy is much greater. The nonstoichiome

TABLE IV. Optimized lattice parameters for LixFePO4 materi-
als. The relaxation energiesDErelax ~total energy difference of opti-
mized structure relative to structure taken from experiment! is given
in the last column in units of eV/formula unit.

a(Å) b(Å) c(Å) V(Å) 3 DErelax

LiFePO4 10.06 5.89 4.64 274.8 20.21
Li1/2FePO4(A) 9.96 5.83 4.70 273.1 20.44
FePO4 9.81 5.79 4.78 271.7 20.07

TABLE V. Experimental and optimized positions of unique a
oms for LixFePO4 materials, given in terms of fractional coord
nates (x,y,z) corresponding toxa1yb1zc.

Experimental Optimized

LiFePO4: Li ~0.00, 0.00, 0.00! ~0.00, 0.00, 0.00!
Fe ~0.29, 1/4, 0.97! ~0.28, 1/4, 0.98!
P ~0.09, 1/4, 0.43! ~0.09, 1/4, 0.42!

O1 ~0.09, 1/4, 0.75! ~0.09, 1/4, 0.75!
O2 ~0.45, 1/4, 0.19! ~0.45, 1/4, 0.21!
O3 ~0.17, 0.05, 0.30! ~0.17, 0.04, 0.29!

Li1/2FePO4(A): Li ~0.00, 0.00, 0.00!
Fe ~0.28, 0.26, 0.98!
P ~0.10, 0.24, 0.42!

O1 ~0.11, 0.23, 0.75!
O2 ~0.45, 0.24, 0.18!
O3 ~0.17, 0.04, 0.27!
O4 ~0.32, 0.55, 0.80!

FePO4 : Fe ~0.28, 1/4, 0.95! ~0.27, 1/4, 0.95!
P ~0.09, 1/4, 0.39! ~0.09, 1/4, 0.40!

O1 ~0.12, 1/4, 0.71! ~0.12, 1/4, 0.71!
O2 ~0.44, 1/4, 0.17! ~0.44, 1/4, 0.15!
O3 ~0.17, 0.05, 0.25! ~0.17, 0.04, 0.25!
7-4
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structureA is found to have lattice parameters between th
of FePO4 and LiFePO4 and has a substantial relaxation e
ergy relative to its assumed structure. The optimized inte
coordinates listed in Table V are very close to the cor
sponding experimental values. Perhaps an easier wa
quantifying the structural differences is in terms of t
nearest-neighbor distances. These are listed in Table VI.
though the differences between the experimental and o
mized structures are of the same order of magnitude as
ferences between various experimental results,38,41 it is
possible to make some general comments. In general,
find that the optimized structures are calculated to have g
erally smaller bond lengths than the experimental valu
with the exception of the PuO bonds in LiFePO4. This
trend is consistent with the known trend of LSDA calcu
tions to overestimate the binding of most materials. For b
the experimental and the optimized structures, the ave
nearest-neighbor FeuO bond lengths increase with increa
ing Li content.

Having calculated the optimized structures for these m
terials and their corresponding total energies, we are now
a position to determine the open circuit voltages and
stability energies@Eqs. ~5!, ~7!, and ~8!#. This is shown in
Table VII, where we compare the results calculated using
experimental and optimized structures. For simulating
electronic structure of lithium metal, the bcc lattice const
of a53.491 Å was used48 for the ‘‘experimental’’ structure.

TABLE VI. Experimental and optimized nearest-neighbor d
tances~in Å! for Li xFePO4.

Experimental Optimized

LiFePO4: PuO 1.50,1.53,1.53,1.57 1.53,1.54,1.56,1.5
FeuO 1.98,2.04,2.04,2.23, 2.02,2.02,2.05,2.1

2.29, 2.29 2.17,2.17
LiuO 2.14,2.14,2.15,2.15, 2.05,2.05,2.10,2.1

2.24,2.24 2.16,2.16
Li1/2FePO4(A): PuO 1.52,1.53,1.56,1.57

FeuO 1.98,1.99,2.00,2.06
2.11,2.16

LiuO 2.10,2.10,2.10,2.10
2.13,2.13

FePO4: PuO 1.54,1.54,1.55,1.55 1.52,1.52,1.56,1.5
FeuO 1.88,1.94,2.04,2.04, 1.88,1.90,2.04,2.0

2.14,2.14 2.14,2.14

TABLE VII. Calculated open circuit voltages and stability ene
gies~per formula unit! for Li xFePO4 calculated using Eqs.~5!, ~7!,
and~8!, comparing results in experimental and optimized structu

Experimental Optimized

DV2 3.07 V 3.20 V
DV1(x5

1
2 )(A) 2.97 V 3.71 V

DV1(x5
1
2 )(B) 2.50 V

DE12(x5
1
2 )(A) 0.05 eV 20.25 eV

DE12(x5
1
2 )(B) 0.28 eV
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The optimized structure reduced the total energy by 0.01
The results for the open circuit voltages listed in Table V

show that the calculated voltage increases when struct
relaxation is taken into account. The value ofDV2 calculated
for the optimized structure is not too far from the experime
tal value of 3.5 eV.1 The calculated voltagesDV1(x5 1

2 ) for
the nonstoichiometric structures are further from experime
Moreover, while the formation energiesDE12(x5 1

2 ) are cal-
culated to be positive~unstable! in the experimental geom
etries, the formation energy of structureA is calculated to be
negative~stable! in the relaxed geometry. We have not op
mized the structureB material, but since it has a higher tot
energy than structureA for the experimental structure, w
expect it to be less stable. The fact that the calculations
at least one stable nonstoichiometric structure is inconsis
with the experimental findings. The failure of LSDA calcu
lations to correctly model the instability of nonstoichiometr
Li xFePO4 materials was recently also reported by Zhou a
co-workers.16,49

C. Results for one-electron spectra

The self-consistent calculations balance the electrost
and quantum-mechanical interactions within the dens
functional model. By analyzing the one-electron spectra
terms of the partial densities of states, one can develo
qualitative picture of the various contributions to the se
consistent results and of the bonding characteristics of th
materials. In this section, all calculations were done using
experimental structures.

FIG. 2. Partial density of states for FePO4 calculated using the
LSDA spin-correlation functional with the indicated spin config
rations. The partial densities of states are weighted with the ch
within a muffin-tin sphere, averaged over sites of each atomic ty
The zero of energy is taken as the Fermi level.

,

,

,

s.
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Figures 2 and 3 show the partial density of states
FePO4 and LiFePO4 for all three spin configurations. In thi
energy range, the partial density of states associated with
Fe sites are primarily of 3d character while the partial den
sity of states associated with the O sites are primarily ofp
character.

The NS configuration for both materials shows the Fe
level to lie within the narrow Fe 3d band which is well
separated from the other states of the system. The fact
this configuration is unable to support appreciable interac
between the Fe 3d states and the other states of the syst
undoubtedly contributes to its instability.

The FM results indicate that LiFePO4 is metallic with the
Fermi level falling within the Fe 3d bands, while FePO4 has
a band gap at the Fermi level. The magnitude of the band
is less than 0.1 eV for the LSDA calculation, but roughly 0
eV for the GGA calculation, as is consistent with the resu
reported by Yamada.15 The FM results show the majorit
spin states associated with the Fe sites (↑) separated from
the minority spin states (↓) at higher energy. For the AF
configuration, only the↑ contributions are plotted, since th
↓ distribution is identical. The AF partial density of stat
shows similar overall band widths and alignments to tha
the FM distributions. The states which correspond to ma
ity and minority Fe states in the FM configuration are re
ized as states localized on the two inequivalent Fe sites in
AF configuration. Since the partial densities of states w
weighted with the average charge in each muffin-tin sph
the peak heights for the AF Fe partial density of states p
appear to be roughly half the corresponding heights for
FM results. Apparently, the crystal-field splittings of the Fed
bands are more pronounced in the AF configuration than

FIG. 3. Partial density of states for LiFePO4 calculated with the
indicated spin configurations using same conventions as in Fig
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the FM configuration. Since the Fe site is in an appro
mately octahedral environment due to the neighboring O22

ions, the 3d states are split into states oft2g andeg symme-
tries. Deviations from octahedral symmetry and molecu
interaction with the O 2p orbitals cause further splittings.15

In order to examine the general features of the electro
states of these systems in more detail, it is useful to visua
electron-density contour plots in the distinct regions of t
spectrum of occupied states. For this purpose, we focus
the majority electron-spin density in four energy ranges e
merated in Figs. 4 and 5. For both materials energy rang
and II correspond to states primarily associated with
PuO bonds, showing hybridization with P 3s and 3p orbit-
als, respectively. In the energy ranges III and IV are state
primarily O 2p and Fe 3d character. The interesting differ
ence between the FePO4 and LiFePO4 distributions is the

.

FIG. 4. Electron-density contour plots for majority electrons
FePO4 in four energy ranges. The contours are shown in a pl
perpendicular to theb axis passing through PuO and FeuO
bonds. Atomic positions are shown with spheres of increasing
dius in the order Fe,P,O. Contour levels are given as multiple
of 0.05e/Å3. The energy ranges were taken to be I,29.9 to
28.6; II, 28.1 to 26.2; III, 26.2 to 22.3; and IV, 22.3 to
20.1 eV.
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degree of overlap between the O 2p and Fe 3d in the ma-
jority spin states.

For FePO4, the Fe states are well hybridized with O 2p
states throughout the valence band. This is seen both in
partial densities of states plots of Fig. 2 and in the cont
plots of Fig. 4.

By contrast, for LiFePO4, the partial densities of states o
Fig. 3 and the contour plots of Fig. 5 show that the low
valence band~III ! is primarily due to the O 2p states, while
the Fe 3d states form a relatively narrow band in range I
The contour plots of Fig. 5 show a small amount of FeuO
bonding in range III, while in range IV, the contours a
mainly about the Fe sites.

The orbital orientations of the densities in regions III a
IV of Figs. 4 and 5 are also interesting. The orbitals on the
sites are mixtures oft2g andeg states, which can be seen b
plotting the contours for smaller energy ranges. For b
materials, the range III states are formed from mostly bo
ing FeuO molecular orbitals, while the range IV states a
formed from mostly antibonding FeuO molecular orbitals.

For the FM configuration of both FePO4 and LiFePO4,
the density of states plots of Figs. 2 and 3 show that

FIG. 5. Electron-density contour plot for majority electrons
LiFePO4 using the same notation and units as in Fig. 4. The ene
ranges were taken to be I,211.2 to210.2; II, 29.6 to27.7; III,
27.5 to 23.4; and IV,23.3 to 21.1 eV.
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occupied minority spin states have a smaller contribut
from the Fe 3d orbitals. In both materials, the minority spi
Fe 3d states form a narrow band which splits into states
t2g andeg character, and which is unoccupied in FePO4 and
partially occupied in LiFePO4. Above the Fe 3d bands, both
materials have conduction bands formed from antibond
states of both PuO and FeuO bonds which have very little
spin polarization.

Padhi and co-workers1,50 pointed out that the FeuO bond
in these materials is affected by the ‘‘inductive effect’’ of
In order to better understand this ‘‘inductive effect’’ and th
apparently greater covalency of the FeuO bond in FePO4
relative to the bond in LiFePO4, it is useful to develop a
simple model that can analyze the basic interactions betw
the O 2p and Fe 3d states. This model focuses on the ener
alignment of the O 2p states~primarily «pp) with respect to
the Fe 3d states («d), from which the molecular orbitals ar
formed. The basic assumption is that the closer these s
are energetically, the larger their interaction and coval
bonding. The O 2p electrons are most strongly attracted
both the nearest-neighbor P1qP and Fe1qFe ions with an elec-
trostatic potential of the form

DH52
e2qP

ur2RPu
2

e2qFe

ur2RFeu
. ~9!

In this expression,RP andRFe denote the OuP and OuFe
bond vectors, respectively. These vectors take slightly dif
ent values for inequivalent bonds within each material a
are slightly different for the two materials, with average va
ues ofRP'1.5 Å andRFe'2.0 Å and with an average angl
of 130° between the two bonds. The ionic charge for P1qP is
formally qP55, although perhaps a smaller charge would
the model better. The ionic charge for Fe1qFe is formally
qFe53 for FePO4 andqFe52 for LiFePO4. Apart from the
long-range monopole contributions of Eq.~9!, the main ef-
fect of this interaction is to split the O 2p states into three
different states. What is significant here is that the Fe pot
tial term is larger for FePO4 than for LiFePO4 resulting in a
larger splitting of the O 2p states in FePO4 than for
LiFePO4. In order to estimate the magnitude of the effe
we can use degenerate perturbation theory to formulate
matrix elementŝmuDHum8&, where the azimuthal quantum
number for O 2p states is given bym50,61. The eigenval-
ues of this matrix approximate the splittings of the O 2p
states. Since the P1qP is closer to the O site and has great
charge, the P potential interaction dominates the interact
but the Fe potential contribution is not negligible. Dependi
on reasonable parameter choices, we find the splitting of
extreme eigenvalues of Eq.~9! to be between 5 and 8 eV fo
FePO4 and '1 eV less for LiFePO4. This means that for
FePO4, the electrostatic interactions of the near neighb
cause the O 2p band width to be larger than that of LiFePO4.
The other ingredient of the model is the energy«d of the Fe
3d state in these materials, which is most strongly affec
by the total charge on the Fe site. Within this simple mo
that charge is 82qFe . Since this charge screens the elect
static potential on the Fe site, the orbital energy«d decreases
with decreasing 82qFe . We expect «d(FePO4)

y
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,«d(LiFePO4) for this reason. Thus, both the increas
band width of the O 2p band and the lowering of the 3d
energy level for FePO4 act to increase the energetic overl
of the two states and increase their covalent bonding. T
analysis is consistent with the partial density of states res
which show the O 2p states to be spread over a larger ene
range and more thoroughly mixed with the Fe 3d states for
FePO4. By contrast, for LiFePO4, the Fe 3d states form a
separate narrow band of states above the O 2p bands.

In Fig. 6 we show the partial densities of states in t
ferromagnetic spin configuration for two possible idealiz
structures of the delithiated material Li1/2FePO4. The results
look very similar to each other. In both cases, the majo
spin Fe 3d states are well mixed with the O 2p states, simi-
lar to the distribution in FePO4, although the minority Fe 3d
states are slightly occupied as in the case of LiFePO4.

In Fig. 7 we show the partial densities of states in t
ferromagnetic spin configuration for three other members
the LiMPO4 family of materials. The general features
these densities of states and corresponding plot in Fig. 3
very similar, showing the rigid band filling of the 3d bands
in accordance with the transition metal series across the
riodic table. Interestingly, in all of the fully lithiated mater
als, the transition metal 3d bands form well-defined narrow
bands~with bandwidths'2 eV including crystal-field split-
tings! unlike the well-mixed Fe 3duO2p bands found for
the majority spin states of FePO4. The crystal-field splittings
of the minority spin 3d states appear to be greater f
LiCoPO4 and LiNiPO4.

The band structures for the ferromagnetic forms of FeP4
and LiFePO4 are shown in Figs. 8 and 9. The valence ban
are very dense with little dispersion. By contrast the cond
tion bands for both materials have distinctive and alm

FIG. 6. Partial density of states for ferromagnetic spin confi
rations and ‘‘A’’ and ‘‘ B’’ geometries of Li1/2FePO4 using same
notation as in Fig. 2.
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identical dispersions. The minimum in the lowest band o
curs at theG point. The conduction bands are composed
antibonding states associated with the PuO and FeuO
states which also include Li 2s states for LiFePO4. To the
extent that these states approximate real quasiparticle s
of the system, they could provide states of high elect
mobility. Unfortunately, since these states lie considera
above the Fermi level, it would be difficult to access the
under low-voltage conditions. Interestingly, the band str
tures of the other LiMPO4 materials are very similar to thos
of LiFePO4, with very flat dispersions for the O 2p and Fe

-

FIG. 7. Partial density of states for ferromagnetic spin config
rations of LiMPO4 for M5Mn, Co, and Ni, using same notation a
in Fig. 3.

FIG. 8. Electronic band structure of FePO4 in the FM configu-
ration for the majority spin (↑) and minority spin (↓) states. The

labels are those of Koster,51 with Z5p/cĉ, G50, X5p/aâ, S

5p/aâ1p/bb̂, and Y5p/bb̂.
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3d bands and with the conduction bands having the sa
distinctive shape as seen in Figs. 8 and 9. Unfortunat
these dispersive conduction bands are well above the F
level for all of the materials studied.

V. SUMMARY AND CONCLUSIONS

The results of these calculations have revealed some
important features of the electronic states of FePO4 and
LiMPO4. Not surprisingly, spin polarization plays an esse
tial role in stabilizing the electronic states. While these ha
antiferromagnetic ground states at low temperature,
paramagnetic configurations with measurable magnetic
ments associated with the transition metal sites at room t
perature, we have argued that reasonable qualitative re
can be obtained by studying ferromagnetic models. Pa
justification for this is based on the similarities in the den
ties of states for the ferromagnetic and antiferromagn
configurations. We have analyzed the partial densities
states which suggest that majority spin states of FePO4 have
substantial covalent character due to the energetic overla

*Electronic address: natalie@wfu.edu; www.wfu.edu/;natalie
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the O 2p states with the Fe 3d states. In LiMPO4, there is
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part of the O 2p bands. The notion that the strong PuO
bonds reduce the covalency of the FeuO bonds was dis-
cussed in an early paper by Padhi and co-workers.50 The
general form of the density of states results are consis
with earlier work of Yamada.15
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materials.16,49
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