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The olivine-type compounds LiIMPO, (M = Mn, Fe, Co, Ni) consist of MO, layers made up of corner-sharing MOs
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 LIMPO,4, namely, the intralayer superexchange Ji, the intralayer super-superexchange J, along
the b-direction, and the interlayer super-superexchange J, along the b-direction. The magnetic ground state of
LIMPO, 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 LIMPQ,, the two-dimensional antiferromagnetic
planes defined by the spin exchange J; are antiferromagnetically coupled by the spin exchange J,, in agreement
with available experimental data.

1. Introduction examined in several first principles electronic structure
o - _ o1 o
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much attention as high-potential cathode materials for (4) Huang, H.; Yin, S.-C.; Nazar, L. Electrochem. Solid-State Le2001,
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Figure 1. Crystal structure of LIMPQ@ (a) A perspective view of the

MO, layer made up of corner-sharing MOctahedra. (b) A projection view
of how the MQ layers stack along the-axis direction. In panel b, the RO

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

During the past four decades, studies on LIMR& = Mn,

Fe, Co, Ni) have been mostly concerned with their magnetic

properties’?30 In understanding these properties, it is crucial
to know what spin exchange paths between th#e Mns
are important. The crystal structure of LIMR@ made up
of distorted MQ octahedra, which share their corners to form
MO, layers parallel to thec-plane (Figure 1a). These layers
are stacked along the-direction such that the P atoms
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(b)
Figure 2. Schematic view of the arrangement of the transition metal atoms

M(i) (i = 1—4) in LIMPO, and the spin exchange paths associated with
the interactions: (a}1, Jo, Je, andJy; (b) Jz and Ja.

theb-direction (,) and along the-direction J;) (Figure 2a).

occupy the tetrahedral sites between adjacent layers to formOnly SSE interactions occur between adjacent.Neyers.

PO, units, while the Li atoms occupy the octahedral sites
(Figure 1b). Within each M@layer, each M" ion makes
M—O—M superexchange (SE) interactionk)(as well as

M—0---O—M super-superexchange (SSE) interactions along
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(17) Rousse, G.; Rodriguez-Carvajal, J.; Patoux, S.; Masqueli€hé&m.
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The interlayer SSE path fak occurs along thé-direction,
and the interlayer SSE paths fad¢ and J, along the
c-direction (Figure 2a,b).

Recent studies on a number of magnetic oxides have
showr#3* that the strength of an MO:--O—M spin
exchange is primarily governed by the-€D distance and
the OM—0---O angles rather than by the-MM distance.

In particular, an M-O---O—M spin exchange becomes
negligible when its @-O contact is longer than the van der
Waals distance (i.e., 2.8 A). In LIMPQM = Mn, Fe, Co,
Ni), the M---M distances in the intra- and interlayer SSE
interactions increase in the ord&y < J, < J3 < Jy < Jp
(Table 1). The @-O distances are shorter than 2.8 A in the
SSE paths fody, Js, Js, andJ, but longer than 2.8 A in the
SSE path fod.. All other possible interlayer SSE paths not
shown in Figure 2 have ®@O distances longer than 2.8 A.
Consequently, in describing the magnetic properties of
LIMPO,4 (M = Mn, Fe, Co, Ni), it would be necessary to
consider at least the SE path fiaras well as the SSE paths
for J,, Js, J4, andJp 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
temperaturesTy = 34.912521721.82* and 19.1 K® for M

(31) Whangbo, M.-H.; Koo, H.-J.; Dai, 0. Solid State Chen2003 176,
417 and references therein.

(32) Whangbo, M.-H.; Koo, H.-J.; Dai, D.; Jung, Dhorg. Chem 2003
42, 3898.

(33) Whangbo, M.-H.; Dai, D.; Koo, H.-Dalton Trans 2004 3019.

(34) Koo, H.-J.; Whangbo, M.-H.; Lee, K.-§org. Chem2003 42, 5932.
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Table 1. Geometrical Parameters Associated with the @M
Superexchange and MD---O—M Super-superexchange Paths of
LIMPO4 (M = Mn, Fe, Co, Ni)

Mn Fe Co Ni
(a) M—0O-M Superexchange Pafih
M-:-M 3.920 3.870 3.821 3.781
OM—-0—M 125.4 127.5 128.3 129.2
(b) M—0O---O—M Super-superexchange Path
5.498 5.417 5.404 5.373
0O---0 2.469 2.478 2.476 2.497
OM—-0---0 139.0 139.0 139.8 129.1
00---0—M 131.1 130.2 130.1 141.2
(c) M—0---O—M Super-superexchange Pdlth
M-:-M 5.638 5.580 5.535 5.467
0O---0 2.558 2.553 2.546 2.561
OM—-0---0 93.7 93.4 156.1 159.4
00---0—M 155.4 154.0 94.5 96.4
(d) M—0---O—M Super-superexchange Path
M:-+-M 5.858 5.776 5.697 5.605
0O---0 2.469 2.448 2.476 2.497
OM—-0---0 139.0 139.0 139.8 141.2
00---0—M 103.4 102.0 101.5 101.7
(e) M—0---O—M Super-superexchange Pdlth
M:-+-M 6.100 6.010 5.920 5.854
0O---0 2.450 2.447 2.432 2413
OM—-0---0 149.0 149.7 148.2 147.0
00---0—M 149.0 149.7 148.2 147.0
(f) M—0---O—M Super-superexchange Path
M-+-M 4.744 4.692 4.700 4.677
M-0O 2.130 2.251 2.076 2.049
O---0 3.076 2.976 2.986 2.928
Oo—M 2.282 2.064 2.200 2.143
OM—0---0 89.7 91.4 91.1 93.8
00---0—M 105.1 107.3 107.8 108.4

= Mn, Fe, Co, and Ni, respectively). In the 3D antiferro-
magnetic structures of LiIMPQthe M* ions of the MQ

layers are antiferromagnetically coupled, and the adjacent

MO, layers are antiferromagnetically coupléd’ 182526 n
their neutron diffraction study of LiFeP’ Rousse et al.

in LIMPO, and understand the observed 3D antiferromag-
netic structures of LIMPQ) it is necessary to determine the
strengths of their spin exchange interactidasd,, Jz, Ja,
and Jp.

So far, there has been no systematic study aimed at
explaining the magnetic structures of LIMPQM = 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 parameteds, J,, J, J3, and J, on the basis of
spin dimer analysis using the extendetckel tight binding
calculations and also electronic band structure analysis using
first principles density functional theory (DFT) calculatichs.
We then discuss the ordered magnetic structures of LIMPO
(M = Mn, Fe, Co, Ni) expected from these spin exchange
parameters using the classical spin approximation.

2. Structural Parameters of Spin Exchange Paths

LIMPO, has two equivalent M@layers and four equiva-
lent M atoms per unit cell (Table 2). The?¥ions of each
MO, layer have a corrugated arrangement, and evety M
ion makes four equivalent SE interactiofisin each MQ
layer and two SSE interaction$ along theb-direction
(Figure 2a). The corrugated MQayers are stacked along
the a-axis direction such that the SSE paths Jpmwith the
shortest interlayer M-M distance occur along thedirection
(Figure 2a). Two different interlayer SSE interactions with
the O--O distance shorter than 2.8 A (i.d; andJs) occur
along thec-direction (Figure 2b). The geometrical parameters
associated with the SE path férand the SSE paths fd,

Js, Ja, Jp, @andJe are summarized in Table 1.

3. Spin Dimer Analysis
The spin exchange parametgis written asJ = Jr +

discussed the phase diagram of its magnetic structure in termg,-, where the ferromagnetic terdk is positive and the

of the three spin exchange interactidhsl,, andJ, (in their
analysis, the exchange interactiods and J, were not
included). Since the values df, J,, andJ, are unknown,
they examined the phase diagram as a functiod ahdJ,

for the cases af, > 0 andJ, < 0. Weak ferromagnetism is
found belowTy for LIMNnPQO,,?° LiCoPQ,? and LiNiPQ,,8
but not for LiFePQ.3° The weak ferromagnetism of LiCoRO
and LiNiPQ, was explained by assuming a spin structure
modulatiorf? along one crystallographic direction, and that
of LINiIPO4 by supposing an “angled cross” type antiferro-
magnetic configuratio’ In contrast, spin frustration and

antiferromagnetic termiar is negative. In generalg is very
small so that the trends in tlevalues are well approximated
by those in the correspondidgr values. When there aié
unpaired spins per spin site, tdg- term is approximated

by3?

__neD
N Ueﬁ 1)

where the effective on-site repulsiddes is essentially a
constant for a given system. TH@Ae)Oterm is further

magnetic excitations of soliton type were suggested to causeapproximated b}

the weak ferromagnetism of LIMNB® As mentioned by
Rousse et al. for LiFePQ" the spin lattice of LIMPQ can
in principle be subject to geometric spin frustratidi? if
the SSE interactionsl, andJ,, are both strongly antiferro-

2 1 k 2
(Ae)/ T~ (Ae,)
N "
u=

)

magnetic. To see the possibility of geometric spin frustration whereAe,, is the energy split that results when two magnetic

(35) Geller, S.; Durand, J.-lActa Crystallogr 196Q 13, 325.

(36) Streltsov, V. A.; Belokoneva, E. L.; Tsirelson, V. G.; Hansen, N. K.
Acta Crystallogr., Sect. B993 49, 147.

(37) Kubel, F.Z. Kristallogr. 1994 209, 755.

(38) Abrahams, |.; Easson, K. Bcta Crystallogr., Sect @993 49, 925.

(39) Greedan, J. El. Mater. Chem2001, 11, 37 and references therein.

(40) Dai, D.; Whangbo, M.-HJ. Chem. Phys2004 121, 672.

orbitals ¢, on adjacent spin sites interact.

The high-spin M* cations of LIMPQ are located in a
distorted octahedral environment, so that the cation electron
configuration can be written as,§f3(e;)? for Mn2*, (t,g)*

(eg)? for Fe*t, (t29)%(ey)? for Co?t, and (kg)%(ey)? for Ni2.
Thus,N =5 for Mn2", N = 4 for F&", N = 3 for Co**, and

Inorganic Chemistry, Vol. 44, No. 7, 2005 2409
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Table 2. Positions of the Four Metal Atoms W)((i = 1—4) in the Table 3. Exponents;; and Valence Shell lonization Potentidlg of
Unit Cell of LIMPO;, in Fractional Coordinatés Slater Type Orbitalg; Used for Extended Htkel Tight Binding
. Calculatior?
spin site X y z
M(1) % 1, % atom ;i Hi (eV) G CiP &' CP
M(2) Y — %o 3y Yo+ 29 Mn 4s —9.75 1.844 1.0
M(3) —Xo 34 —2Z Mn 4p —5.89 1.350 1.0
M(4) Y2+ o N Y= 129 Mn 3d —11.67 5.767 0.3898 2.510 0.7297
Fe 4s —9.10 1.925 1.0
axo = 0.2817 andzy = 0.9719 for Mn (ref 35)xo = 0.2822 andzp = Fe 4p —5.32 1.390 1.0
0.9747 for Fe (ref 36)}(0 = 0.2786 andzyp = 0.9793 for Co (ref 37), and Fe 3d —-12.6 6.068 0.4038 2.618 0.7198
Xo = 0.2756 andzp = 0.9825 for Ni (ref 38) Co 4s —-9.21 2.001 1.0
Co 4p —5.29 1.430 1.0

N = 2 for Ni?*. If we represent the numbers of unpaired  Co 3d —-1318  6.386 04133 2745  0.7126

spins in the 4y and g-block levels byn, andne, respectively, N j; T A

n = 3 andne = 2 for Mn?*, n, = 2 andn, = 2 for F&*, ny Ni  3d —1349 6706 04212  2.874  0.7066
= 1 andne = 2 for C&*, andn, = 0 andne = 2 for Ni2*. ] 2s  —323 2.688 0.7076 1675  0.3745
For simplicity, the f;-block levels of each spin site may be ~ © 2p —148 3694 03322 1659 07448
labeled aspi, ¢2, and ¢3, and the gblock levels of each 3Hj's are the diagonal matrix elemenis|He|yi[] where H is the

effective Hamiltonian. In our calculations of the off-diagonal matrix elements
Heff = Gyi|Heff|y; [ the weighted formula was used. See: Ammeter, JgBu
H.-B.; Thibeault, J.; Hoffmann, RJ. Am. Chem. Sod 978 100, 3686.

spin site asp4 and ¢s. By defining the energy terms

(Aetzg)z = (Aell)z + (A922)2 + (Ae%)2 b Coefficients used in the doubleSlater type orbital expansion.
2 _ 2 2 Table 4. [Ae)?0Values in (meVj Calculated for the Spin Exchange
(Aeeg) = (Agy)" + (Aeyy) 3 Paths fordy, Jp, Jz, Js, andJs of LIMPO4 (M = Mn, Fe, Co, Ni)
Jl Jb Jg J3 J4
he [Ae)?[term i roxim 41
the [{Ae)’Cterm is approximated 5% o 590 - ” s -
5 ) Fe 830 364 250 37 29
. 1|n , Mg 5 Co 2600 1174 837 4 5
Ae) T~ EZ 9 (Aetzg) + Z(Aeeg) 4) Ni 8600 3978 2600 0 0

distance and thé]M—O---O angles rather than by the
M---M distance.

Table 4 shows that the magnetic structures of LIMPO
(M = Mn, Fe, Co, Ni) can be well described using only the
three spin exchange parametdisJ,;, andJ,. In terms of
these parameters, we now consider the magnetic ground state
expected for LIMPQ (M = Mn, Fe, Co, Ni). Sincel; is
stronger thardy, each MQ layer should form an antiferro-
magnetic plane, as depicted in Figure 3. These antiferro-
magnetic planes should be antiferromagnetically coupled by
the SSE interactiond,, hence forming a 3D antiferromag-
netic lattice. This prediction is in good agreement with
experiment>17:18.252¢inglly, it is noted that geometric spin
frustration associated with the spin exchanggeand J; is
unimportant becausé is more strongly antiferromagnetic
thanJ, and J,.

For a variety of magnetic solids, it has been fotirttat
their magnetic properties are well described by fffee)?0]
values obtained from extended tkel tight binding calcula-
tions, when both the d orbitals of M and the s/p orbitals of
its surrounding ligands are represented by dodb&ater
type orbitals'? The [{Ae)’(values for the exchange interac-
tions Ji, Jy, J2, J3, andJ, of LIMPO4 (M = Mn, Fe, Co, Ni)
were calculated by employing the atomic orbital parameters
of Table 343

The [{Ae)’[ivalues summarized in Table 4 reveal that the
intralayer SE interactiod, is more strongly antiferromagnetic
than are the SSE interactiods Js, J4, andJ,. The intralayer
SSE interactiod, is comparable in strength to the interlayer
SSE interactionJ,. The SSE interactiongds; and J, are
negligibly weaker than thé, andJ, interactions. Since the
M---M distances of the SSE paths increase in the odder
< J3 < J4 < Jp, the short M-.-M distance does qot necessarily 4. Electronic Band Structure Analysis
guarantee that the associated-&---O—M spin exchange
is strong. Table 1 shows that bdfiM —O---O angles of the Our discussion in the previous section shows that the spin
M—0---O—M spin exchange path are large in the strong spin exchange interaction, J,, andJ, are important, and the
exchange interaction andJ,, but this is not the case for remaining spin exchange interactions can be neglected. In
the weak spin exchange interactiods and J,. These this section we determine quantitatively the Jp, and J,
observations reinforce the conclusiéri* from the studies  values of LIMPQ on the basis of spin-polarized electronic

of other magnetic oxides that the strength of an-@t-- band structure calculations within the framework of first
O—M spin exchange is mainly governed by the-@ principles density functional theory. The values Xf Jp,
andJ, can be determined by mapping the energy differences
(41) g]réﬂ%%%zMzi_lH'zﬁg%O' H.-J.; Dumas, J.; Continentino, M.Irorg. of the Ising spin Hamiltonian onto those of the electronic
(42) Clementi, E.; Roetti, CAtomic Data Nuclear Data Tablek974 14, Hamiltonian for LIMPQ.3* Since there are three parameters
177. to determine, it is necessary to consider four different ordered

(43) Our calculations were carried out by employing the SAMOA (Structure : .
and Molecular Orbital Analyzer) program package (Dai, D.; Ren, J.; Spin states of LIMPQ@ In the present work, we employ the

Liang, W.; Whangbo, M.-H. http://chvamw.chem.ncsu.edu/, 2002). four ordered spin arrangements depicted in Figure 4, i.e.,
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elements and 4 for that of the non-muffin-tin matrix elements.
The convergence of the basis set was controlled by a cutoff
parameteRKmax = 7, wWhereRy is the smallest atomic
sphere radius in the unit cell ah.x is the magnitude of
the largestk vector. The self-consistency was carried out
on a 20k-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 andGuax = 14 bohr?.

For the analysis of the spin exchange interactions in
LIMPO,4 (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
LIMPO,4 (M = Co, Ni) will be reported at a later time.

The high-spin M* ion of LiIMPO, has more than one
unpaired spin. Therefore, in describing the 3D spin lattice
of LIMPO, in terms of the Ising spin Hamiltonia#:*64’one
Figure 3. Schematic representations of the magnetic ground state expectedneeds to take into consideration how this affects the energy-

for LIMPO4. Up spins and down spins are represented by empty and filled ; : ; : : : :
circles, respectively. The spin exchange pathdfare represented by thick difference mapping analysis. The Ising Hamiltonian of a spin

solid lines, and the spin exchange pathsJpby thin solid lines. dimer is written as

[P H= _‘JSZASZZ )

wherelJ is the spin exchange parameter, &gdandS,, are

the zzcomponents 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 givefty

2 2
Eus= 4 and Egg=+1yJ ©)
so that the energy differendeE = Egs — Eps is expressed
as
) AF2 d) AF3 2
| © | WA AE=" @)
Figure 4. Schematic representations of the four ordered spin arrangements 2

employed for the evaluation of the spin exchange paraméteds, andJ,
on the basis of electronic band structure calculations: (a) F, (b) AF1, (c) Consequently, thel parameter is obtained from eq 7 by
AF2, and (d) AF3 states. The rectangular boxes represent the unit cells. Calculating theAE value in terms of electronic structure

the spin arrangements F, AF1, AF2, and AF3. These Statescalculanons. In a similar manner, when the spin lattice of

are magnetic insulating states, so that we describe theirl"MpO4 is described by the Ising Hamiltonian consisting of

electronic structures by spin-polarized electronic band struc- the three spin exchan_ge parametasl, a’.‘dJZ' the total
ture calculations. spin exchange energies (per formula unit) of the F, AF1,

Our calculations for the four ordered spin states F, AF1, AF2, and AF3 states are written as

AF2, and AF3 of LIMPQ (M = Mn, Fe) were carried out NN DT 1
using the full-potential linearized augmented plane wave Be = (NTA)(20 = ), — ) (8a)
method embodied in the WIEN2k codend the Perdew Eppy = (N2/4)(2~]1 +3,—J) (8b)
Burke—Ernzerhof generalized gradient approximatfdior
the exchange and correlation correction. The maximum Exrr = (N2/4)(—2J1 +J3,-3) (8c)
value in the expansion of the basis set inside each atomic 5
sphere was 12 for the computation of muffin-tin matrix Enrs = (N74)J, (8d)
(44) Blaha, P.; Schwarz, K.; Madsen, G.; Kvasnicka, D.; LUitAMIEN2k (45) Perdew, J. P.; Burke, S.; Ernzerhof, Fhys. Re. Lett. 1996 77,
An Augmented Plane Wave Local Orbitals Program for Calculating 3865.
Crystal Properties (Karlheinz Schwarz, Techn. Univétsitéien, (46) Dai, D.; Whangbo, M.-HJ. Chem. Phys2001, 114, 2887.

Austria), 2001. ISBN 3-9501031-1-2. See also http://www.wien2k.at/. (47) Dai, D.; Whangbo, M.-HJ. Chem. Phys2003 118 29.
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Table 5. Spin Exchange Parameters in meV Calculated for the Spin
Exchange Paths fah, Jp, andJ; of LIMPO4 (M = Mn, Fe)

J1 Jp J2
Mn —1.16 0.38 —0.50
Fe —1.08 —0.40 —0.92

From egs 8ac, the spin exchange parametérandJ; are
related to the state energy differences as

J = (4/N2)(EAF1 — Exd)/4 (9a)
3,= (AIN)(Epg, — Ep)I2 (9b)

Therefore, thel; and J, values are readily estimated once

Dai et al.

i from a chosen magnetic site, arzdis the number of
equivalent magnetic neighbors with the spin exchange
parameted;. According to Figure 2a, the summation around
each spin site includesl4 2J,, and 2. In addition,S =

5/2 and 2 for the high-spin M and F&" ions, respectively.
Thus, according to eq 10, thk, Jy, andJ, values of Table

5 lead to th&) values of—164 K for LIMNPO, and—162 K

for LiFePQ,. The corresponding experimentél values
deduced from the magnetic susceptibility data a@&/ K

for LIMNPO,* and —115 K for LiFePQ.*° Thus, the
calculated);, Jy, andJ, values are overestimated by a factor
of 2. DFT calculations tend to overestimate the magnitude
of spin exchange interactions by a factor of up ttf#:%

the energies of the F, AF1, and AF2 states are calculated on

the basis of spin-polarized electronic band structure calcula-

tions. Using thesd; andJ; values,J, can be determined by
combining eq 8d with any one of eqs 8a. Table 5
summarizes thel, J,, and J, values thus calculated for
LIMPO, (M = Mn, Fe).

Table 5 shows thal; is more strongly antiferromagnetic
than J, and J,, in agreement with the conclusion from the
[{Ae)?0 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

Jp. For LiFePQ, J, 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
Jy is more weakly antiferromagnetic thasin the electronic
band structure analysis. For LIMnRQJ, is ferromagnetic

in the electronic band structure analysis in contrast to the

case of the spin dimer analysis.

Nevertheless, the electronic band structure analysis predict

the same magnetic structure for LIMP@V = Mn, Fe) as

does the spin dimer analysis, because both analyses predict

thatJ; andJ, are antiferromagnetic, ant is more strongly
antiferromagnetic than i&. For both LIMnPQ and LiFePQ,
the J,/J; ratio is substantial (i.e., 0.44 and 0.84, respectively)

S

5. Classical Spin Analysis of Ordered Magnetic
Structures

In this section, we examine the relative stabilities of
various ordered spin arrangements of LiIMP®O confirm
that the magnetic structure shown in Figure 3 is indeed the
magnetic ground state. For this purpose we employ the
method of Freiset! 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 s#ifds.
'Consider an ordered spin arrangement in which the spin sites
u (=1, 2, ...,m) of the unit cell located at the coordinate

origin (i.e., the lattice vectoR = 0) have the mean spins
02. Then, for a magnetic solid with repeat vectard, and

¢, the ordered spin arrangement can be described in terms
of the “Bloch” spin functionso,(k),

o, (k)= - (11)

Zag exp(k-R)
N

so that their magnetic structures should be described asvhereN is the number of unit cells in the magnetic solid,
strongly coupled antiferromagnetic planes rather than as@ndR andk are the lattice and wave vectors, respectively.
weakly coupled antiferromagnetic planes. Furthermore, the Then, the spin exchange interaction eneggyk) between

J» andJ; interactions cannot induce geometric spin frustration tWo Bloch spin functionsr, (k) ande,(k) is given by

in LIMnPO, becausd, is ferromagnetic whilel, is antifer-

romagnetic. Thel, and J, interactions are not expected to (k) = _ZJA‘V(R) exp(k-R) (12)
cause geometric spin frustration in LiFePé&ther, because

Jy is more weakly antiferromagnetic thdn Consequently,  and the diagonalization of the interaction matBg),

for the magnetic structure and the geometric spin frustration

of LIMPO4 (M = Mn, Fe), the same conclusions are reached E1(K) E1(K) ... &1(K)

by the spin dimer and electronic band structure analyses. =(k) = En(K) Exxk) ... Ex(K) (13)

To examine how quantitatively accurate the calculated
Jo, and J, parameters are, we discuss the Cuhiéeiss
temperature® of LIMPO, (M = Mn, Fe) under the mean
field approximation, in which@ is related to the spin
exchange parameters*as

leads to the eigenvaluds(k) (i = 1 — m). The associated

(48) Kahn, O.Molecular MagnetismVCH: Weinheim, 1993.
SS+1) (49) Dai, D.; Koo, H.-J.; Whangbo, M.-H. Solid State Chen2003 175,
= 341.
0 3kg ZZ‘J' (50) Grau-Crespo, R.; de Leeuw, N. H.; Catlow, C.RMater. Chem.
: 2003 13, 2848.
. . . .. (51) Freiser, M. JPhys. Re. 1961, 123 2003.
The summation is over sets of the equalent magnetlc sites(52) Dai, D.; Koo, H.-J.; Whangbo, M.-Hnorg. Chem.2004 43, 4026.

(10)
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eigenfunctionspi(k) (i = 1 — m) are described by the linear
combination of the Bloch spin functiorns,(k),

m

pik) =) Ck)o, (k)

“=

(14)

The presence of up or down spin at a spin gite described
by the sign of the coefficient,i(k). For a given set of spin
exchange parameters, one can determine the valkehaft
leads to the minimum energ¥mi,, of Ei(k), which occurs
from the lowest-lying bande; (k). This particulark point,
denoted bykmin, has a specific meaning. For exampt@in

= (0, 0, 0) means that the magnetic unit cell is the same as

the chemical unit cell, whil&mi, = (1/2, 0, 0) means that
the magnetic ordering doubles the unit cell length along the
a-direction.

The nonzero contributions to the matrix elemegigk)
from the spin exchange pathis J,, andJ, between the spin
sitesu andv (u, v = 1—4) of LIMPO, are summarized in
Table 6. As representative examples, &) vs k plots
calculated for LiMnPQand LiFePQ (using the relativel;,

J,, andJ, values deduced from the electronic band structure

analysis) are presented in Figure 5a,b, respectively. In both

caseskmin =TI = (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 describe
by y1(kmin) are identical with the magnetic structure shown

in Figure 3. Though not shown, we reach the same conclu-

sion for LIMNnPQ, (M = Mn, Fe, Co, Ni) when thé&;(k) vs
k plots are calculated by using the relativg J,, and J,
values deduced from the spin dimer analysis.

Table 6. Nonzero Contributions to the Matrix Elemerig,(k) from
the Spin Exchange Paths between the Spin $iteadv (u, v = 1—4)
of LIMPO42P

u v cell M-+-M contribution to&,,,(k)

1 1 [0,—1,0] dp —Jp exXp(—i2mxp)

1 2 [0,—1, 0] di —J1 exp(—i2mXy)
[0,-1,1] ds —Jr explizz(—xp + X;)]
[0,0, 0] di —-J;
[0, 0, 1] di —J; exp(i2rxc)

1 3 [0,—1, 1] dz —Jo expli2r(—xp + X))
[0,0, 1] d» —J exp(i2rxe)

2 4 [-1,0,0] d; —J; exXp(—271Xa)
[-1,1,0] d2 —J2 exp[i2r(—Xa + Xo)]

3 &11(K) = Eax(k) = Ea3(k), Eaa(k) = £15(K). P dp = 6.100 for Mn, 6.010
for Fe, 5.920 for Co, and 5.854 for Nity = 3.920 for Mn, 3.870 for Fe,
3.821 for Co, and 3.781 for Nd, = 5.498 for Mn, 5.417 for Fe, 5.404 for
Co, and 5.373 for Ni.

E/Ji|

>

X X

(a) (b)

Figure 5. Ei(k) vs k calculated for LiMnPQ@ and LiFePQ using the
classical spin approximation. (a) LiMnRQsingJ: = —1.00,J, = —0.44,

andJ, = +0.33. (b) LiFePQ usingJ; = —1.00,J, = —0.84, andJ), =

—0.36. In terms of the reduced reciprocal vectors, the spkgmlints are
defined as follows:I" = (0, 0, 0), X= (0.5, 0, 0), M= (0.5, 0.5, 0), and
R = (0.5, 0.5, 0.5).

M R M R

6. Concluding Remarks

On the basis of the crystal structure of LIMPM = Mn,
Fe, Co, Ni) alone, the SE path as well as the SSE paths
Jo, J3, Ja, andJ, would be needed in describing the magnetic
properties of LIMPQ. Of these five spin exchange paths,
only the three pathd;, J,, andJ, are essential according to
cghe spin dimer analysis. In agreement with experiment, these
three parameters predict that the SE interactibnsf each
MO, layer form an antiferromagnetic plane, and these;MO
layers are antiferromagnetically coupled by the SSE interac-
tionsJ,. The electronic band structure analysis for LIMnfO
and LiFePQshows thatl; is more strongly antiferromagnetic
than J, and J; in agreement with the spin dimer analysis,
that their magnetic structures should be described as strongly
coupled antiferromagnetic planes, and that the spin exchanges
Jp andJ; do not induce spin frustration in LiMnPOnor in
LiFePQ. The classical spin analysis in terms of the three
parametersl;, J,, andJ, shows that the magnetic ordering
of LIMPO, does not increase the unit cell size and the
ordered magnetic structure (Figure 3) predictedJpyJs,
andJ, is indeed the magnetic ground state.
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