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We present a study of the structural stability of the lithium-orthophosphate oxide LiCo§i@y density-
functional theory within the local-density.DA), generalized gradient and LDAU approximation. We show
that both enhanced localization and anisotropic effects provided within thetLlApproximation 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
LDA +U approximation induces a strong transfer of charge fromtijdike to the ey-like orbitals of Co as
well as a significant shift of the LiP©Oband. Both effects are competing with each other and determine most
of the peculiar properties of the LiCoR@nd CoPQ compounds.
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[. INTRODUCTION and likely to explain in the future the sudden enhancement of
the voltage(1 V) for the Co-based olivine host structur@o

The growing demand for safe and environment-friendlythis purpose, we examine the required conditions on the
portable batteries with high-energy density and low raw ma{CoPQ, host structure in order to accept Li ions intercalation.
terials cost urges for the development of advanced lithiumWe then examine the effects generated by the Li intercala-
ion batteries. The performance of such devices depends crtion. In that sense, our procedure is opposite to the experi-
cially on the two following factors{i) reversibility of Li ~ mental one, in which the lithiated compound is always syn-
intercalation and Li removal from the host structure whichthesized first and then delithiated. Thus, as a first step, we
ensures multiple charge and discharge cycles, a compulsof9cus on the nonlithiated compound. We analyze the influ-

condition for the battery to be reloaded, diid a large value ence of the elgctrqnic correlation gﬁec[moicg of Iocal-.
of the free energy of the lithiation-delithiation reaction, di- 4€nSity approximatioiLDA), generalized gradient approxi-

rectly proportional to the intercalation voltage. Among all the Mation(GGA), or LDA+U approximatio on the structural
known Li-intercalation compounds, a wide variety of posi- StaPility of the compound, its magnetism, and the local en-
tive active materials, including LiCoQ LiNiO, (layered Vvironment of Co sites. Both GGA and LDAU approxima-
structure (Refs. 1,2 and LiMn,O, (spine) 3-5 Meet these UONS represent these properties in a correct way. The LDA
requirements and operate in a voltage range between 3 and®@PProximation leads to a small volume and a nonmagnetic

\olts, which falls within the voltage range of existing non- ground state in complete disagreement with the expe.riments.
aqueous electrolytes Indeed, it has been experimentally shown that the lithiated

However, efforts to improve the electrolyte have recentlyc°MPound displays an antiferromagnetic structure at low
enabled an increase of the potential over 5 V. Among théemperaturé. The enhanced localization provided by both

family of lithium transition-metal orthophosphates within N GGA and LDA+-U approximations compared to LDA
olivinelike structure, efforts were mainly focused on WEre thus found to be a key ingredient of the calculation in
LiFePO, operating e{t 3.5 ¥-® The Co based compound order to recover the experimental volume. As a second step,

LiCoPQ,, has rapidly become of particular interest as recent'® foc.us on the I|th|a_t(.ad compound_for which a similar StUdY
measurements found a potential of 4.8 Wactable by the IS carned out. In addition, we examine the role play(_ad.by Li
new generation of electrolytes. The works of Amieeal? and outline its large effect tq t_he _stabll_lty of the lithiated
indicate that lithium can be extracted and intercalated in é:om_pound th_roug_h a ful hybrldl_zatlo_n with th_e 'i’@"?‘”d-
reversible way and that the compound keeps its crystal struc- Finally, using dnfferent approximations, we investigate the
ture during the process. These results suggest a great promf act of eleqtronlc correlation effects on the magnitude of
for LICoPQ, as cathode material for very high-energy den-the mtercalatlon_ vol_tage. Our results ShO.W that only the
sity lithium battery. LDA +U approximation recovers the experimental results.
The present paper investigates the structural stability,
electronic and magnetic structure, as well as the voltage of
the LiCoPQ oxide using density-functional theory. Our
main goal is to determine the microscopic features of The method of calculation used in the present work is the
LiCoPQ, which are responsible for its remarkable properties projector augmented wavéPAW) method!? as imple-

Il. METHODS
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mented in the Viennab initio simulation packag€VASP)
program™® The method, based on the density-functional
theory*!® (DFT) is an all-electron method that allowed a
correct description of the valence wave functions and its
nodal behavior without any shape approximation on the crys-
tal potential. Both spin-polarized DFT calculations and non-
collinear magnetism calculatiotfswere carried out to inves-
tigate the magnetic structure of the oxides. The Vosko, Wilk,
and Nusair interpolatidri for the exchange-correlation po-
tential was used within both the LDA and the GGA. The
effects due to the localization of the electrons of the Co
ions in the oxide are taken into account within the LDA
+U approximation as recently implemented in VASP® In

the so-called LDA-U approximatior?® the spin-polarized
LDA potential is supplied by a Hubbard-like term to account
for the quasiatomic character of the localizégre Co-3l)
orbitals. Hence the localized electroft3o-3d) experience a
spin- and orbital-dependent potential, while the other orbitals
are delocalized and considered to be properly described by
the LDA. Although the LDA+U is still a mean-field ap-
proach, it has the advantage of describing both the chemical
bonding and the electron-electron interaction. The corrected
functional has the following expressiéh:

U_J (o o _ o
ELDA+U=ELDA+TE Tl p”—=p7p7], (1)

wherep? is the on-site occupancy matrid,is the screened
exchange energhapproximation of the Stoner exchange pa-
rameter and almost constant for thel 3ransition-metal
ions=0.95 eV (Ref. 22] and U=E(d""})+E(d" )
—2E(d") is the Hubbard parameter, describing the addi-
tional energy cost to accommodate an extra electron on a
particular site. HoweverlJ is a renormalized quantity and FIG. 1. Olivinelike structure of the LiCoPQcompound. Co are
contains effects due to screening from other types of elecenclosed in octahedra of O linked by tetrahedra of O containing the
trons, e.g., 4 and 4 from the transition-metal atoms, as P. The octahedra of O are directly linked to each others by the
well as electrons from the nearest-neighbors atoms, nameﬁpbmits. Rows of Li are .intercalated in between. Besides, Co-O-P
oxygen atoms. As a result, additional penalty energies argeduences around a Co itfarkest atom at the center of the equa-
obtained on the LDA eigenvalues. They correspond to thdorial plane of the octahedrare represented.
expected corrections due to the strong one-site Coulomb re-
pulsion of thed electrons of the metal in the oxide. The  We now turn to a closer description of the oxide we have
strength of the penalty depends on a single paramgter chosen to study. LiCoPfbelongs to a large family of com-
—J. The larger thdJ —J, the more hybridization effects of pounds of theABPQ, type whereA andB stand for monova-
the metal with its neighbors is reduced. In fact, for latge lent and divalent cations, respectively. These phosphates ex-
—J, filled d orbitals are moved to lower energies by(U hibit different structures depending on the size of AhendB
—J)/2, and emptyd orbitals are raised to higher energies by ions, as for example the arcanitg{ K,S0O,) (Refs. 30—32
(U—J)/2.2! The differenceU—J was kept fixed to 4 eV or trydimite (8 deformation of Si@) (Ref. 33 structure
during our calculations as usually met in the literature for atype. For smallA ions such as L, the resulting compound,
transition-metal oxidé® As shown in the following, this LiCoPQ,, adopts the olivine (MgSiO,) (Ref. 34 structure.
value led to reasonable predictions for the different quantitieI his structure crystallizes in the orthorhombic system with
we have investigated. Pnmaspace group, and consists of a hexagonal close pack-
Numerical integrations in the Brillouin zone were per- ing of oxygen with Li andX ions located in half the octahe-
formed by means of tHé tetrahedron methd@?®including  dral sites and P ions ifl/8)th of the tetrahedral sit€s.In
the Blochl correction$® Sixteen irreduciblek points were  Fig. 1, we present the unit celsurrounded by few frag-
found necessarfor both the 24-atom and 28-atom cells we ment3 used in our calculations. The non-lithiated and
used for total energies and magnetic moments of our sysiithiated compounds contain 24 and 28 atoms in the unit cell,
tems to be converged within 16 eV and 0.0Lg, respec- respectively(four additional Li atoms are added in half the
tively. octahedral sites The initial guess for the atomic positions to
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TABLE I. The lattice parameters, volume of the cell, magnetic moment of Co ions, and observed defor-
mation of the octahedra of O. NM stands for nonmagnetic and AF for antiferromagnetic.

Composition ~ Approximation a(A) b(A) cA) QA% |ucd (ug) Deformation of

octahedra
LDA - NM 9.35 5.33 4.42 220 No

GGA - NM 9.72 5.57 4.62 250 Weak

CoPQ GGA - AF 9.92 5.83 4.75 275 2.75 Yes
LDA+U 9.82 571 4.64 260 3.03 Yes

Expt.2 10.089 5.855 4.719 279 Yes

LDA - AF 9.85 5.74 4.59 260 2.38 Yes

GGA - NM 9.91 5.89 471 275 Yes

LiCoPQ, GGA - AF 10.24 5.96 4.75 290 2.48 Yes
LDA+U 10.02 5.80 4.65 270 2.74 Yes

Expt.2 10.202 5.922 4.699 280 Yes

3From Ref. 9.

be relaxed were extracted from the experimental x-ray difCo site in CoPQ. Nonmagnetic and spin-polarized calcula-
fraction pattern of polycrystalline LiFeRQOgiven in Ref. 10.  tions within the LDA, GGA, and LDA-U approximations

To optimize the geometry of the cells, we have performedyre presented. Our results show that the nonmagnetic calcu-
internal relaxation of the atomic positions for various vol- |ation within the LDA and GGA approximations drive to a
umes: using the Hellmann-Feynman theorem, internal cooksqyced equilibrium volume of 2203%%and 250 &, respec-
dinates are relaxed so that forces are canceled. We have CYely, to be compared to the 279 Rexperimental value of

sidered the atomic coordinates as fully relaxed as the size . ; ; -
the individual forces were less than 0.005 eV/A. A residuaﬁF1e ithiated compound. Even if the experimental valie,,

3 . . . . . . _
minimization method were used for this purpose. The equi_279 A3, is slightly overestimated since the Li desintercala

librium properties of the oxideltotal energy, lattice param- tion is never complet.e, We can conqlude that nonmagnetic
eters, and density of statéBO9)] that we shall discuss in calculations undere_s_tlmate the exper_lm_ental feature and _that
the following, correspond to the ground-state configuratior‘Fhe structural Stab'l't_y of the _nonllthlated compound is
for the atomic and electronic degrees of freedom. closely connected to its magnetic structure.

Following previously well established methatfs3 the Thus the LDA approximation were found unable to gen-
average intercalation voltage of the battery is given by ~ €rate any magnetism in the compound. On the opposite, both
the spin-polarized GGA and LDAU approximations in-
duced a stable magnetic structure for the compo(irathle
1), with magnetic moments on Co sites of 2u.fb and
3.03ug, respectively. Both the approximations lead to an
increase of the equilibrium volume, i.e., 275 AGGA) and
260 A% (LDA +U). To conclude on the structural analysis,

CoPQ(cathode+ Li(anode— LiCoPQ,(cathode. we outline that, as these later approximations are used, a
noticeable deformation of the octahedra of O surrounding the
Since the effects due to changes in volume and entropy argg sites is observed. In Fig. 2, we show the difference of
small (as easily demonstrated by a simple Debyes@isen  charge density between the nonmagnetic LDA and antiferro-
approximation for the vibrational energythe Gibbs energy  magnetic LDA+ U approximation for the relaxed atomic po-
difference is approx[mated by th'e mternql energy differenceisions and equilibrium volume of the LDAU approxima-
Sglguﬁt%r%)thr?)tplﬁmd by our first-principles total-energy tion. As can be seen, the Co site displaySsasymmetry: the
9 two “axial” oxygen atoms (Q and Q) are located at 1.90 A
AE,=Eyicopo,~ ELi~ Ecopo, (3)  While the four “equatorial” oxygen atoms (£ display two
' different bond lengths, i.e., 1.93 A ¢Dand 2.14 A (Q).
As explained in Ref. 24, the cohesive energy of Li is calcu-Unfortunately the experimental individual atomic coordi-
lated in the bce structure which corresponds to the structurgiates in the CoPgQstructure are not known and, conse-
phase of the Li anode. quently, we cannot compare directly with our results. Never-
theless, such a deformation of the octahedra were
I1l. NONLITHIATED COMPOUND experimentally observed in LiCoR€& with a difference of
0.15 A between Ce-O bonds, in agreement with our calcu-
lations. However, let us emphasize that the deformation is

In the first panel of Table I, we report the lattice param-not strictly the same in the lithiated and nonlithiated com-

eters, the equilibrium volume, and the magnetic moment opounds as it will be discussed below.

_AG,
- @

whereF is the Faraday constant, a5, is the Gibbs free
energy for the reaction:

A. Lattice parameters and octahedra distortion
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FIG. 2. (Color online Difference between the charge density of
the nonlithiated compound in its antiferromagnetic (LBA) and
nonmagnetic(LDA) configuration,ptY(r)—p‘'PA(r), in (a) the
equatorial plane of the octahedra of O andhbja plane containing
the submits of the octahedra(r) being a positive number, the red
region results in a gain of charge for the LBAJ approximation.

PHYSICAL REVIEW B9, 245107 (2004

The influence of the exchange interaction on the interca-
lation voltage may be calculated by the energy difference of
the antiferromagnetic and ferromagnetic configuration, i.e.,

JE=Eio(1 ) = Eor(T1), 4

where E;;(1 1) is the total energy of the compound in an
antiferromagnetic configuration artf,,(11) is the total en-
ergy in a ferromagnetic one. This energy difference does not
exceed 0.02 eV/atom, leading to negligible corrections to the
Li intercalation voltage. In addition, we have performed a
noncollinear magnetism calculation for LiCopP@hile po-
larizing the total magnetic moment along three different
crystallographic directions, i.4.001], [010], and[ 100]. We
obtained a 0.03 eV stabilization energyith respect to the
collinear casgfor magnetic moments pointing along tlae
=[001] axis. A fine analysis of the noncollinear magnetic
structure of the compounghot representeédshows that the
magnetization was strongly focused on the Co ions, non-
tited, and was presenting a very regular alignment of the
moments along the same axis, legitimating the use of collin-
ear magnetism calculations for our study.

B. Electronic structure

The interesting question we would like to address here is
the determination of the critical character in common with
the GGA and LDA+U approximation which allows to ob-
tain a better equilibrium volume, magnetic structure, as well
as a realistic description of the local environment around Co
sites. Figure 2 supplies the answer: the antiferromagnetic
LDA +U approximation(or the GGA not showngives a
charge transfefwith respect to the nonmagnetic LDA de-
scription from the t,4 orbitals, pointing in between the O
sites to theey orbitals, pointing towards the O sites. This
implies larger electronic repulsions between Co and the O
octahedra. As a consequence, the bond length between Co
and O sites tends to be larger and the total equilibrium vol-
ume of the cell is thus increased as the octahedra is swelled
by electrostatic repulsion effects. Another consequence is to
break the symmetry of Co sites, namely the deformation of
the equatorial plane of the octahedra, which induces a local
moment on Co atoms. This results from the additional
charge-density anisotropy provided by orbital polarization
effects and gradient corrections within LBAJ and GGA,
respectively. The LDA, relying on the theory of the homo-
geneous electron gas, may not introduce this anisotropic
character, and fails to recover the characteristics of the oxide.

The analysis of the projected densities of states on Co
confirms this explanation. They are presented in Figa) 3
and 3b). Within the LDA, thed,,, dy,, andd,, orbitals
(presenting &,y character contain most of thel electrons,
while the d,2 and d,2_2 orbitals (g, character contain a
negligible fraction of them. Spin-up and spin-down bands are
filled equally and magnetism is killed. Therefore, we may
consider that, within the LDA, the system presents a large

In (c), we show the difference between the charge density of théimilarity in behavior with systems driven by crystal-field

nonlithiated compound calculated within the GGA and LBHA
approximations, i.e.p®CA(r)—p*Y(r). Additional charge is ob-
tained on the sites of oxygen within the GGA.

effects with a low spin configuration.
The striking difference between LDA and LDAU cal-
culations is the antiferromagnetic character of the compound
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stood from partial spin-up and spin-down DOS, both having
the sequence,, andey bands. Consequently, spin-up elec-
trons occupyt,4-like orbitals only partially(conservation of
the total charge

Figures 4a)—4(c) display the site-projected density of
states on Co sites and Figgd#—4(f) on the PQ fragment,
calculated within the LDA, GGA, and LDAU. For all the
approximations, a wide and fully hybridized band is obtained
for the PQ fragment[Figs. 4d)—4(f)]. This latter spreads
out from the Fermi energy te-8 eV within the LDA+U
and GGA approximations. Within LDAU and GGA ap-
proximations, the P@band presents very few similarities in
shape with the Co band so that we may conclude that the
PO, band hybridizes very weakly with the Co band. As pre-
viously mentioned, this is a consequence of the different or-
1 bital polarization of the Cal electrons within the LDA- U
approximation, introducing an anisotropy in the charge den-
sity. The same behavior holds for the GGA for which the
anisotropy is obtained by the introduction of the gradient of
the charge density in the exchange and correlation potential.

DOS (states/eV/atom)

DOS (states/ev/atom)
=

C. Spin transfer mechanism

Thus, the electronic structure of our systéwithin the
LDA +U) may not be considered as ruled out any more by
crystal field-effects but by the competition between polariza-
tion and delocalization effects as recently introduced by Car-
lier et al3 In the present study, these effects should result in

FIG. 3. dyy, dy,, dy,, dy2 2, andd, projected densities of the possible overlapping of Co, O, and P orbitals to form a
states of the Co site in CoR@ithin (a) the nonmagnetic LDAand  spin orbital in the crystal if a particular symmetry that we
(b) the antiferromagnetic LDA U approximations. Are, character ~ shall discuss in the following is presefutelocalization or in
is attributed to thel,>_,2> andd,2 orbitals (dashed lingsand at, a polarization effect due to the unpaired electrons of the Co
character to thel,,, d,,, andd,, orbitals(solid lineg. The Fermi  orbitals, which polarize all the other surrounding doubly oc-
energy is represented by a vertical line. cupied spin orbitalgépolarization). This latter phenomenon is

directly related to the fact that electrons with the same spin

with a magnetic moment of 3.03g on cobalt. The exchange as the unpaired electrons of Co spend more time near Co
splitting found in the LDA+ U leads to important difference than electrons with opposite sign. This is a consequence of
beween density of states of Co calculated either by LDA otthe exchange interaction. As a result, positive spin density on
LDA+U (see Figs. 3 and)4 Co is enhanced while negative spin density is induced on the

The simple view given by LDA, i.e., all thg,y orbitals  p orbitals of O and P, leading to a resulting negative charge
are empty, does not hold within LDAU (or GGA) calcula-  on P. The analysis of the interaction geomégymmetry and
tions. In the latter ones, the partial DOS of Co can be undererientation of the orbitals involved in the Co-O-P sequéence

-2

O N ]

-6 -4 2
energy (eV)

LDA LDA+U GGA

t

Coqt T ' Co

FIG. 4. Density of states of Co
ion in CoPQ within (a) LDA, (b)
l ] LDA+U, and(c) GGA approxi-

mation. In the bottom panel, den-

sity of states of the phosphate
fragment (PQ) in CoPQ calcu-
lated within (d) LDA, (e) LDA
+U, and(f) GGA are added. The
Fermi energy is represented by a
vertical line.
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has to be considered to determine the dominant mechanism. The repulsion effects between the excess electtwiikin
In CoPQ, two types of Co-O-P sequence have to be distinthe GGA from the equatorial oxygen atoms of the deformed
guished which are as follows. octahedra @ and G, of Fig. 1, contribute to enhance Co-O

(i) The Co-Q-P; or Co-O-P, sequences are both located bond lengths compared to the LBAJ approximation(see
in the same plandsee Fig. 1 with distances ofdc,o  volumes in Table ). We nevertheless argue that these addi-
=2.1 A anddp_o=1.5 A, and an angle of 120 deg. tional electronic repulsions inherent to the GGA approxima-

(i) The Co-Q-P sequence is split into two subgroups. tion remains artificial and does fail to recover the expected
The first one, Co-@Py, involving the G sites, belongs to electronic structure of the Cog@ompound. Note that our
the equatorial plane of the octahedra with an angle of 94 degemark specifically concerns this peculiar compound and that
The second contains Gites and P sites with angles of 124 the GGA was found in the past to be suitable to represent the
deg; let us mention thalP; sites belong to an orthogonal electronic structure of numerous other oxides.
plane to the equatorial plane.

Thus, five different Co-O-P sequences participate in the
mechanism of polarization or localization on P sites. The
analysis of the projected charge in the augmentation spheres Most of the characteristidstructural and electronic struc-
centered on P sites may help us to determine which onaure) of the lithiated compound are similar to the ones of the
predominates. Our calculations actually predict two addionlithiated compound. For this reason, the results of the
tional electrons on P site, leading to a resulting negativgpresent section will mainly outline the additional effects we
charge expected by the polarization mechanism. From thidave acquired with respect to the nonlithiated compound as
we can conclude that the polarization mechanism dominatelsi is intercalated.
and that a spin transfer occurs throughout #eorbitals
containing a single electrofas confirmed by integrating the
DOS of thed,2 orbital, given on Fig. Band thep orbitals of
O and P atoms. The analysis of the spin density mapped in Structural parameters of LiCoR@re given in Table | and
the plane containing both the Co,® and Co-Q-P se- compared to the experiments. Nonmagnetic LDA calcula-
quencesnot representedconfirms this mechanism: a posi- tio_ns were found unable to descr_ibe the characteristics of the
tive spin density is observed in tieg orbital of Co, pointing ~ 0xide. Only the AF-GGAAF, antiferromagneticand LDA
towards Q and q, po|arizing the paired electrons in t}pe +U are in gOOd agreement with the experlments, with an

orbitals of P and Gno magnetism is induced on these sites acceptable mechanical resistance alongateis and a cor-
rect symmetry for Co site. Note that for all approximations,

the intercalation of Li leads to a larger voluni@bout 5%)
with respect to the nonlithiated compound.

To conclude our results for the nonlithiated compound, we The deformation in the equatorial plane is similar to the
would like to emphasize the major discrepancies between thene found in the nonlithiated compound, corresponding to a
GGA and LDA+U approximations. Figures(d) and 4c)  splitting into two shells with bond lengths of 2.01 and
display a comparison between the site-projected density o?.14 A%. Nevertheless, contrary to the CopP®@ase, axial
states of Co ion in CoPQusing the two approximations. We o0xygen atoms (@and Q) do not present the same distance
observe that a half-metal character is obtained within thavith respect to the Co site wittco. o =2.12 A anddco.o,
GGA, whereas an insulator one is recovered within the=2.01 A. This may be explained by the inequivalent re-
LDA +U, in agreement with the experimerffsAlthough the  sponse of the two types of oxygen {@nd Q) as lithium is
polarization effects within the GGA allow an occupancy inintercalated in only half the tetrahedral sites of the host-

the eg-like andt,4-like orbitals responsible for the magne- structure(if all the tetrahedral sites were empty; @nd G
tism and the larger volume of the oxygens octahedra, thesshould be equivaleht

effects remain insufficient. In particular, a peak wehchar-
acter is still observed at the Fermi level, leading to the half-
metal character.

In Fig. 2(c), we display the difference of charge density  For the lithiated compound calculated within LDAJ,
calculated within the GGA and LDAU approximations. we use the samd —J value of 4 eV as for the nonlithiated
The results show that the GGA brings additional charge ortompound. As mentioned previously, the effective Coulomb
the O sites(with respect to the LDA-U calculation and  energyU is an on-site quantity, although renormalized due to
redistribute the internal charge on Co sites. This redistribuscreening. As Li atoms do not belong to the nearest-neighbor
tion consists in a larger occupancy in thg orbitals and a  shell of Co atoms, the value &f should not change signifi-
less important one in they orbitals within the GGA than cantly as Li atoms are inserted.
within the LDA+U. Nevertheless, the occupancy in tgg The analysis of the difference of charge densities calcu-
orbitals remains pronounced compared to the LDA and nontated within the LDA and LDA-U approximationgnot rep-
magnetic calculations. The main improvement of both thesgesentefishows that the charge transfer from thgto thee,
approximations compared to the LDA is a better descriptiororbitals is similar to the one obtained in CoR@ difference
of the anisotropy of the charge densipithough anisotropy is nevertheless observed compared to the nonlithiated com-
is generated differently within both the approximatipns pound: within both the approximationd DA and LDA

IV. LITHIATED COMPOUND

A. Structural properties

D. Comparison between LDA+U and GGA approximations

B. Electronic structure
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charge of Co: the additional electrons obtained in ée
orbitals are transferred from thg, ones. Thus, no change of
the valence state is observed within our approximations, al-
though our analysis of the electron and spin populations does
not allow to define metal cations with formal charges as in
the classical view of solid-state materials. The appearance of
magnetism within the LDA seems to only result from the
internal redistribution of charge on Ganisotropy and from
the larger equilibrium volume. The fact that no change in the
valence of Co is present is not surprising as the physics of
\ - LiCoPQ, is not piloted by the crystal-field effects which
should impose it.

FIG. 5. Top view of the difference of charge densi{yCD) The calculated resulting charge on P site in LICQR®
between LiCoPQ and CoPQ. Dark regions represent a gain of negative with 1.7 excess electrons compared to 2 excess
charge for the lithiated compound. Two DCD's of Co are seen ingjactrons in the nonlithiated compound. As Li is intercalated
cut, two of them, deeper in the cell, display the peculiar entangle;, 15if the tetrahedral sites of the host structure, the oxygen
ment of excess and lacking electrons regions on Coin '."Qoposites, involved in the polarization mechanism with P, have to
(Cqm.pared to CoPg). Excess electrons are found in tagorbitals Phare a new bonding with Li, creating an additional pathway
pointing towards the oxygen atoms, located all around. The row 0orf polarization. As a result, polarization effects on P are low-
spherical charge densities in the center corresponds to the row g . o . . .
intercalated Li ions. ered wh|lg a poI_ar|zat|on effec;t is dgveloped on Li. The in-

ternal redistribution of charge in Gavith respect to the non-

lithiated compoung is a consequence of this new
+U), the occupancy in they orbital is larger for the lithi-  polarization effect involving a different set of orbitals than
ated compound than for the nonlithiatéske Fig. 5 This  the one involved in the Co-O-P sequence. This spin transfer
explains the larger volume, even within the LDA. Moreover, mechanism gives rise to the observed magnetism and leads
contrary to CoP@, we found that the lithiated compound is to a net spin moment of 2.7& (see Table)lon the Co sites,
magnetic within the LDA. This better description within the slightly less, compared to the nonlithiated case.
LDA for LICoPQO, than for CoPQ, may be explained by the Figure 6 shows the site-projected densities of state in
introduction of an anisotropic character in the charge densityiCoPQ, calculated within the three approximations. Within
as Liis intercalated in only half the tetrahedral sites @@d  the three approximations, we observe that, as Li is interca-
O, are not equivalent anymaoreHowever, a comparison of lated into the CoP©host structure, the Li band fully hybrid-
the Co site-projected charge in the augmentation sphere izes with the phosphate BRCband [Figs. 6d)—6(i)]. The
LiCoPQ, and CoPQ shows that this internal redistribution LDA and GGA approximations lead to similar DOS. Within
of charge on Co sites does not imply a change of the totahese approximations, the hybridization of the Li states with

2 M

LDA LDA+U GGA

Cof ' Cod t
l

FIG. 6. Density of states of Co
ion in LiCoPQ, within (a) LDA,
(b) LDA+U, and (c) GGA ap-
proximation. Second row{(d)—
(f)], presents the site-projected
DOS on the phosphate fragment
(PO, and the third row{(g)—(i)]
the site-projected DOS on Li site.
Li The Fermi energy is represented
T by a vertical line.
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TABLE Il. Calculated total energies of the nonlithiated and lithiated compounds and intercalation voltage
of the battery.

LDA GGA Expt.
NM AF +U NM AF
Ecopq, (6V) —187.70 idem NM ~ —178.45  —166.80  —166.83
Eiicopo, (V) —207.41 —208.71 —-205.00 —185.85  —188.95
Voltage (V) 2.90 3.20 4.60 2.87 3.64 4.80

3 rom Ref. 9.

the PQ band is mainly observed around5 eV and spin channel over two, generating magnetism. This destabi-
—8 eV, i.e., far from the Fermi energy, where the metalliclization energy is seen to be larger for the nonlithiated com-
peaks are mainly observed. Two main peaks may be distirPound,+9.3 eV, than for the lithiated compoun,2.4 eV,
guished: a first onéthe closest to the Fermi eneigyith an  leading by difference to a voltage of 4.6 V, in good agree-
e, character and the second witltg character. As already ment with the experiments. This asymmetrical energetic re-
observed on the charge density mag,andt,, bands are sponse of LiCoP@and CoPQ may be explained by the
filled more equally than in the case of the nonlithiated com-competition between two effects as follows.

pound due to internal charge redistribution. L ) ]

As for the nonlithiated compound, the LDAU approxi- (i) First, by the asymmetrical occupancy in tgandtyg
mation leads to the formation of a wide Co-band formedd orbitals of Co: as the partially filleéy band is translated
with eg andt,-like bands, spreading out from8 eV to the Py an amount of-(U—J)/2 (more e, sates are thus occu-
Fermi energy. The translation of both the partially fileg ~ Pied, changes are less important in compounds already hav-
andt,-like bands by an amount of (U—J)/2 leads to the INg @ large occupancy in thg’s (as LiCoPQ) than in com-
expected insulator character for the oxide. However, th@0unds having less occupie orbitals (as CoPQ) which
most important point to note is that the formation of such aneed to modify their electronic structure in a deeper manner.
wide Co band affects the LiPCband, since both its shape In CoPQ, the large peaks of Co near the Fermi energy
and its location with respect to the Fermi energy are changetEr), observed within the LDAFig. 4a)], are partially re-
with respect to both the other approximations. Such a changeovered at the bottom of the band within the LBAJ [Fig.

was clearly observed in the nonlithiated compound. 4(b)], while in LiCoPQ, [Figs. 6a) and Gb)] a large part of
these peak@.DA) remains close to the Fermi energy within
V. INTERCALATION VOLTAGE the LDA+U. The change in band energy for Qoegative

number sinceEg=0) is thus larger for CoPpthan for

Total energies of the lithiated and nonlithiated compounds iCoPO, as we switch from LDA to LDA+-U.
as well as the voltage obtained within the nonmagnetic and (ii) Second, by the displacement of ttid)PQ, band as
magnetic LDA, LDA+U, and GGA approximations are the LDA+U is used or not. The translation of the (Li)pO
given in Table Il. Our results show that these data arehand towards the Fermi energy brings a positive energy to
strongly influenced by the magnetic configuration of thethe compound. This effect was found more important for the
compound and the approximation used for the exchangeithiated compound, emphasizing the role of the Li ions in
correlation potential. We note from the first line of Table Il the shape and the center of the band.
that the magnetic structure does not affect the total energy of
the nonlithiated compound: both spin-polarized and non- We easily understand from this, that these two contribu-
spin-polarized GGA calculations lead t0166.8 eV for the tions mostly compensate each other in LiICQREb that the
24-atom cell. On the opposite, the magnetic structure ofotal destabilization energy is 2.4 gVwhereas the very
LiCoPQ, brings—1.3 eV and—3.1 eV, within the LDAand  weak displacement of the RMand in CoPQ as the LDA
GGA, respectively, to the total energy of the 28-atom cell,+ U approximation is used, does not compensate the deep
stabilizing the compound. The better ability of the GGA ap-change of the Co ban¢he total destabilization energy is
proximation to represent the electronic correlations in Cdound to be 9.3 eV
than the LDA, and thus to represent the octahedral distortion To conclude let us emphasize that the interplay between
in the structure, may explain this larger stabilization energyboth contributions is expected to strongly depend on the
in LiCoPQ, as a spin-polarized calculation is considered.transition-metal ion, and thus likely to explain the major dif-
However, as these effects are underestimated by the GGAerence between the voltages of the Co- and Fe-based com-
such an approximation fails to give a reasonable value fopounds.
the intercalation voltage, with an underestimation of 1.2 eV
with respect to the experiments.

The treatment of the electronic correlation by a LDA
+U scheme consists, in our study, in a destabilization of the Ab initio calculations were performed to shed light on the
structure by fillinge, states(addition of a penalty energy on microscopic origin of the peculiar properties of the LiCoPO
the eigenvalues This was found possible by emptying one battery. Three different exchange and correlation potentials

VI. CONCLUSIONS

245107-8
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(LDA, GGA, and LDA+ U) were used for this purpose. Our of the LiPQ, band, according to the treatment of the elec-
results show that only the LDAU approximation is able to tronic correlation effects, were found essential to explain the
provide reasonable predictions for the crystallographic, mageiscrepancies between the total energy of the lithiated com-
netic, and electronic structures and voltage of CpR@d  pound within the LDA, GGA, and LDA U approximations.
LiCoPQ, compounds. The comparison of the three approxi-Moreover, this latter effect outlines the deep contribution of
mations has nevertheless allowed to emphasize the rold in the cohesion of the lithiated compound.
played by the Ca# orbitals on the previously quoted prop-  These points were found crucial to explain the asymmetri-
erties as well as the influence of the anisotropy of the chargeal energetic response of both the compounds &as—aJ
density, obtained by different orbital polarizations of the =4 eV Hubbard parameter is used. The additional energy
Codd electrons within the LDA-U or with the introduction  cost provided by the LDA U approximation is found ad-
of the gradient corrections within the GGA. equate to compensate the lack in energy of the LDA approxi-
More specifically, we have shown that the LBAJ gives  mation and finally we obtain a calculated voltage of 4.6 eV
a physical filling of theey d orbitals of Co for both the to be compared to the experimental 4.8 eV.
lithiated and nonlithiated compounds. This is made possible As a prospect to this paper, a systematic study of the
by taking into account spin-polarization effects which trans-LiXPO, series, wheré&X=Mn, Fe, Co, and Ni is undertaken
lates somee states of a given spin channel beldyy states  in order to understand the sudden enhancement of the volt-
of the other spin channel. The filling of tieg orbitals intro-  age of the Co-based compound with respect to the Fe based.
duces additional repulsion effects betweendhaectrons of
Co and thep electrons of the octahedra of oxygen containing
Co, so that bond lengths are increased with respect to the
nonmagnetic LDA calculation. Most of the computations presented in this paper were
The main consequence of the intercalation of Li ions inperformed on the cluster PHYNUNCIMENT, Grenoble,
half the tetrahedral sites of CoR@es in a larger anisotropy the remaining on the Brodie clustdiDRIS) as part of the
in the charge density of the compound, and, consequently, iRroject No. 21508. A. M. Dulac and S. Jobic are acknowl-
the modification of the polarization mechanism, driving to anedged for early discussions concerning this work. One of the
internal redistribution of charge density in thg andt,,  authors, O.B. is grateful to the Swedish Research Council
orbitals of Co. The abilityor not of Li to modify the shape (VR) and to the Gman Gustafsson foundation for support.
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