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The olivine-type compounds LiMPO4 (M ) Mn, Fe, Co, Ni) consist of MO4 layers made up of corner-sharing MO6

octahedra of high-spin M2+ ions. To gain insight into the magnetic properties of these phosphates, their spin exchange
interactions were estimated by spin dimer analysis using tight binding calculations and by electronic band structure
analysis using first principles density functional theory calculations. Three spin exchange interactions were found
to be important for LiMPO4, namely, the intralayer superexchange J1, the intralayer super-superexchange Jb along
the b-direction, and the interlayer super-superexchange J2 along the b-direction. The magnetic ground state of
LiMPO4 was determined in terms of these spin exchange interactions by calculating the total spin exchange interaction
energy under the classical spin approximation. In the spin lattice of LiMPO4, the two-dimensional antiferromagnetic
planes defined by the spin exchange J1 are antiferromagnetically coupled by the spin exchange J2, in agreement
with available experimental data.

1. Introduction

Recently lithium transition metal phosphates LiMPO4 (M
) Mn, Fe, Co, Ni) with the olivine structure have received
much attention as high-potential cathode materials for
rechargeable Li-ion batteries.1-9 The origin of the high
electrochemical potentials these materials generate has been

examined in several first principles electronic structure
studies.9-11 These phosphates contain high-spin M2+ ions.
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During the past four decades, studies on LiMPO4 (M ) Mn,
Fe, Co, Ni) have been mostly concerned with their magnetic
properties.12-30 In understanding these properties, it is crucial
to know what spin exchange paths between the M2+ ions
are important. The crystal structure of LiMPO4 is made up
of distorted MO6 octahedra, which share their corners to form
MO4 layers parallel to thebc-plane (Figure 1a). These layers
are stacked along thea-direction such that the P atoms
occupy the tetrahedral sites between adjacent layers to form
PO4 units, while the Li atoms occupy the octahedral sites
(Figure 1b). Within each MO4 layer, each M2+ ion makes
M-O-M superexchange (SE) interactions (J1) as well as
M-O‚‚‚O-M super-superexchange (SSE) interactions along

theb-direction (Jb) and along thec-direction (Jc) (Figure 2a).
Only SSE interactions occur between adjacent MO4 layers.
The interlayer SSE path forJ2 occurs along theb-direction,
and the interlayer SSE paths forJ3 and J4 along the
c-direction (Figure 2a,b).

Recent studies on a number of magnetic oxides have
shown31-34 that the strength of an M-O‚‚‚O-M spin
exchange is primarily governed by the O‚‚‚O distance and
the ∠M-O‚‚‚O angles rather than by the M‚‚‚M distance.
In particular, an M-O‚‚‚O-M spin exchange becomes
negligible when its O‚‚‚O contact is longer than the van der
Waals distance (i.e., 2.8 Å). In LiMPO4 (M ) Mn, Fe, Co,
Ni), the M‚‚‚M distances in the intra- and interlayer SSE
interactions increase in the orderJc < J2 < J3 < J4 < Jb

(Table 1). The O‚‚‚O distances are shorter than 2.8 Å in the
SSE paths forJ2, J3, J4, andJb but longer than 2.8 Å in the
SSE path forJc. All other possible interlayer SSE paths not
shown in Figure 2 have O‚‚‚O distances longer than 2.8 Å.
Consequently, in describing the magnetic properties of
LiMPO4 (M ) Mn, Fe, Co, Ni), it would be necessary to
consider at least the SE path forJ1 as well as the SSE paths
for J2, J3, J4, andJb unless some of them can be neglected
on the basis of appropriate electronic structure calculations.

All LiMPO 4 (M ) Mn, Fe, Co, Ni) compounds undergo
a three-dimensional (3D) antiferromagnetic ordering at low
temperatures (TN ) 34.9,12 52,17 21.8,21 and 19.1 K26 for M
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Figure 1. Crystal structure of LiMPO4. (a) A perspective view of the
MO4 layer made up of corner-sharing MO6 octahedra. (b) A projection view
of how the MO4 layers stack along thea-axis direction. In panel b, the PO4

units are indicated by shaded tetrahedra, the MO6 octahedra by unshaded
octahedra, and the Li atoms by filled circles.

Figure 2. Schematic view of the arrangement of the transition metal atoms
M(i) (i ) 1-4) in LiMPO4 and the spin exchange paths associated with
the interactions: (a)J1, Jb, Jc, andJ2; (b) J3 andJ4.
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) Mn, Fe, Co, and Ni, respectively). In the 3D antiferro-
magnetic structures of LiMPO4, the M2+ ions of the MO4

layers are antiferromagnetically coupled, and the adjacent
MO4 layers are antiferromagnetically coupled.15,17,18,25,26In
their neutron diffraction study of LiFePO4,17 Rousse et al.
discussed the phase diagram of its magnetic structure in terms
of the three spin exchange interactionsJ1, J2, andJb (in their
analysis, the exchange interactionsJ3 and J4 were not
included). Since the values ofJ1, J2, andJb are unknown,
they examined the phase diagram as a function ofJ1 andJ2

for the cases ofJb > 0 andJb < 0. Weak ferromagnetism is
found belowTN for LiMnPO4,29 LiCoPO4,23 and LiNiPO4,28

but not for LiFePO4.30 The weak ferromagnetism of LiCoPO4

and LiNiPO4 was explained by assuming a spin structure
modulation22 along one crystallographic direction, and that
of LiNiPO4 by supposing an “angled cross” type antiferro-
magnetic configuration.27 In contrast, spin frustration and
magnetic excitations of soliton type were suggested to cause
the weak ferromagnetism of LiMnPO4.30 As mentioned by
Rousse et al. for LiFePO4,17 the spin lattice of LiMPO4 can
in principle be subject to geometric spin frustration,39,40 if
the SSE interactions,Jb andJ2, are both strongly antiferro-
magnetic. To see the possibility of geometric spin frustration

in LiMPO4 and understand the observed 3D antiferromag-
netic structures of LiMPO4, it is necessary to determine the
strengths of their spin exchange interactionsJ1, J2, J3, J4,
andJb.

So far, there has been no systematic study aimed at
explaining the magnetic structures of LiMPO4 (M ) Mn,
Fe, Co, Ni) in terms of their spin exchange parameters
determined from electronic structure calculations. In the
present work we evaluate the relative strengths of their spin
exchange parametersJ1, Jb, J2, J3, and J4 on the basis of
spin dimer analysis using the extended Hu¨ckel tight binding
calculations and also electronic band structure analysis using
first principles density functional theory (DFT) calculations.31

We then discuss the ordered magnetic structures of LiMPO4

(M ) Mn, Fe, Co, Ni) expected from these spin exchange
parameters using the classical spin approximation.

2. Structural Parameters of Spin Exchange Paths

LiMPO4 has two equivalent MO4 layers and four equiva-
lent M atoms per unit cell (Table 2). The M2+ ions of each
MO4 layer have a corrugated arrangement, and every M2+

ion makes four equivalent SE interactionsJ1 in each MO4

layer and two SSE interactionsJb along theb-direction
(Figure 2a). The corrugated MO4 layers are stacked along
the a-axis direction such that the SSE paths forJ2 with the
shortest interlayer M‚‚‚M distance occur along theb-direction
(Figure 2a). Two different interlayer SSE interactions with
the O‚‚‚O distance shorter than 2.8 Å (i.e.,J3 andJ4) occur
along thec-direction (Figure 2b). The geometrical parameters
associated with the SE path forJ1 and the SSE paths forJ2,
J3, J4, Jb, andJc are summarized in Table 1.

3. Spin Dimer Analysis

The spin exchange parameterJ is written asJ ) JF +
JAF, where the ferromagnetic termJF is positive and the
antiferromagnetic termJAF is negative. In general,JF is very
small so that the trends in theJ values are well approximated
by those in the correspondingJAF values. When there areN
unpaired spins per spin site, theJAF term is approximated
by31

where the effective on-site repulsionUeff is essentially a
constant for a given system. The〈(∆e)2〉 term is further
approximated by31

where∆eµµ is the energy split that results when two magnetic
orbitalsφµ on adjacent spin sites interact.

The high-spin M2+ cations of LiMPO4 are located in a
distorted octahedral environment, so that the cation electron
configuration can be written as (t2g)3(eg)2 for Mn2+, (t2g)4-
(eg)2 for Fe2+, (t2g)5(eg)2 for Co2+, and (t2g)6(eg)2 for Ni2+.
Thus,N ) 5 for Mn2+, N ) 4 for Fe2+, N ) 3 for Co2+, and
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Table 1. Geometrical Parameters Associated with the M-O-M
Superexchange and M-O‚‚‚O-M Super-superexchange Paths of
LiMPO4 (M ) Mn, Fe, Co, Ni)

Mn Fe Co Ni

(a) M-O-M Superexchange PathJ1

M‚‚‚M 3.920 3.870 3.821 3.781
∠M-O-M 125.4 127.5 128.3 129.2

(b) M-O‚‚‚O-M Super-superexchange PathJ2

M‚‚‚M 5.498 5.417 5.404 5.373
O‚‚‚O 2.469 2.478 2.476 2.497
∠M-O‚‚‚O 139.0 139.0 139.8 129.1
∠O‚‚‚O-M 131.1 130.2 130.1 141.2

(c) M-O‚‚‚O-M Super-superexchange PathJ3

M‚‚‚M 5.638 5.580 5.535 5.467
O‚‚‚O 2.558 2.553 2.546 2.561
∠M-O‚‚‚O 93.7 93.4 156.1 159.4
∠O‚‚‚O-M 155.4 154.0 94.5 96.4

(d) M-O‚‚‚O-M Super-superexchange PathJ4

M‚‚‚M 5.858 5.776 5.697 5.605
O‚‚‚O 2.469 2.448 2.476 2.497
∠M-O‚‚‚O 139.0 139.0 139.8 141.2
∠O‚‚‚O-M 103.4 102.0 101.5 101.7

(e) M-O‚‚‚O-M Super-superexchange PathJb

M‚‚‚M 6.100 6.010 5.920 5.854
O‚‚‚O 2.450 2.447 2.432 2.413
∠M-O‚‚‚O 149.0 149.7 148.2 147.0
∠O‚‚‚O-M 149.0 149.7 148.2 147.0

(f) M-O‚‚‚O-M Super-superexchange PathJc

M‚‚‚M 4.744 4.692 4.700 4.677
M-O 2.130 2.251 2.076 2.049
O‚‚‚O 3.076 2.976 2.986 2.928
O-M 2.282 2.064 2.200 2.143
∠M-O‚‚‚O 89.7 91.4 91.1 93.8
∠O‚‚‚O-M 105.1 107.3 107.8 108.4

JAF ≈ -
〈(∆e)2〉

Ueff
(1)

〈(∆e)2〉 ≈ 1

N2
∑
µ)1

N

(∆eµµ)
2 (2)
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N ) 2 for Ni2+. If we represent the numbers of unpaired
spins in the t2g- and eg-block levels bynt andne, respectively,
nt ) 3 andne ) 2 for Mn2+, nt ) 2 andne ) 2 for Fe2+, nt

) 1 andne ) 2 for Co2+, andnt ) 0 andne ) 2 for Ni2+.
For simplicity, the t2g-block levels of each spin site may be
labeled asφ1, φ2, andφ3, and the eg-block levels of each
spin site asφ4 andφ5. By defining the energy terms

the 〈(∆e)2〉 term is approximated by31,41

For a variety of magnetic solids, it has been found31 that
their magnetic properties are well described by the〈(∆e)2〉
values obtained from extended Hu¨ckel tight binding calcula-
tions, when both the d orbitals of M and the s/p orbitals of
its surrounding ligands are represented by double-ú Slater
type orbitals.42 The 〈(∆e)2〉 values for the exchange interac-
tionsJ1, Jb, J2, J3, andJ4 of LiMPO4 (M ) Mn, Fe, Co, Ni)
were calculated by employing the atomic orbital parameters
of Table 3.43

The 〈(∆e)2〉 values summarized in Table 4 reveal that the
intralayer SE interactionJ1 is more strongly antiferromagnetic
than are the SSE interactionsJ2, J3, J4, andJb. The intralayer
SSE interactionJb is comparable in strength to the interlayer
SSE interactionJ2. The SSE interactionsJ3 and J4 are
negligibly weaker than theJ2 andJb interactions. Since the
M‚‚‚M distances of the SSE paths increase in the orderJ2

< J3 < J4 < Jb, the short M‚‚‚M distance does not necessarily
guarantee that the associated M-O‚‚‚O-M spin exchange
is strong. Table 1 shows that both∠M-O‚‚‚O angles of the
M-O‚‚‚O-M spin exchange path are large in the strong spin
exchange interactionsJb andJ2, but this is not the case for
the weak spin exchange interactionsJ3 and J4. These
observations reinforce the conclusion31-34 from the studies
of other magnetic oxides that the strength of an M-O‚‚‚
O-M spin exchange is mainly governed by the O‚‚‚O

distance and the∠M-O‚‚‚O angles rather than by the
M‚‚‚M distance.

Table 4 shows that the magnetic structures of LiMPO4

(M ) Mn, Fe, Co, Ni) can be well described using only the
three spin exchange parametersJ1, J2, andJb. In terms of
these parameters, we now consider the magnetic ground state
expected for LiMPO4 (M ) Mn, Fe, Co, Ni). SinceJ1 is
stronger thanJb, each MO4 layer should form an antiferro-
magnetic plane, as depicted in Figure 3. These antiferro-
magnetic planes should be antiferromagnetically coupled by
the SSE interactionsJ2, hence forming a 3D antiferromag-
netic lattice. This prediction is in good agreement with
experiment.15,17,18,25,26Finally, it is noted that geometric spin
frustration associated with the spin exchangesJb andJ2 is
unimportant becauseJ1 is more strongly antiferromagnetic
thanJb andJ2.

4. Electronic Band Structure Analysis

Our discussion in the previous section shows that the spin
exchange interactionsJ1, Jb, andJ2 are important, and the
remaining spin exchange interactions can be neglected. In
this section we determine quantitatively theJ1, Jb, and J2

values of LiMPO4 on the basis of spin-polarized electronic
band structure calculations within the framework of first
principles density functional theory. The values ofJ1, Jb,
andJ2 can be determined by mapping the energy differences
of the Ising spin Hamiltonian onto those of the electronic
Hamiltonian for LiMPO4.31 Since there are three parameters
to determine, it is necessary to consider four different ordered
spin states of LiMPO4. In the present work, we employ the
four ordered spin arrangements depicted in Figure 4, i.e.,

(41) Whangbo, M.-H.; Koo, H.-J.; Dumas, J.; Continentino, M. A.Inorg.
Chem. 2002, 41, 2193.

(42) Clementi, E.; Roetti, C.Atomic Data Nuclear Data Tables1974, 14,
177.

(43) Our calculations were carried out by employing the SAMOA (Structure
and Molecular Orbital Analyzer) program package (Dai, D.; Ren, J.;
Liang, W.; Whangbo, M.-H. http://chvamw.chem.ncsu.edu/, 2002).

Table 2. Positions of the Four Metal Atoms M(i) (i ) 1-4) in the
Unit Cell of LiMPO4 in Fractional Coordinatesa

spin site x y z

M(1) x0
1/4 z0

M(2) 1/2 - x0
3/4 1/2 + z0

M(3) -x0
3/4 -z0

M(4) 1/2 + x0
1/4 1/2 - z0

a x0 ) 0.2817 andz0 ) 0.9719 for Mn (ref 35),x0 ) 0.2822 andz0 )
0.9747 for Fe (ref 36),x0 ) 0.2786 andz0 ) 0.9793 for Co (ref 37), and
x0 ) 0.2756 andz0 ) 0.9825 for Ni (ref 38).

(∆et2g
)2 ) (∆e11)

2 + (∆e22)
2 + (∆e33)

2

(∆eeg
)2 ) (∆e44)

2 + (∆e55)
2 (3)

〈(∆e)2〉 ≈ 1

N2[nt
2

9
(∆et2g

)2 +
ne

2

4
(∆eeg

)2] (4)

Table 3. Exponentsúi and Valence Shell Ionization PotentialsHii of
Slater Type Orbitalsøi Used for Extended Hu¨ckel Tight Binding
Calculationa

atom øi Hii (eV) úi C1
b úi′ C2

b

Mn 4s -9.75 1.844 1.0
Mn 4p -5.89 1.350 1.0
Mn 3d -11.67 5.767 0.3898 2.510 0.7297
Fe 4s -9.10 1.925 1.0
Fe 4p -5.32 1.390 1.0
Fe 3d -12.6 6.068 0.4038 2.618 0.7198
Co 4s -9.21 2.001 1.0
Co 4p -5.29 1.430 1.0
Co 3d -13.18 6.386 0.4133 2.745 0.7126
Ni 4s -9.17 2.077 1.0
Ni 4p -5.15 1.470 1.0
Ni 3d -13.49 6.706 0.4212 2.874 0.7066
O 2s -32.3 2.688 0.7076 1.675 0.3745
O 2p -14.8 3.694 0.3322 1.659 0.7448

a Hii ’s are the diagonal matrix elements〈øi|Heff|øi〉, whereHeff is the
effective Hamiltonian. In our calculations of the off-diagonal matrix elements
Heff ) 〈øi|Heff|øj〉, the weighted formula was used. See: Ammeter, J.; Bu¨rgi,
H.-B.; Thibeault, J.; Hoffmann, R.J. Am. Chem. Soc. 1978, 100, 3686.
b Coefficients used in the double-ú Slater type orbital expansion.

Table 4. 〈(∆e)2〉 Values in (meV)2 Calculated for the Spin Exchange
Paths forJ1, Jb, J2, J3, andJ4 of LiMPO4 (M ) Mn, Fe, Co, Ni)

J1 Jb J2 J3 J4

Mn 890 70 54 15 7
Fe 830 364 250 37 29
Co 2600 1174 837 4 5
Ni 8600 3978 2600 0 0

Dai et al.
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the spin arrangements F, AF1, AF2, and AF3. These states
are magnetic insulating states, so that we describe their
electronic structures by spin-polarized electronic band struc-
ture calculations.

Our calculations for the four ordered spin states F, AF1,
AF2, and AF3 of LiMPO4 (M ) Mn, Fe) were carried out
using the full-potential linearized augmented plane wave
method embodied in the WIEN2k code44 and the Perdew-
Burke-Ernzerhof generalized gradient approximation45 for
the exchange and correlation correction. The maximuml
value in the expansion of the basis set inside each atomic
sphere was 12 for the computation of muffin-tin matrix

elements and 4 for that of the non-muffin-tin matrix elements.
The convergence of the basis set was controlled by a cutoff
parameterRmtKmax ) 7, whereRmt is the smallest atomic
sphere radius in the unit cell andKmax is the magnitude of
the largestk vector. The self-consistency was carried out
on a 200k-points mesh in the full Brillouin zone, with atomic
sphere radii of 2 au for Li, Fe, and Mn, 1.45 au for P, 1.4 au
for O andGMAX ) 14 bohr-1.

For the analysis of the spin exchange interactions in
LiMPO4 (M ) Co, Ni), the above approach fails because it
predicts that the F state is more stable than the AF1 state in
disagreement with experiment. To properly describe the spin
exchange interactions of these phosphates, it is necessary to
go beyond the level of calculations employed in the present
work. Our LDA+U electronic band structure analysis of
LiMPO4 (M ) Co, Ni) will be reported at a later time.

The high-spin M2+ ion of LiMPO4 has more than one
unpaired spin. Therefore, in describing the 3D spin lattice
of LiMPO4 in terms of the Ising spin Hamiltonian,31,46,47one
needs to take into consideration how this affects the energy-
difference mapping analysis. The Ising Hamiltonian of a spin
dimer is written as

whereJ is the spin exchange parameter, andŜ1z andŜ2z are
the z-components of the spin angular momentum operators
at the spin sites 1 and 2, respectively. Suppose that each
spin site hasN unpaired spins. Then, under the Ising
Hamiltonian of eq 1, the energies of the highest spin (HS)
and broken symmetry (BS) states are given by46,47

so that the energy difference∆E ) EBS - EHS is expressed
as

Consequently, theJ parameter is obtained from eq 7 by
calculating the∆E value in terms of electronic structure
calculations. In a similar manner, when the spin lattice of
LiMPO4 is described by the Ising Hamiltonian consisting of
the three spin exchange parametersJ1, Jb, andJ2, the total
spin exchange energies (per formula unit) of the F, AF1,
AF2, and AF3 states are written as

(44) Blaha, P.; Schwarz, K.; Madsen, G.; Kvasnicka, D.; Luitz, J.,WIEN2k,
An Augmented Plane Wave+ Local Orbitals Program for Calculating
Crystal Properties (Karlheinz Schwarz, Techn. Universita¨t Wien,
Austria), 2001. ISBN 3-9501031-1-2. See also http://www.wien2k.at/.

(45) Perdew, J. P.; Burke, S.; Ernzerhof, M.Phys. ReV. Lett. 1996, 77,
3865.

(46) Dai, D.; Whangbo, M.-H.J. Chem. Phys. 2001, 114, 2887.
(47) Dai, D.; Whangbo, M.-H.J. Chem. Phys. 2003, 118, 29.

Figure 3. Schematic representations of the magnetic ground state expected
for LiMPO4. Up spins and down spins are represented by empty and filled
circles, respectively. The spin exchange paths forJ1 are represented by thick
solid lines, and the spin exchange paths forJ2 by thin solid lines.

Figure 4. Schematic representations of the four ordered spin arrangements
employed for the evaluation of the spin exchange parametersJ1, Jb, andJ2

on the basis of electronic band structure calculations: (a) F, (b) AF1, (c)
AF2, and (d) AF3 states. The rectangular boxes represent the unit cells.

Ĥ ) -JŜ1zŜ2z (5)

EHS ) - N2

4
J and EBS ) + N2

4
J (6)

∆E ) N2

2
J (7)

EF ) (N2/4)(-2J1 - J2 - Jb) (8a)

EAF1 ) (N2/4)(2J1 + J2 - Jb) (8b)

EAF2 ) (N2/4)(-2J1 + J2 - Jb) (8c)

EAF3 ) (N2/4)Jb (8d)
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From eqs 8a-c, the spin exchange parametersJ1 andJ2 are
related to the state energy differences as

Therefore, theJ1 and J2 values are readily estimated once
the energies of the F, AF1, and AF2 states are calculated on
the basis of spin-polarized electronic band structure calcula-
tions. Using theseJ1 andJ2 values,Jb can be determined by
combining eq 8d with any one of eqs 8a-c. Table 5
summarizes theJ1, Jb, and J2 values thus calculated for
LiMPO4 (M ) Mn, Fe).

Table 5 shows thatJ1 is more strongly antiferromagnetic
thanJb andJ2, in agreement with the conclusion from the
〈(∆e)2〉 values estimated in the previous section. The
electronic band structure analysis differs from the spin dimer
analysis mainly on the nature of the intralayer spin exchange
Jb. For LiFePO4, Jb is antiferromagnetic in the electronic band
structure analysis as in the case of the spin dimer analysis.
In contrast to the case of the spin dimer analysis, however,
Jb is more weakly antiferromagnetic thanJ2 in the electronic
band structure analysis. For LiMnPO4, Jb is ferromagnetic
in the electronic band structure analysis in contrast to the
case of the spin dimer analysis.

Nevertheless, the electronic band structure analysis predicts
the same magnetic structure for LiMPO4 (M ) Mn, Fe) as
does the spin dimer analysis, because both analyses predict
thatJ1 andJ2 are antiferromagnetic, andJ1 is more strongly
antiferromagnetic than isJb. For both LiMnPO4 and LiFePO4,
theJ2/J1 ratio is substantial (i.e., 0.44 and 0.84, respectively)
so that their magnetic structures should be described as
strongly coupled antiferromagnetic planes rather than as
weakly coupled antiferromagnetic planes. Furthermore, the
Jb andJ2 interactions cannot induce geometric spin frustration
in LiMnPO4 becauseJb is ferromagnetic whileJ2 is antifer-
romagnetic. TheJb andJ2 interactions are not expected to
cause geometric spin frustration in LiFePO4 either, because
Jb is more weakly antiferromagnetic thanJ2. Consequently,
for the magnetic structure and the geometric spin frustration
of LiMPO4 (M ) Mn, Fe), the same conclusions are reached
by the spin dimer and electronic band structure analyses.

To examine how quantitatively accurate the calculatedJ1,
Jb, and J2 parameters are, we discuss the Curie-Weiss
temperaturesθ of LiMPO4 (M ) Mn, Fe) under the mean
field approximation, in whichθ is related to the spin
exchange parameters as48

The summation is over sets of the equivalent magnetic sites

i from a chosen magnetic site, andzi is the number of
equivalent magnetic neighbors with the spin exchange
parameterJi. According to Figure 2a, the summation around
each spin site includes 4J1, 2Jb, and 2J2. In addition,S )
5/2 and 2 for the high-spin Mn2+ and Fe2+ ions, respectively.
Thus, according to eq 10, theJ1, Jb, andJ2 values of Table
5 lead to theθ values of-164 K for LiMnPO4 and-162 K
for LiFePO4. The corresponding experimentalθ values
deduced from the magnetic susceptibility data are-87 K
for LiMnPO4

29 and -115 K for LiFePO4.30 Thus, the
calculatedJ1, Jb, andJ2 values are overestimated by a factor
of 2. DFT calculations tend to overestimate the magnitude
of spin exchange interactions by a factor of up to 4.46,49,50

5. Classical Spin Analysis of Ordered Magnetic
Structures

In this section, we examine the relative stabilities of
various ordered spin arrangements of LiMPO4 to confirm
that the magnetic structure shown in Figure 3 is indeed the
magnetic ground state. For this purpose we employ the
method of Freiser,51 which assumes that spins can adopt all
possible directions in space (the classical spin approxima-
tion), the orientational distributions of the spins are inde-
pendent, and the spin exchange interactions are isotropic.
This method has recently been employed to examine the
ordered spin arrangements of several magnetic solids.33,52

Consider an ordered spin arrangement in which the spin sites
µ ()1, 2, ...,m) of the unit cell located at the coordinate
origin (i.e., the lattice vectorR ) 0) have the mean spins
σµ

0. Then, for a magnetic solid with repeat vectorsa, b, and
c, the ordered spin arrangement can be described in terms
of the “Bloch” spin functionsσµ(k),

whereN is the number of unit cells in the magnetic solid,
andR andk are the lattice and wave vectors, respectively.
Then, the spin exchange interaction energyêµν(k) between
two Bloch spin functionsσµ(k) andσν(k) is given by

and the diagonalization of the interaction matrix¥(k),

leads to the eigenvaluesEi(k) (i ) 1 - m). The associated

(48) Kahn, O.Molecular Magnetism; VCH: Weinheim, 1993.
(49) Dai, D.; Koo, H.-J.; Whangbo, M.-H.J. Solid State Chem.2003, 175,

341.
(50) Grau-Crespo, R.; de Leeuw, N. H.; Catlow, C. R.J. Mater. Chem.

2003, 13, 2848.
(51) Freiser, M. J.Phys. ReV. 1961, 123, 2003.
(52) Dai, D.; Koo, H.-J.; Whangbo, M.-H.Inorg. Chem.2004, 43, 4026.

Table 5. Spin Exchange Parameters in meV Calculated for the Spin
Exchange Paths forJ1, Jb, andJ2 of LiMPO4 (M ) Mn, Fe)

J1 Jb J2

Mn -1.16 0.38 -0.50
Fe -1.08 -0.40 -0.92

J1 ) (4/N2)(EAF1 - EAF2)/4 (9a)

J2 ) (4/N2)(EAF2 - EF)/2 (9b)

θ )
S(S+ 1)

3kB
∑

i

ziJi (10)

σµ(k) )
1

xN
∑
R

σµ
0 exp(ik‚R) (11)

êµν(k) ) -∑
R

Jµν(R) exp(ik‚R) (12)

¥(k) ) (ê11(k) ê12(k) ... ê1m(k)
ê21(k) ê22(k) ... ê2m(k)
... ... ... ...
êm1(k) êm2(k) ... êmm(k)

) (13)
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eigenfunctionsψi(k) (i ) 1 - m) are described by the linear
combination of the Bloch spin functionsσµ(k),

The presence of up or down spin at a spin siteµ is described
by the sign of the coefficientCµi(k). For a given set of spin
exchange parameters, one can determine the value ofk that
leads to the minimum energy,Emin, of Ei(k), which occurs
from the lowest-lying bandE1(k). This particulark point,
denoted bykmin, has a specific meaning. For example,kmin

) (0, 0, 0) means that the magnetic unit cell is the same as
the chemical unit cell, whilekmin ) (1/2, 0, 0) means that
the magnetic ordering doubles the unit cell length along the
a-direction.

The nonzero contributions to the matrix elementsêµν(k)
from the spin exchange pathsJ1, Jb, andJ2 between the spin
sitesµ andν (µ, ν ) 1-4) of LiMPO4 are summarized in
Table 6. As representative examples, theEi(k) vs k plots
calculated for LiMnPO4 and LiFePO4 (using the relativeJ1,
J2, andJb values deduced from the electronic band structure
analysis) are presented in Figure 5a,b, respectively. In both
cases,kmin ) Γ ) (0, 0, 0), so that the magnetic unit cell is
the same as the chemical unit cell, namely, the magnetic
ordering does not increase the unit cell size. This is in
agreement with experiment. The spin arrangements described
by ψ1(kmin) are identical with the magnetic structure shown
in Figure 3. Though not shown, we reach the same conclu-
sion for LiMnPO4 (M ) Mn, Fe, Co, Ni) when theEi(k) vs
k plots are calculated by using the relativeJ1, J2, and Jb

values deduced from the spin dimer analysis.

6. Concluding Remarks

On the basis of the crystal structure of LiMPO4 (M ) Mn,
Fe, Co, Ni) alone, the SE pathJ1 as well as the SSE paths
J2, J3, J4, andJb would be needed in describing the magnetic
properties of LiMPO4. Of these five spin exchange paths,
only the three pathsJ1, J2, andJb are essential according to
the spin dimer analysis. In agreement with experiment, these
three parameters predict that the SE interactionsJ1 of each
MO4 layer form an antiferromagnetic plane, and these MO4

layers are antiferromagnetically coupled by the SSE interac-
tionsJ2. The electronic band structure analysis for LiMnPO4

and LiFePO4 shows thatJ1 is more strongly antiferromagnetic
than Jb and J2 in agreement with the spin dimer analysis,
that their magnetic structures should be described as strongly
coupled antiferromagnetic planes, and that the spin exchanges
Jb andJ2 do not induce spin frustration in LiMnPO4, nor in
LiFePO4. The classical spin analysis in terms of the three
parametersJ1, J2, andJb shows that the magnetic ordering
of LiMPO4 does not increase the unit cell size and the
ordered magnetic structure (Figure 3) predicted byJ1, J2,
andJb is indeed the magnetic ground state.
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ψi(k) ) ∑
µ)1

m

Cµi(k)σµ(k) (14)

Table 6. Nonzero Contributions to the Matrix Elementsêµν(k) from
the Spin Exchange Paths between the Spin Sitesµ andν (µ, ν ) 1-4)
of LiMPO4

a,b

µ ν cell M‚‚‚M contribution toêµν(k)

1 1 [0,-1, 0] db -Jb exp(-i2πxb)
1 2 [0,-1, 0] d1 -J1 exp(-i2πxb)

[0, -1, 1] d1 -J1 exp[i2π(-xb + xc)]
[0, 0, 0] d1 -J1

[0, 0, 1] d1 -J1 exp(i2πxc)
1 3 [0,-1, 1] d2 -J2 exp[i2π(-xb + xc)]

[0, 0, 1] d2 -J2 exp(i2πxc)
2 4 [-1, 0, 0] d2 -J2 exp(-2πxa)

[-1, 1, 0] d2 -J2 exp[i2π(-xa + xb)]

a ê11(k) ) ê22(k) ) ê33(k), ê34(k) ) ê12*(k). b db ) 6.100 for Mn, 6.010
for Fe, 5.920 for Co, and 5.854 for Ni;d1 ) 3.920 for Mn, 3.870 for Fe,
3.821 for Co, and 3.781 for Ni;d2 ) 5.498 for Mn, 5.417 for Fe, 5.404 for
Co, and 5.373 for Ni.

Figure 5. Ei(k) vs k calculated for LiMnPO4 and LiFePO4 using the
classical spin approximation. (a) LiMnPO4 usingJ1 ) -1.00,J2 ) -0.44,
and Jb ) +0.33. (b) LiFePO4 using J1 ) -1.00, J2 ) -0.84, andJb )
-0.36. In terms of the reduced reciprocal vectors, the specialk-points are
defined as follows:Γ ) (0, 0, 0), X) (0.5, 0, 0), M) (0.5, 0.5, 0), and
R ) (0.5, 0.5, 0.5).
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