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Phase separation in LiFePQO, induced by correlation effects
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We report on a significant failure of the local density approximatioRA) and the generalized gradient
approximation(GGA) to reproduce the phase stability and thermodynamics of mixed-valepeeR® com-
pounds. Experimentally, LiFePQ compositions (6=x=<1) are known to be unstable and phase separate into
LiFePQ, and FePQ. However, first-principles calculations with LDA/GGA yield energetically favorable in-
termediate compounds and hence no phase separation. This qualitative failure of LDA/GGA seems to have its
origin in the LDA/GGA self-interaction which delocalizes charge over the mixed-valence Fe ions, and is
corrected by explicitly considering correlation effects in this material. This is demonstrated with-UDA
calculations which correctly predict phase separation jiF&PQ for U—J=3.5 eV. The origin of the desta-
bilization of intermediate compounds is identified as electron localization and charge ordering at different iron
sites. Introduction of correlation also yields more accurate electrochemical reaction energies between
FePQ/Li,FePQ and Li/Li* electrodes.
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First-principles calculations employing density functional nearly coplanar to form a distorted two-dimensional square
theory have proven to be a powerful method in understandiattice perpendicular to the axis, (2) edge-sharing Li@
ing the thermodynamic, structural and electronic propertie®ctahedra aligned in parallel chains along lthexis, and(3)
of a large class of materials. The density functional is notetrahedral PQ groups connecting neighboring planes or ar-
known exactly, and is usually modeled within the local den-rays. Electrochemical experiments and x-ray diffraction mea-
sity approximation(LDA) or generalized gradient approxi- surements have confirmed that no intermediate compound
mation (GGA). For many systems LDA or GGA gives re- LixFePQ exists between FeRCand LiFePQ,** so that its
markably good agreement with experiments, which has mad_@hase diag_ram consists of a wide two-phase region with lim-
these techniques valuable tools to predict the behavior dfed solubility on both the FePOand LiFePQ sides. The
materialst However, the self-interaction in LDA/GGA tends Magnetic structure of L|FePﬁand FePQ was determined
to delocalize electrons too much, and as such these method9™ neutron dlffractlolg datd: Below the Nel temperature
are unable to capture precisely the Coulomb correlation ef! n=20 K”and 125 K" respectively, the iron spins align in

fects in correlated electron systems like transition metal ox&n antiferromagneti¢AFM) array, induced by Fe-O-Fe su-
ides. The resulting failure to predict many transition metal

perexchange interactions between neighboring iron atoms.
oxides as insulators has been well documeRtedhis paper The objective of this paper is to investigate the stability of
we show by means of olivine-type |EePQ that the ten-

compounds between the composition FePRind
. L LiFePQ, and demonstrate that Coulomb correlations are es-
dency for LDA./.GGA to deIoc;ahze the electrons in m|xgd-_ sential in reproducing the absence of intermediate com-
valence transition metal oxides also leads to a qualltatlv%ounds_ Different Li arrangements with 4 formula units are
failure in predicting miscibility and phase stability by & sur- considered in the primitive cell. All possible symmetry-
prisingly large magnitude. The role Coulombic correlationsyjstinct decorations of the four Li sites give seven structures,

play in phase stability will be qualitatively probed. including two end members<&0,1), one structure at each

LiFePQ,, a naturally occurring mineral, has attracted of x=0.25 and 0.75, and three at0.5, here named 0.5a,
much attention recently, as its superb thermal safety, non-

toxicity and low cost make it the most likely candidate for

rechargeable Li-batteries electrodes in large applications ;
such as electric and hybrid vehicf&Z. In a battery, lithium
is electrochemically and reversibly cycled in and out of the A
LiFePQ, material. As a result, the pseudo-binary FgPO A
LiFePQ, phase diagram, critical for the material's behavior tetrﬁdron
as an electrode, has been well characterized experimentally

Olivine-type LiFePQ and the de-lithiated structure 0
FePQ have an orthorhombic unit cell with four formula
units (FU) and space groupPnma(see Fig. 1 The olivine- FeOs
type structure contains a distorted hexagonal close-packin octahedron
of oxygen anions, with three types of cations occupying the
interstitial sites(1) corner-sharing Fegoctahedra which are FIG. 1. Structure of LiFePQwith cation polyhedra.
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TABLE I. Fractional positions of the four Li and four Fe atoms between similar structures, and as such usually benefit from
within the unit cell. significant error cancellations. For example, in many binary
: : : : alloys formation energies are only 100-200 meV/atom in
Lil L2 L3 L4 Fel Fe2 Fe3 Fed4 magnitude, and hence large errors such as those found here
X 0 05 05 0 028 022 078 072 wou(ljd make therP c?mpletelzgzggg\le,twglch, b_atlrs]ed on t_he
0O 0 05 05 025 075 025 075 gmoeont ?Sg:]eoetr?heé‘cs gé‘ma”y studies with experi-
z 0 0.5 05 0 0.98 048 052 002 To investigate whether Coulombic on-site effects could
be related to this substantial failure of LDA/GGA we

0.5b and 0.5c. The structures 0.5a, 0.5b, and 0.5c have IG2Ted out rotationally invariant LDAU (GGA+U, more
remaining at sites 1 and 2, 1 and 3, and 1 and 4 respective@ccuratelyls calculations. The essence of the method can be
(see Table )L All five intermediate structures have lower SUmmarized by the expression for the total energy
symmetry than the end members, and are monoclinic or tri-

clinic, Eioa+ulp:n]=Eipal p]+Enul N1~ Ead N]
Total energy calculations were performed for the seven _E VETR 5
structures in GGAor LDA where explicitly stateglwith the =Eipalp]+Eyln], )

projector-augmented-wave metHbd? as implemented in
the Vienna Ab-initio Simulation Packad&An energy cut-
off of 500 eV and appropriatk-point mesh were chosen so
that the total ground state energy is converged within 3 me
per FU. All the atoms and cell parameters are fully relaxed a correction termE,=E,ys— Eq. is defined by Eq.(2).

each structure. For=0.25 and 0.75 the remainirfg point HoweverE,. is not uniquely defined, and here we consider

group symmetry has to be removed by imposing different, "0 00 approach¥sThe “around mean field” dc
initial magnetization on the irons to get the electronic groun : 7 . S S )
unctional’ (dc1) yields low-spin iron, in disagreement with

state(see the following The results in this paper represent experiment® This is not surprising since dcl usually works

the ferromagneti¢FM) spin-polarized configurations unless poorly in strongly correlated systems. We then compared for-
stated explicitly. Although the magnetic ground state Ofmation energies with the dc functional defined in Ref. 15

LiFePQ, and FePQ is AFM,*'° the difference in FM and i .
AFM formation energiesdefined in the followingis a few I(;t(t:g)r ?ggd\;wth its spherically averaged versidiidc3. The
0

meV/FU in most cases, not exceeding 12 meV, and does n
affect the qualitative analysis, which is clearer in the FM A _ o U .
configuration. Iron is found to be always in the high-spin Egdn)= Trn(Trn—1)=7Trn(Trn—1), 3
state, with the five majority spindorbitals occupied.
Here we definAE(x), the formation energy per FU of )

HFePQ as Eu(R) = THR(L-7) = 5 THAL-A), @
AE(X)=E(X)—(XE(x=1)+(1—-Xx)E(x=0)), (1)

wherep denotes the charge density amds the iron on-site
3d occupation matrix. The Hatree—Fock like interaction
\FH“b from the Hubbard model replaces the double counting
dc) term E. representing the LDA on-site interaction. The

where we have definetd’=U—J. The formation energy
whereE(x) is the ground state total energy per FU for thewith dc2 is very insensitive to a large range bf0-2 eV)
structure with lithium concentratior A negative formation whenU' is fixed, and agrees with dc3 results within 10 meV
energy means compound formation is energetically favorfor U’=2 eV. Therefore, we will use dc3, in which there is
able. In order for phase separation to occur at room temperanly one effective paramete’. We evaluate all results as
ture, all intermediate structures should have positive formafunction of U’, spanning the range from 0 to 5.5 eV. When
tion energy, large enough to overcome the potential entropgalculating formation energies for a givéh', we assume
gain in mixing. LDA results oAE(x) for all five structures U’ to be the same for all structures. The choicdJdfis a
are negative. Although GGA slightly increases the formationsource of uncertainty in LDA U calculations. However, we
energy, the prediction remains qualitatively in disagreemengresent the results as a functionlf and will argue that the
with experiment(Table II). correct physics is obtained within a reasonable range 'of
Given that the true formation energies should all be posi- |n Fig. 2 formation energies at differebt’ are shown as
tive, these errors are large and somewhat surprising, sinGg function of Li concentratiorx. At each concentration E
formation energies are properly weighted energy differencepcreases withU’ and becomes positive at intermediate
U’(~2.5-3.5 eV). The formation energies saturate to a
TABLE II. LDA and GGA formation energymeV/FU) at dif-  pegyly constant value aroundf ~3.5-4.5 eV. The effect of
ferent Li concentrations. the E, term is to drive the Fe-® orbital occupation numbers
to integer(0 or 1) values. As a result, the Fe ions tend to

X 0.25 0-5a 0.5 0-5¢ 0.75 have integral occupancy even in the partially lithiated struc-
LDA —155 —255 —247 —136 —168 tures, and charge ordering occurs: we see distinét Fead
GGA 135  —209 -197 -129  —138 F&" in DFT+U instead of the uniform K& " seen in

LDA/GGA. For low U’ values U'=<1 eV) the four Fe ions
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FIG. 2. Formation energy of lFePQ at differentx and U’

values.

ions, one very similar to those in FepPQvhich we call Fé*
like) and the other similar to those in LiFepQcalled Fé*
like). The designation (2)+ is only meaningful in that the
Fe ions are similar to those in FeR@QiFePQ,). The Fe-O
hybridization gives them less than nominal charge. ¥or

Points at=0.5 correspond to structure 0.5a.

=0.25(0.75) calculations imposing the symmetry of the

structure on the charge density leads to tvi@)3 like and

PHYSICAL REVIEW

&o—= U correction with chg ordering
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r&——aA LDA energy with chg ordering
0.4H® +++-¢ U correction no chg ordering
| |4 ----ALDA energy no chg ordering

0.2

Contributions to F.E. (V)

—_— 2+lii(e, with ché ordering I
2.5+like, no chg ordering
—— 3+like, with chg ordering

Occupancy

-

~———

U-T (eV)

FIG. 4. Upper part: LDA(triangle andU correction term(dia-

in the unit cell have similar @ electron occupancy and Fe-O mond contributions toAE(x=0.5a) vsU’. Solid/dotted lines in-
bond lengths for all the intermediate structures. Thereforeglicate presence/absence of charge ordering. Lower part: occupancy
little charge ordering occurs in this limit, even though the Feof the most occupied minority-spin orbital &', for Fe 2+ (solid

ions occupy symmetrically distinct positions. We will call line) and 3+ (dashed lingin the charge-ordered state and for2.5
these Fe cations (3x) + like. They are stable with respect (dotted ling in the state without charge ordering.

to small perturbations in initial charge distribution. In the

high limit of U’(=3.5 or 4.5 eV there are two types of Fe the same initial magnetization, ending up 2.5ke. Charge

To study quantitatively the chan

ordering is absent in this metastable state, which has higher
total energy than the charge-ordered ground state. From Fig.
3 we can compardE with and without charge ordering.
Note that the curve with charge ordering levels off fdr
=4.5 eV, which is explained in the following.

ge in formation energies

and electron distribution dd’ is increased, the contributions

two 2.5+ like Fe ions. Only when symmetry is broken doesiy AE are separated into the LDA energyE, pa, and the

a lower energy state with threg23+ like and one 23)+

correction termAE, with definitions analogous taE in

like ions form. In these structures the charge density hagq_ (1). The occupancy of the most occupied of the five
lower symmetry than what would be expected from the I0NiCminority-spin A-orbitals of iron is displayed in the lower

positions and, hence, charge ordering occurs. As the analySis,t of Fig. 4. This orbital is most relevant because its occu-

for all five structures is similar we choose-0.5a as a typi-

cal intermediate structure for further discussion.

In Fig. 3AE(x=0.5a) is shown as a function &f’. We
investigated AFM spin configurations =0, 0.5a and 1
and found them to give only slightly lower total energies.
The AFM AE (dotted ling is almost equivalent to the FM
one with charge orderingsolid line). We also studied a “re-
stricted” FM system ai=0.5a where all four Fe ions have

F.E. (eV)

0.2F .

—— FM, with charge ordering .
--- FM, without charge ordering P
AFM, with charge ordering

U-T (V)

FIG. 3. Formation energy of structure 0.5aWs.

pation makes the difference betweer’ F@and Fé*. When

charge ordering is absent, the occupation number does not

change much wititJ’ and stays near 0.5, as expected of a
2.5+ like Fe cation. In contrast, the curves in the charge-
ordered state separate beyodd~1 eV, with half of the
ions becoming 2 like and the other half 8 like. These
occupancies can help to explaiE in the upper part of the
diagram. When charge ordering is absétted lineg the

four Fe cations in thex=0.5a structure are equally affected
by U’ in terms of 3l occupation, as they are in=0 and 1,

and the changes in Tm(1—n)) in Li, s,FePQ are canceled

by the weighted average of those»@r=0 and 1 structures.
As a result, the correction terlE, is almost proportional

to U’, explaining its linear behavior in Fig. 4. When the
symmetry is sufficiently brokenAE, will make Fe-3
charge density order so as to create, as much as possible,
orbitals with integer occupation. This comes at a cost to
AE pa, Which changes from large negative valuesUHt

=0 to positive values. We see two possible reasons why
AE, pa increases when charge ordering occurs. Localization
of the minority spin electrons into half of the Fe sites a$'Fe
obviously leads to an increase in kinetic energy. Additionally,
since Fé* and Fé" have different Fe-O bond lengths, their
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AE eactior= (ELi+ EFqu_ ELiFePO4)- (5)

In this reaction Li is inserted into the FePOhost and an
electron is added to thd states, reducing Ré to F&™.
Since the electron addition energy for®Feis a significant
component of this reaction energy, the result will depend on
the value ofU. Experimentally, this energy can be measured
very accurately, as it is the equilibrium electrical potential
between LjFePQ and Li-metal electrodes in a Li-
electrolyte. In Fig. 5 the calculated potential is plotted as a
PR function of U with FM and AFM spin configurations, respec-
tively. The experimental voltage of 3.5"\is reached atJ
FIG. 5. Reaction energy in E@5) per FU vsU’ with FM and —J=4.2eV. . . .
AFM configurations, respectively. We have_ further qonflrmed that the positive for.matlon. en-
ergies obtained in Fig. 3 are not an artifact of using a single
coexistence in one structure comes with a penalty in elastik(mit cell by calculat_ing the energy O_f four other structures
energy. As the increase, relative to the LDA valuesAR x=0.25 or 9'75 with a doubled .un_lt cell. We found all
is much smaller than iIAE, p,, the latter can be identified these formatlion energies tp. be wnhm;O meV O.f th? re-
as the cause of phase separation. sults shown in F|g. 3. Ffosmve formation energies in GGA
The ground state electronic structure is also affectedV@S recently conﬂrm_ed in Ref. 20. .
The x=0.5a compound is insulating when charge orderingtivln summary, we find that both LDA and GGA qualita-

Reaction Energy (eV)

3
U-J (eV)

occurs in LDA+U. while it is metallic in LDA or ely fail to reproduce the experimentally observed phase
LDA +U without ch,arge ordering. The end members are in-Stabi"ty and mixing energetics in the FiePQ system. For
sulating in both LDA and LDA-U U-J>3.5 eV, LDA+U calculations give positiv&E, in

A weakness of the LDA U method is that) is an ex- agreement with experiments. Hence, we speculate that the
ternal parameter, and some justification for the choice of it ise"p?””?e”ta”y observed phase sepa;;atlon IS éd+ue to t_he cost
required. Considering a realistit=1 eV!® we find phase " kinetic and elastic energies when‘Feand Fe™ coexist
separation in the LFePQ system for U=3.5 eVt J in Li,FePQ structures. This physms is not well cap_tured by
=4.5 eV. Above this cutoff the formation energies and or-LDA/GGA’ as the self_-lnte_ractlon causes a deI(_)callzatl_on of
bital occupancies become less sensitiveJtdhe value o the d electrons, res_ultmg in electron|cal[y |d_ent|cal Fe ions.
for these systems is likely to be even higher than this cutoﬁfg‘lza"’; (rj?;:ltr’eg]rireem'swﬂﬁ g)k(]a:ﬁms:r[])taratlon in LDA/GGA, in
A recent ab initio computation ofU—J in the related 9 b '
Fe,SiO, fayalite system suggests a value of 4.5 eV for iton. This work is supported by the Department of Energy un-
Another way to determine a physical value Ofis to  der Grant No. DE-FG02-96ER45571 and by the National
compare the calculated and experimental reaction energy &cience Foundation under Grant No. DMR-02-13282. F.Z. is

FePQ and Li to form LiFePQ. grateful to Dr. E. Wu for his help in computation.
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