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Impact on electronic correlations on the structural stability, magnetism, and voltage
of LiCoPO4 battery
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We present a study of the structural stability of the lithium-orthophosphate oxide LiCoPO4 using density-
functional theory within the local-density~LDA !, generalized gradient and LDA1U approximation. We show
that both enhanced localization and anisotropic effects provided within the LDA1U approximation are essen-
tial to reproduce the experimentally observed magnetic structure, lattice parameters, and stability of the lithi-
ated and nonlithiated compound. Within this approximation, the intercalation voltage of 4.6 eV as well as the
insulator character of the lithiated and nonlithiated compounds are recovered. Moreover, we found that the
LDA1U approximation induces a strong transfer of charge from thet2g-like to theeg-like orbitals of Co as
well as a significant shift of the LiPO4 band. Both effects are competing with each other and determine most
of the peculiar properties of the LiCoPO4 and CoPO4 compounds.

DOI: 10.1103/PhysRevB.69.245107 PACS number~s!: 71.20.Ps, 61.66.Fn
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I. INTRODUCTION

The growing demand for safe and environment-frien
portable batteries with high-energy density and low raw m
terials cost urges for the development of advanced lithiu
ion batteries. The performance of such devices depends
cially on the two following factors:~i! reversibility of Li
intercalation and Li removal from the host structure whi
ensures multiple charge and discharge cycles, a compul
condition for the battery to be reloaded, and~ii ! a large value
of the free energy of the lithiation-delithiation reaction, d
rectly proportional to the intercalation voltage. Among all t
known Li-intercalation compounds, a wide variety of po
tive active materials, including LiCoO2, LiNiO2 ~layered
structure! ~Refs. 1,2! and LiMn2O4 ~spinel!,3–5 meet these
requirements and operate in a voltage range between 3 a
Volts, which falls within the voltage range of existing no
aqueous electrolytes.

However, efforts to improve the electrolyte have recen
enabled an increase of the potential over 5 V. Among
family of lithium transition-metal orthophosphates with
olivinelike structure, efforts were mainly focused o
LiFePO4 operating at 3.5 V.6–8 The Co based compound
LiCoPO4, has rapidly become of particular interest as rec
measurements found a potential of 4.8 V,9 tractable by the
new generation of electrolytes. The works of Amineet al.9

indicate that lithium can be extracted and intercalated i
reversible way and that the compound keeps its crystal st
ture during the process. These results suggest a great pro
for LiCoPO4 as cathode material for very high-energy de
sity lithium battery.

The present paper investigates the structural stab
electronic and magnetic structure, as well as the voltag
the LiCoPO4 oxide using density-functional theory. Ou
main goal is to determine the microscopic features
LiCoPO4 which are responsible for its remarkable properti
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and likely to explain in the future the sudden enhancemen
the voltage~1 V! for the Co-based olivine host structure.9 To
this purpose, we examine the required conditions on
CoPO4 host structure in order to accept Li ions intercalatio
We then examine the effects generated by the Li interc
tion. In that sense, our procedure is opposite to the exp
mental one, in which the lithiated compound is always sy
thesized first and then delithiated. Thus, as a first step,
focus on the nonlithiated compound. We analyze the in
ence of the electronic correlation effects@choice of local-
density approximation~LDA !, generalized gradient approx
mation~GGA!, or LDA1U approximation# on the structural
stability of the compound, its magnetism, and the local
vironment of Co sites. Both GGA and LDA1U approxima-
tions represent these properties in a correct way. The L
approximation leads to a small volume and a nonmagn
ground state in complete disagreement with the experime
Indeed, it has been experimentally shown that the lithia
compound displays an antiferromagnetic structure at
temperature.10 The enhanced localization provided by bo
the GGA and LDA1U approximations compared to LDA
were thus found to be a key ingredient of the calculation
order to recover the experimental volume. As a second s
we focus on the lithiated compound for which a similar stu
is carried out. In addition, we examine the role played by
and outline its large effect to the stability of the lithiate
compound through a full hybridization with the PO4 band.

Finally, using different approximations, we investigate t
impact of electronic correlation effects on the magnitude
the intercalation voltage. Our results show that only t
LDA1U approximation recovers the experimental results

II. METHODS

The method of calculation used in the present work is
projector augmented wave~PAW! method11,12 as imple-
©2004 The American Physical Society07-1
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mented in the Viennaab initio simulation package~VASP!
program.13 The method, based on the density-function
theory14,15 ~DFT! is an all-electron method that allowed
correct description of the valence wave functions and
nodal behavior without any shape approximation on the c
tal potential. Both spin-polarized DFT calculations and no
collinear magnetism calculations16 were carried out to inves
tigate the magnetic structure of the oxides. The Vosko, W
and Nusair interpolation17 for the exchange-correlation po
tential was used within both the LDA and the GGA. Th
effects due to the localization of thed electrons of the Co
ions in the oxide are taken into account within the LD
1U approximation as recently implemented in VASP.18,19 In
the so-called LDA1U approximation,20 the spin-polarized
LDA potential is supplied by a Hubbard-like term to accou
for the quasiatomic character of the localized~here Co-3d)
orbitals. Hence the localized electrons~Co-3d) experience a
spin- and orbital-dependent potential, while the other orbi
are delocalized and considered to be properly described
the LDA. Although the LDA1U is still a mean-field ap-
proach, it has the advantage of describing both the chem
bonding and the electron-electron interaction. The correc
functional has the following expression:21

ELDA1U5ELDA1
U2J

2 (
s

Tr@rs2rsrs#, ~1!

wherers is the on-site occupancy matrix,J is the screened
exchange energy@approximation of the Stoner exchange p
rameter and almost constant for the 3d transition-metal
ions50.95 eV ~Ref. 22!# and U5E(dn11)1E(dn21)
22E(dn) is the Hubbard parameter, describing the ad
tional energy cost to accommodate an extra electron o
particular site. However,U is a renormalized quantity an
contains effects due to screening from other types of e
trons, e.g., 4s and 4p from the transition-metal atoms, a
well as electrons from the nearest-neighbors atoms, nam
oxygen atoms. As a result, additional penalty energies
obtained on the LDA eigenvalues. They correspond to
expected corrections due to the strong one-site Coulomb
pulsion of thed electrons of the metal in the oxide. Th
strength of the penalty depends on a single parameteU
2J. The larger theU2J, the more hybridization effects o
the metal with its neighbors is reduced. In fact, for largeU
2J, filled d orbitals are moved to lower energies by2(U
2J)/2, and emptyd orbitals are raised to higher energies
(U2J)/2.21 The differenceU2J was kept fixed to 4 eV
during our calculations as usually met in the literature fo
transition-metal oxide.23 As shown in the following, this
value led to reasonable predictions for the different quanti
we have investigated.

Numerical integrations in the Brillouin zone were pe
formed by means of the26 tetrahedron method27,28 including
the Blöchl corrections.29 Sixteen irreduciblek points were
found necessary~for both the 24-atom and 28-atom cells w
used! for total energies and magnetic moments of our s
tems to be converged within 1023 eV and 0.01mB , respec-
tively.
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We now turn to a closer description of the oxide we ha
chosen to study. LiCoPO4 belongs to a large family of com
pounds of theABPO4 type whereA andB stand for monova-
lent and divalent cations, respectively. These phosphates
hibit different structures depending on the size of theA andB
ions, as for example the arcanite (b2K2SO4) ~Refs. 30–32!
or trydimite (b deformation of SiO2) ~Ref. 33! structure
type. For smallA ions such as Li1, the resulting compound
LiCoPO4, adopts the olivine (Mg2SiO4) ~Ref. 34! structure.
This structure crystallizes in the orthorhombic system w
Pnmaspace group, and consists of a hexagonal close p
ing of oxygen with Li andX ions located in half the octahe
dral sites and P ions in~1/8!th of the tetrahedral sites.35 In
Fig. 1, we present the unit cell~surrounded by few frag-
ments! used in our calculations. The non-lithiated an
lithiated compounds contain 24 and 28 atoms in the unit c
respectively~four additional Li atoms are added in half th
octahedral sites!. The initial guess for the atomic positions t

FIG. 1. Olivinelike structure of the LiCoPO4 compound. Co are
enclosed in octahedra of O linked by tetrahedra of O containing
P. The octahedra of O are directly linked to each others by
submits. Rows of Li are intercalated in between. Besides, Co-
sequences around a Co ion~darkest atom at the center of the equ
torial plane of the octahedra! are represented.
7-2



defor-

IMPACT ON ELECTRONIC CORRELATIONS ON THE . . . PHYSICAL REVIEW B 69, 245107 ~2004!
TABLE I. The lattice parameters, volume of the cell, magnetic moment of Co ions, and observed
mation of the octahedra of O. NM stands for nonmagnetic and AF for antiferromagnetic.

Composition Approximation a ~Å! b ~Å! c ~Å! V(Å3) umCou (mB) Deformation of
octahedra

LDA - NM 9.35 5.33 4.42 220 No
GGA - NM 9.72 5.57 4.62 250 Weak

CoPO4 GGA - AF 9.92 5.83 4.75 275 2.75 Yes
LDA1U 9.82 5.71 4.64 260 3.03 Yes
Expt.a 10.089 5.855 4.719 279 Yes

LDA - AF 9.85 5.74 4.59 260 2.38 Yes
GGA - NM 9.91 5.89 4.71 275 Yes

LiCoPO4 GGA - AF 10.24 5.96 4.75 290 2.48 Yes
LDA1U 10.02 5.80 4.65 270 2.74 Yes
Expt.a 10.202 5.922 4.699 280 Yes

aFrom Ref. 9.
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be relaxed were extracted from the experimental x-ray
fraction pattern of polycrystalline LiFePO4, given in Ref. 10.

To optimize the geometry of the cells, we have perform
internal relaxation of the atomic positions for various vo
umes: using the Hellmann-Feynman theorem, internal c
dinates are relaxed so that forces are canceled. We have
sidered the atomic coordinates as fully relaxed as the siz
the individual forces were less than 0.005 eV/Å. A resid
minimization method were used for this purpose. The eq
librium properties of the oxides@total energy, lattice param
eters, and density of states~DOS!# that we shall discuss in
the following, correspond to the ground-state configurat
for the atomic and electronic degrees of freedom.

Following previously well established methods,36–38 the
average intercalation voltage of the battery is given by

V̄52
DGr

F
, ~2!

whereF is the Faraday constant, andDGr is the Gibbs free
energy for the reaction:

CoPO4~cathode!1Li ~anode!→LiCoPO4~cathode!.

Since the effects due to changes in volume and entropy
small ~as easily demonstrated by a simple Debye-Gru¨neisen
approximation for the vibrational energy!, the Gibbs energy
difference is approximated by the internal energy differen
at 0 K (DEr), supplied by our first-principles total-energ
calculations through

DEr5ELiCoPO4
2ELi2ECoPO4

. ~3!

As explained in Ref. 24, the cohesive energy of Li is calc
lated in the bcc structure which corresponds to the struct
phase of the Li anode.

III. NONLITHIATED COMPOUND

A. Lattice parameters and octahedra distortion

In the first panel of Table I, we report the lattice para
eters, the equilibrium volume, and the magnetic momen
24510
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Co site in CoPO4. Nonmagnetic and spin-polarized calcul
tions within the LDA, GGA, and LDA1U approximations
are presented. Our results show that the nonmagnetic ca
lation within the LDA and GGA approximations drive to
reduced equilibrium volume of 220 Å3 and 250 Å3, respec-
tively, to be compared to the 279 Å39 experimental value of
the lithiated compound. Even if the experimental value,9 i.e.,
279 Å3, is slightly overestimated since the Li desinterca
tion is never complete, we can conclude that nonmagn
calculations underestimate the experimental feature and
the structural stability of the nonlithiated compound
closely connected to its magnetic structure.

Thus the LDA approximation were found unable to ge
erate any magnetism in the compound. On the opposite,
the spin-polarized GGA and LDA1U approximations in-
duced a stable magnetic structure for the compound~Table
I!, with magnetic moments on Co sites of 2.75mB and
3.03mB , respectively. Both the approximations lead to
increase of the equilibrium volume, i.e., 275 Å3 ~GGA! and
260 Å3 (LDA1U). To conclude on the structural analysi
we outline that, as these later approximations are use
noticeable deformation of the octahedra of O surrounding
Co sites is observed. In Fig. 2, we show the difference
charge density between the nonmagnetic LDA and antife
magnetic LDA1U approximation for the relaxed atomic po
sitions and equilibrium volume of the LDA1U approxima-
tion. As can be seen, the Co site displays aCs symmetry: the
two ‘‘axial’’ oxygen atoms (O1 and O2) are located at 1.90 Å
while the four ‘‘equatorial’’ oxygen atoms (O3) display two
different bond lengths, i.e., 1.93 Å (O3) and 2.14 Å (O38).
Unfortunately the experimental individual atomic coord
nates in the CoPO4 structure are not known and, cons
quently, we cannot compare directly with our results. Nev
theless, such a deformation of the octahedra w
experimentally observed in LiCoPO4

25 with a difference of
0.15 Å between CouO bonds, in agreement with our calcu
lations. However, let us emphasize that the deformation
not strictly the same in the lithiated and nonlithiated co
pounds as it will be discussed below.
7-3
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FIG. 2. ~Color online! Difference between the charge density
the nonlithiated compound in its antiferromagnetic (LDA1U) and
nonmagnetic~LDA ! configuration,r1U(r )2rLDA(r ), in ~a! the
equatorial plane of the octahedra of O and in~b! a plane containing
the submits of the octahedra.r(r ) being a positive number, the re
region results in a gain of charge for the LDA1U approximation.
In ~c!, we show the difference between the charge density of
nonlithiated compound calculated within the GGA and LDA1U
approximations, i.e.,rGGA(r )2r1U(r ). Additional charge is ob-
tained on the sites of oxygen within the GGA.
24510
The influence of the exchange interaction on the inter
lation voltage may be calculated by the energy difference
the antiferromagnetic and ferromagnetic configuration, i.e

Jxc5Etot~↓↑ !2Etot~↑↑ !, ~4!

where Etot(↓↑) is the total energy of the compound in a
antiferromagnetic configuration andEtot(↑↑) is the total en-
ergy in a ferromagnetic one. This energy difference does
exceed 0.02 eV/atom, leading to negligible corrections to
Li intercalation voltage. In addition, we have performed
noncollinear magnetism calculation for LiCoPO4 while po-
larizing the total magnetic moment along three differe
crystallographic directions, i.e.,@001#, @010#, and@100#. We
obtained a 0.03 eV stabilization energy~with respect to the
collinear case! for magnetic moments pointing along thea
5@001# axis. A fine analysis of the noncollinear magne
structure of the compound~not represented! shows that the
magnetization was strongly focused on the Co ions, n
tilted, and was presenting a very regular alignment of
moments along the same axis, legitimating the use of col
ear magnetism calculations for our study.

B. Electronic structure

The interesting question we would like to address here
the determination of the critical character in common w
the GGA and LDA1U approximation which allows to ob
tain a better equilibrium volume, magnetic structure, as w
as a realistic description of the local environment around
sites. Figure 2 supplies the answer: the antiferromagn
LDA1U approximation~or the GGA not shown! gives a
charge transfer~with respect to the nonmagnetic LDA de
scription! from the t2g orbitals, pointing in between the O
sites to theeg orbitals, pointing towards the O sites. Th
implies larger electronic repulsions between Co and the
octahedra. As a consequence, the bond length between
and O sites tends to be larger and the total equilibrium v
ume of the cell is thus increased as the octahedra is swe
by electrostatic repulsion effects. Another consequence i
break the symmetry of Co sites, namely the deformation
the equatorial plane of the octahedra, which induces a lo
moment on Co atoms. This results from the addition
charge-density anisotropy provided by orbital polarizati
effects and gradient corrections within LDA1U and GGA,
respectively. The LDA, relying on the theory of the hom
geneous electron gas, may not introduce this anisotro
character, and fails to recover the characteristics of the ox

The analysis of the projected densities of states on
confirms this explanation. They are presented in Figs. 3~a!
and 3~b!. Within the LDA, the dxy , dyz , and dxz orbitals
~presenting at2g character! contain most of thed electrons,
while the dz2 and dx22y2 orbitals (eg character! contain a
negligible fraction of them. Spin-up and spin-down bands
filled equally and magnetism is killed. Therefore, we m
consider that, within the LDA, the system presents a la
similarity in behavior with systems driven by crystal-fie
effects with a low spin configuration.

The striking difference between LDA and LDA1U cal-
culations is the antiferromagnetic character of the compo

e

7-4
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IMPACT ON ELECTRONIC CORRELATIONS ON THE . . . PHYSICAL REVIEW B 69, 245107 ~2004!
with a magnetic moment of 3.03mB on cobalt. The exchang
splitting found in the LDA1U leads to important difference
beween density of states of Co calculated either by LDA
LDA1U ~see Figs. 3 and 4!.

The simple view given by LDA, i.e., all thet2g orbitals
are empty, does not hold within LDA1U ~or GGA! calcula-
tions. In the latter ones, the partial DOS of Co can be und

FIG. 3. dxy , dxz , dyz , dx22y2, and dz2 projected densities o
states of the Co site in CoPO4 within ~a! the nonmagnetic LDA and
~b! the antiferromagnetic LDA1U approximations. Aneg character
is attributed to thedx22y2 anddz2 orbitals ~dashed lines! and at2g

character to thedxy , dxz , anddyz orbitals ~solid lines!. The Fermi
energy is represented by a vertical line.
24510
r

r-

stood from partial spin-up and spin-down DOS, both hav
the sequencet2g and eg bands. Consequently, spin-up ele
trons occupyt2g-like orbitals only partially~conservation of
the total charge!.

Figures 4~a!–4~c! display the site-projected density o
states on Co sites and Figs. 4~d!—4~f! on the PO4 fragment,
calculated within the LDA, GGA, and LDA1U. For all the
approximations, a wide and fully hybridized band is obtain
for the PO4 fragment@Figs. 4~d!–4~f!#. This latter spreads
out from the Fermi energy to28 eV within the LDA1U
and GGA approximations. Within LDA1U and GGA ap-
proximations, the PO4 band presents very few similarities i
shape with the Co band so that we may conclude that
PO4 band hybridizes very weakly with the Co band. As pr
viously mentioned, this is a consequence of the different
bital polarization of the Co-d electrons within the LDA1U
approximation, introducing an anisotropy in the charge d
sity. The same behavior holds for the GGA for which t
anisotropy is obtained by the introduction of the gradient
the charge density in the exchange and correlation poten

C. Spin transfer mechanism

Thus, the electronic structure of our system~within the
LDA1U) may not be considered as ruled out any more
crystal field-effects but by the competition between polari
tion and delocalization effects as recently introduced by C
lier et al.39 In the present study, these effects should resul
the possible overlapping of Co, O, and P orbitals to form
spin orbital in the crystal if a particular symmetry that w
shall discuss in the following is present~delocalization! or in
a polarization effect due to the unpaired electrons of the
orbitals, which polarize all the other surrounding doubly o
cupied spin orbitals~polarization!. This latter phenomenon is
directly related to the fact that electrons with the same s
as the unpaired electrons of Co spend more time near
than electrons with opposite sign. This is a consequenc
the exchange interaction. As a result, positive spin density
Co is enhanced while negative spin density is induced on
p orbitals of O and P, leading to a resulting negative cha
on P. The analysis of the interaction geometry~symmetry and
orientation of the orbitals involved in the Co-O-P sequen!
-
e

a

FIG. 4. Density of states of Co
ion in CoPO4 within ~a! LDA, ~b!
LDA1U, and ~c! GGA approxi-
mation. In the bottom panel, den
sity of states of the phosphat
fragment (PO4) in CoPO4 calcu-
lated within ~d! LDA, ~e! LDA
1U, and~f! GGA are added. The
Fermi energy is represented by
vertical line.
7-5
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has to be considered to determine the dominant mechan
In CoPO4, two types of Co-O-P sequence have to be dis
guished which are as follows.

~i! The Co-O2-P2 or Co-O1-P2 sequences are both locate
in the same plane~see Fig. 1! with distances ofdCo-O
52.1 Å anddP2O51.5 Å, and an angle of 120 deg.

~ii ! The Co-O3-P sequence is split into two subgroup
The first one, Co-O38-P1, involving the O38 sites, belongs to
the equatorial plane of the octahedra with an angle of 94 d
The second contains O3 sites and P3 sites with angles of 124
deg; let us mention thatP3 sites belong to an orthogona
plane to the equatorial plane.

Thus, five different Co-O-P sequences participate in
mechanism of polarization or localization on P sites. T
analysis of the projected charge in the augmentation sph
centered on P sites may help us to determine which
predominates. Our calculations actually predict two ad
tional electrons on P site, leading to a resulting nega
charge expected by the polarization mechanism. From
we can conclude that the polarization mechanism domin
and that a spin transfer occurs throughout theeg orbitals
containing a single electron~as confirmed by integrating th
DOS of thedz2 orbital, given on Fig. 3! and thep orbitals of
O and P atoms. The analysis of the spin density mappe
the plane containing both the Co-O2-P and Co-O1-P se-
quences~not represented! confirms this mechanism: a pos
tive spin density is observed in theeg orbital of Co, pointing
towards O2 and O1, polarizing the paired electrons in thep
orbitals of P and O~no magnetism is induced on these site!.

D. Comparison between LDA¿U and GGA approximations

To conclude our results for the nonlithiated compound,
would like to emphasize the major discrepancies between
GGA and LDA1U approximations. Figures 4~b! and 4~c!
display a comparison between the site-projected densit
states of Co ion in CoPO4 using the two approximations. W
observe that a half-metal character is obtained within
GGA, whereas an insulator one is recovered within
LDA1U, in agreement with the experiments.40 Although the
polarization effects within the GGA allow an occupancy
the eg-like and t2g-like orbitals responsible for the magne
tism and the larger volume of the oxygens octahedra, th
effects remain insufficient. In particular, a peak witheg char-
acter is still observed at the Fermi level, leading to the h
metal character.

In Fig. 2~c!, we display the difference of charge dens
calculated within the GGA and LDA1U approximations.
The results show that the GGA brings additional charge
the O sites~with respect to the LDA1U calculation! and
redistribute the internal charge on Co sites. This redistri
tion consists in a larger occupancy in thet2g orbitals and a
less important one in theeg orbitals within the GGA than
within the LDA1U. Nevertheless, the occupancy in theeg
orbitals remains pronounced compared to the LDA and n
magnetic calculations. The main improvement of both th
approximations compared to the LDA is a better descript
of the anisotropy of the charge density~although anisotropy
is generated differently within both the approximations!.
24510
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The repulsion effects between the excess electrons~within
the GGA! from the equatorial oxygen atoms of the deform
octahedra O3 and O38 of Fig. 1, contribute to enhance Co-O
bond lengths compared to the LDA1U approximation~see
volumes in Table I!. We nevertheless argue that these ad
tional electronic repulsions inherent to the GGA approxim
tion remains artificial and does fail to recover the expec
electronic structure of the CoPO4 compound. Note that ou
remark specifically concerns this peculiar compound and
the GGA was found in the past to be suitable to represent
electronic structure of numerous other oxides.36

IV. LITHIATED COMPOUND

Most of the characteristics~structural and electronic struc
ture! of the lithiated compound are similar to the ones of t
nonlithiated compound. For this reason, the results of
present section will mainly outline the additional effects w
have acquired with respect to the nonlithiated compound
Li is intercalated.

A. Structural properties

Structural parameters of LiCoPO4 are given in Table I and
compared to the experiments. Nonmagnetic LDA calcu
tions were found unable to describe the characteristics of
oxide. Only the AF-GGA~AF, antiferromagnetic! and LDA
1U are in good agreement with the experiments, with
acceptable mechanical resistance along theb axis and a cor-
rect symmetry for Co site. Note that for all approximation
the intercalation of Li leads to a larger volume~about 5%)
with respect to the nonlithiated compound.

The deformation in the equatorial plane is similar to t
one found in the nonlithiated compound, corresponding t
splitting into two shells with bond lengths of 2.01 an
2.14 Å3. Nevertheless, contrary to the CoPO4 case, axial
oxygen atoms (O1 and O2) do not present the same distan
with respect to the Co site withdCo-O1

52.12 Å anddCo-O2

52.01 Å. This may be explained by the inequivalent r
sponse of the two types of oxygen (O1 and O2) as lithium is
intercalated in only half the tetrahedral sites of the ho
structure~if all the tetrahedral sites were empty, O1 and O2
should be equivalent!.

B. Electronic structure

For the lithiated compound calculated within LDA1U,
we use the sameU2J value of 4 eV as for the nonlithiated
compound. As mentioned previously, the effective Coulo
energyU is an on-site quantity, although renormalized due
screening. As Li atoms do not belong to the nearest-neigh
shell of Co atoms, the value ofU should not change signifi
cantly as Li atoms are inserted.

The analysis of the difference of charge densities cal
lated within the LDA and LDA1U approximations~not rep-
resented! shows that the charge transfer from thet2g to theeg
orbitals is similar to the one obtained in CoPO4. A difference
is nevertheless observed compared to the nonlithiated c
pound: within both the approximations~LDA and LDA
7-6
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IMPACT ON ELECTRONIC CORRELATIONS ON THE . . . PHYSICAL REVIEW B 69, 245107 ~2004!
1U), the occupancy in theeg orbital is larger for the lithi-
ated compound than for the nonlithiated~see Fig. 5!. This
explains the larger volume, even within the LDA. Moreov
contrary to CoPO4, we found that the lithiated compound
magnetic within the LDA. This better description within th
LDA for LiCoPO4 than for CoPO4, may be explained by the
introduction of an anisotropic character in the charge den
as Li is intercalated in only half the tetrahedral sites (O1 and
O2 are not equivalent anymore!. However, a comparison o
the Co site-projected charge in the augmentation spher
LiCoPO4 and CoPO4 shows that this internal redistributio
of charge on Co sites does not imply a change of the t

FIG. 5. Top view of the difference of charge density~DCD!
between LiCoPO4 and CoPO4. Dark regions represent a gain o
charge for the lithiated compound. Two DCD’s of Co are seen
cut, two of them, deeper in the cell, display the peculiar entan
ment of excess and lacking electrons regions on Co in LiCoP4

~compared to CoPO4). Excess electrons are found in theeg orbitals
pointing towards the oxygen atoms, located all around. The row
spherical charge densities in the center corresponds to the ro
intercalated Li ions.
24510
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charge of Co: the additional electrons obtained in theeg

orbitals are transferred from thet2g ones. Thus, no change o
the valence state is observed within our approximations,
though our analysis of the electron and spin populations d
not allow to define metal cations with formal charges as
the classical view of solid-state materials. The appearanc
magnetism within the LDA seems to only result from th
internal redistribution of charge on Co~anisotropy! and from
the larger equilibrium volume. The fact that no change in
valence of Co is present is not surprising as the physics
LiCoPO4 is not piloted by the crystal-field effects whic
should impose it.

The calculated resulting charge on P site in LiCoPO4 is
negative with 1.7 excess electrons compared to 2 exc
electrons in the nonlithiated compound. As Li is intercalat
in half the tetrahedral sites of the host structure, the oxy
sites, involved in the polarization mechanism with P, have
share a new bonding with Li, creating an additional pathw
of polarization. As a result, polarization effects on P are lo
ered while a polarization effect is developed on Li. The
ternal redistribution of charge in Co~with respect to the non-
lithiated compound! is a consequence of this ne
polarization effect involving a different set of orbitals tha
the one involved in the Co-O-P sequence. This spin tran
mechanism gives rise to the observed magnetism and l
to a net spin moment of 2.75mB ~see Table I! on the Co sites,
slightly less, compared to the nonlithiated case.

Figure 6 shows the site-projected densities of state
LiCoPO4 calculated within the three approximations. With
the three approximations, we observe that, as Li is inter
lated into the CoPO4 host structure, the Li band fully hybrid
izes with the phosphate PO4 band @Figs. 6~d!–6~i!#. The
LDA and GGA approximations lead to similar DOS. Withi
these approximations, the hybridization of the Li states w

n
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f
of
d
t

.
d

FIG. 6. Density of states of Co
ion in LiCoPO4 within ~a! LDA,
~b! LDA1U, and ~c! GGA ap-
proximation. Second row@~d!–
~f!#, presents the site-projecte
DOS on the phosphate fragmen
~PO4! and the third row@~g!–~i!#
the site-projected DOS on Li site
The Fermi energy is represente
by a vertical line.
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TABLE II. Calculated total energies of the nonlithiated and lithiated compounds and intercalation vo
of the battery.

LDA GGA Expt.

NM AF 1U NM AF
ECoPO4

~eV! 2187.70 idem NM 2178.45 2166.80 2166.83
ELiCoPO4

~eV! 2207.41 2208.71 2205.00 2185.85 2188.95
Voltage ~V! 2.90 3.20 4.60 2.87 3.64 4.80

aFrom Ref. 9.
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the PO4 band is mainly observed around25 eV and
28 eV, i.e., far from the Fermi energy, where the meta
peaks are mainly observed. Two main peaks may be dis
guished: a first one~the closest to the Fermi energy! with an
eg character and the second with at2g character. As already
observed on the charge density map,eg and t2g bands are
filled more equally than in the case of the nonlithiated co
pound due to internal charge redistribution.

As for the nonlithiated compound, the LDA1U approxi-
mation leads to the formation of a wide Co-band form
with eḡ andt2g-like bands, spreading out from28 eV to the
Fermi energy. The translation of both the partially filledeḡ
and t2g-like bands by an amount of2(U2J)/2 leads to the
expected insulator character for the oxide. However,
most important point to note is that the formation of such
wide Co band affects the LiPO4 band, since both its shap
and its location with respect to the Fermi energy are chan
with respect to both the other approximations. Such a cha
was clearly observed in the nonlithiated compound.

V. INTERCALATION VOLTAGE

Total energies of the lithiated and nonlithiated compoun
as well as the voltage obtained within the nonmagnetic
magnetic LDA, LDA1U, and GGA approximations ar
given in Table II. Our results show that these data
strongly influenced by the magnetic configuration of t
compound and the approximation used for the exchan
correlation potential. We note from the first line of Table
that the magnetic structure does not affect the total energ
the nonlithiated compound: both spin-polarized and n
spin-polarized GGA calculations lead to2166.8 eV for the
24-atom cell. On the opposite, the magnetic structure
LiCoPO4 brings21.3 eV and23.1 eV, within the LDA and
GGA, respectively, to the total energy of the 28-atom c
stabilizing the compound. The better ability of the GGA a
proximation to represent the electronic correlations in
than the LDA, and thus to represent the octahedral distor
in the structure, may explain this larger stabilization ene
in LiCoPO4 as a spin-polarized calculation is considere
However, as these effects are underestimated by the G
such an approximation fails to give a reasonable value
the intercalation voltage, with an underestimation of 1.2
with respect to the experiments.

The treatment of the electronic correlation by a LD
1U scheme consists, in our study, in a destabilization of
structure by fillingeg states~addition of a penalty energy o
the eigenvalues!. This was found possible by emptying on
24510
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spin channel over two, generating magnetism. This dest
lization energy is seen to be larger for the nonlithiated co
pound,19.3 eV, than for the lithiated compound,12.4 eV,
leading by difference to a voltage of 4.6 V, in good agre
ment with the experiments. This asymmetrical energetic
sponse of LiCoPO4 and CoPO4 may be explained by the
competition between two effects as follows.

~i! First, by the asymmetrical occupancy in theeg andt2g
d orbitals of Co: as the partially filledeg band is translated
by an amount of2(U2J)/2 ~more eg sates are thus occu
pied!, changes are less important in compounds already h
ing a large occupancy in theeg’s ~as LiCoPO4) than in com-
pounds having less occupiedeg orbitals ~as CoPO4) which
need to modify their electronic structure in a deeper man
In CoPO4, the large peaks of Co near the Fermi ener
(EF), observed within the LDA@Fig. 4~a!#, are partially re-
covered at the bottom of the band within the LDA1U @Fig.
4~b!#, while in LiCoPO4 @Figs. 6~a! and 6~b!# a large part of
these peaks~LDA ! remains close to the Fermi energy with
the LDA1U. The change in band energy for Co~negative
number sinceEF50) is thus larger for CoPO4 than for
LiCoPO4 as we switch from LDA to LDA1U.

~ii ! Second, by the displacement of the~Li !PO4 band as
the LDA1U is used or not. The translation of the (Li)PO4
band towards the Fermi energy brings a positive energy
the compound. This effect was found more important for
lithiated compound, emphasizing the role of the Li ions
the shape and the center of the band.

We easily understand from this, that these two contrib
tions mostly compensate each other in LiCoPO4 ~so that the
total destabilization energy is 2.4 eV!, whereas the very
weak displacement of the PO4 band in CoPO4 as the LDA
1U approximation is used, does not compensate the d
change of the Co band~the total destabilization energy i
found to be 9.3 eV!

To conclude let us emphasize that the interplay betw
both contributions is expected to strongly depend on
transition-metal ion, and thus likely to explain the major d
ference between the voltages of the Co- and Fe-based c
pounds.

VI. CONCLUSIONS

Ab initio calculations were performed to shed light on t
microscopic origin of the peculiar properties of the LiCoPO4
battery. Three different exchange and correlation potent
7-8
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~LDA, GGA, and LDA1U) were used for this purpose. Ou
results show that only the LDA1U approximation is able to
provide reasonable predictions for the crystallographic, m
netic, and electronic structures and voltage of CoPO4 and
LiCoPO4 compounds. The comparison of the three appro
mations has nevertheless allowed to emphasize the
played by the Co-d orbitals on the previously quoted prop
erties as well as the influence of the anisotropy of the cha
density, obtained by different orbital polarizations of t
Co-d electrons within the LDA1U or with the introduction
of the gradient corrections within the GGA.

More specifically, we have shown that the LDA1U gives
a physical filling of theeg d orbitals of Co for both the
lithiated and nonlithiated compounds. This is made poss
by taking into account spin-polarization effects which tran
lates someeg states of a given spin channel belowt2g states
of the other spin channel. The filling of theeg orbitals intro-
duces additional repulsion effects between thed electrons of
Co and thep electrons of the octahedra of oxygen containi
Co, so that bond lengths are increased with respect to
nonmagnetic LDA calculation.

The main consequence of the intercalation of Li ions
half the tetrahedral sites of CoPO4 lies in a larger anisotropy
in the charge density of the compound, and, consequentl
the modification of the polarization mechanism, driving to
internal redistribution of charge density in theeg and t2g
orbitals of Co. The ability~or not! of Li to modify the shape
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of the LiPO4 band, according to the treatment of the ele
tronic correlation effects, were found essential to explain
discrepancies between the total energy of the lithiated c
pound within the LDA, GGA, and LDA1U approximations.
Moreover, this latter effect outlines the deep contribution
Li in the cohesion of the lithiated compound.

These points were found crucial to explain the asymme
cal energetic response of both the compounds as aU2J
54 eV Hubbard parameter is used. The additional ene
cost provided by the LDA1U approximation is found ad-
equate to compensate the lack in energy of the LDA appro
mation and finally we obtain a calculated voltage of 4.6
to be compared to the experimental 4.8 eV.

As a prospect to this paper, a systematic study of
LiXPO4 series, whereX5Mn, Fe, Co, and Ni is undertake
in order to understand the sudden enhancement of the
age of the Co-based compound with respect to the Fe ba
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