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Understanding the NMR shifts in paramagnetic transition metal oxides
using density functional theory calculations
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The 6,7Li MAS NMR spectra of lithium ions in paramagnetic host materials are extremely sensitive to
number and nature of the paramagnetic cations in the Li local environments and large shifts~Fermi contact
shifts! are often observed. The work presented in this paper aims to provide a rational basis for the interpre-
tation of the6,7Li NMR shifts, as a function of the lithium local environment and electronic configuration of
the transition metal ions. We focus on the layered rocksalts often found for LiMO2 compounds and on
materials that are isostructural with the K2NiF4 structure. In order to understand the spin-density transfer
mechanism from the transition metal ion to the lithium nucleus, which gives rise to the hyperfine shifts
observed by NMR, we have performed density functional theory~DFT! calculations in the generalized gradient
approximation. For each compound, we calculate the spin densities values on the transition metal, oxygen and
lithium ions and map the spin density in theM-O-Li plane. Predictions of the calculations are in good
agreement with several experimental results. We show that DFT calculations are a useful tool with which to
interpret the observed paramagnetic shifts in layered oxides and to understand the major spin-density transfer
processes. This information should help us to predict the magnitudes and signs of the Li hyperfine shifts for
different Li local environments andt2g vs eg electrons in other compounds.

DOI: 10.1103/PhysRevB.67.174103 PACS number~s!: 76.20.1q, 61.50.Ah
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I. INTRODUCTION

The number of NMR studies of Li-intercalation oxide
has increased dramatically over the last few years and
tems with an increasingly large number of transition me
ions, doping elements, oxidation states, and structural ty
have now been investigated with6Li and 7Li NMR.1–10 The
lithium MAS NMR spectra are sensitive to the presence
paramagnetic cations in the local coordination environm
of the lithium ions. These paramagnetic ions create spin d
sity at the lithium nucleus, which can lead to large hyperfi
shifts in the NMR@and electron spin resonance~ESR!# spec-
tra, providing information concerning the lithium local env
ronment. For many systems, several resonances with l
positive or negative hyperfine shifts have been observed,
their assignments are not always obvious. In this paper,
show by means of density functional theory~DFT! calcula-
tions that a rational interpretation of the shifts in terms of
electronic configuration and geometric environment of
transition metal and Li ions can be provided. We also anal
the spin-density transfer mechanisms from the transi
metal ion to the lithium nucleus. Application of this metho
to other systems may result in an increased level of co
dence with which shifts are assigned, and may increase
level of information that can be obtained from the NM
spectra of paramagnetic oxides.

Fermi contact NMR shifts have been calculatedab initio
in molecular solids within the unrestricted Hartree Fo
method and with DFT,11–14 however, no such studies, to ou
knowledge, have been performed in transition metal oxi
0163-1829/2003/67~17!/174103~14!/$20.00 67 1741
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or other materials with a large number of electrons. T
Fermi contact interaction~i.e., the hyperfine interaction! can
also be observed by ESR, andab initio calculations of this
interaction have been performed on small systems and c
pared with experimental ESR results.15

Here we focus on two types of layered compoun
La4LiMO8 (M5Cr, Mn, Ni! isostuctural to K2NiF4 and
LiMO2 (M5Co, Cr, Mn, Fe, Ni! and substituted
LiM yCo12yO2 (M5Cr, Ni! isostructural toa-NaFeO2 or
NaNiO2 depending on the transition metal ion. The LiMO2

(M5Co, Cr, Mn, Fe, Ni! phases are of particular in
terest as positive electrode materials for lithium-ion batter
LiCoO2 has been used since 1994 in commerc
lithium batteries. Nickel substitution for cobalt play
an important role for increasing the capacity, and t
substituted LixNiyCo12yO2 systems have been ex
tensively studied over the past few years.16–24More recently,
materials such as Li@CoxLi (12x)/3Mn(222x)/3O2#,25–27

Li @CrxLi (12x)/3Mn(222x)/3O2#,10,28 and
Li @NixLi (122x)/3Mn(22x)/3O2#29–31 have also been propose
as good candidates to replace LiCoO2. The interpretation of
the 6,7Li NMR spectra of these substituted systems is n
always obvious as several lithium crystallographic sites a
paramagnetic environments may exist.

The LiMO2 phases adopt a layered ‘‘O3’’ structure,32

built from alternate sheets of edge-sharingMO6 and LiO6
octahedra~Fig. 1!. The trivalent nickel and cobalt ions in
these materials exhibit a low spin state,20,33 while the triva-
lent manganese and iron are in a high spin state.34,35Thus the
electronic configurations are Cr31 (t2g

3 eg
0), Mn31 (t2g

3 eg
1),
©2003 The American Physical Society03-1
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Fe31 (t2g
3 eg

2), Co31 (t2g
6 eg

0), Ni31 (t2g
6 eg

1). The LiCrO2 ,
LiFeO2, LiCoO2 cells are all rhombohedral (R23m). The
Ni31 and Mn31 ions can exhibit a Jahn-Teller distortion
leading to a monoclinic distortion~space groupC2/m) of the
unit cells. However, a macroscopic distortion has only be
observed for LiMnO2.36,37 In LiNiO2, a local distortion was
seen by x-ray absorption analysis,38 but on average the struc
ture remains rhombohedral. The lithium ions in LiMO2 com-
pounds with theR23m or C2/m structure can interact with
transition metal ions as first or second neighbors~Fig. 1!.
These two interactions are termed the 90° and 1
(M -O-Li! interactions, respectively, because of the angle
the M-O-Li bond.

In order to also considerM-O-Li interactions with differ-
ent geometries, we chose to study the La4LiMO8 (M5Cr,
Mn, Ni! phases, which are isostructural to K2NiF4.39–41 To
our knowledge, only the La4LiMnO8(Mn31) and La4LiNiO8
(Ni31) materials have been synthesized, but as Cr31 is iso-
electronic to Mn41, and as the Mn41-containing material
La3SrLiMnO8 has been synthesized,40 we also studied the
hypothetical La4LiCrO8 material by first principles calcula
tions. The charge difference between the Li and Ni or M
ions leads to a strong ordering interaction, and hence,
La4LiMO8 (M5Ni, Mn! phases exhibit a chessboard-ty
Li/ M ordering in the xy plane, leading to aA23A231
supercell of the original K2NiF4 tetragonal unit cell~Fig.
2!.39–41 The symmetry of these phases is thenA-centered

FIG. 1. Structure of the O3-LiMO2 and the LiM yCo12yO2

phases~a! with the different types of interactions (90° and 180
~b!. The same notation for the Li~2! and Li~3! sites is used through
out this paper for the LiM yCo12yO2 phases~see Table III!.
17410
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orthorhombic (Ammm). This symmetry lowering was ob
served by x-ray diffraction for La4LiNiO8 ~Ref.39! and
La3SrLiMnO8 in one study,40 but not for La4LiMnO8. Very
recently, Burleyet al. showed by electron diffraction an
NMR that both La3SrLiMnO8 and La4LiMnO8 exhibit cation
ordering in the perovskitelike sheets of the K2NiF4 structure,
but that the stacking of the sheets is disordered along@001#
in both these compounds.41 The lithium first coordination
sphere is identical in the ordered and disordered structu
the lithium ion interacting through 180° oxygen bonds w
four transition metal ions~Fig. 2!. The transition metals are
in a distorted tetragonal environment in this material, allo
ing the effect of lifting the degeneracy of theeg orbitals on
the electron spin densities to be explored in the calculatio

In this paper, we present DFT calculations of the sp
density around the transition metal, the oxygen and
lithium ions, and use this information to predict the mag
tudes and signs of the Li hyperfine shifts as a function of
electronic structure of the surrounding transition metals
brief introduction to the NMR theory and to the releva
DFT methodology is presented in the following two sectio
~Secs. II and III, respectively! before comparing the experi
mental~NMR! results and the DFT calculations in Secs.
and V.

II. NMR CONTACT SHIFTS

The NMR shift (Dv/v0) induced by the Fermi contac
interaction in materials with 3d metal ions is proportional
the electron spin~i.e., unpaired electron! density at the
nucleusr(r 50). This quantity depends itself on the Ferm
constantAc and on the time-averaged value of the electr
spin in the material̂Sz&:

42,43

Dv

v0
52

Ac

v0\
^Sz&. ~1!

Ac indicates how much of the spin density is at the site
the nucleus of interest and governs the direction of the sh
^Sz& is proportional to the magnetic molar susceptibili
xM(m3/mol) and can be expressed by44

FIG. 2. Structure of the ordered La4LiMO8 phases. The (xy)
plane Li/M ordering is shown on the left.
3-2
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UNDERSTANDING THE NMR SHIFTS IN . . . PHYSICAL REVIEW B67, 174103 ~2003!
^Sz&52
B0

m0gN0mB
xM , ~2!

wherem0 denotes the permeability,g is the electrong factor,
mB is the Bohr magneton,N0 is Avogadro’s number, andB0
is the external applied field. Typically, only the time
averaged value ofSz, ,^Sz&, is meaningful with respect to th
NMR experiment~at ambient temperatures! since the elec-
trons~in systems that can be studied by NMR! relax several
orders of magnitude faster than the coupling frequencyAc /h
~Hz!. In transition metal oxides, the Fermi contact shift
generally considered to be additive, so that the shift due
many magnetic ions may be obtained from a sum of
shifts induced by each magnetic ion.

The approach outlined above is only strictly valid for sy
tems where the orbital angular moment is quenched and
‘‘spin-only’’ expressions may be used to calculate the m
netic moments. This is, however, a reasonable approxima
for many transition metal ions.

III. FIRST PRINCIPLES CALCULATIONS

The NMR contact shift will have the same sign and w
be proportional to the spin density at the nucleus aris
from spin polarized transition metal ions. Scalar sp
polarized DFT is used in this paper to calculate the elect
spin density at positionR, by calculating the difference be
tween the electron density of the majority spin and that of
minority spin

r~R!5(
i

occ

@ uC i↑~R!u22uC i↓~R!u2#, ~3!

whereC i↑ andC i↓ are the Kohn-Sham orbitals for the m
jority and minority spins, respectively. By convention, w
will assign the term ‘‘up spin’’ to the majority spin on th
transition metal ion, which will, hence, align parallel to th
applied magnetic field in an NMR experiment.

First principles calculations were performed using DFT
the generalized gradient approximation~GGA! with the
pseudopotential method as implemented in the Viennaab
initio Simulation Package~VASP!.45 Such a method, as op
posed to all electrons calculations allows one to treat la
supercells, as required for the La4LiMO8 and substituted
LiMO2 phases. A plane wave basis set with a cutoff ene
of 400 eV was chosen. The reciprocal space sampling
performed with ak-point grid of 10310310 for the rhom-
bohedral LiMO2 and 1031036 for the monoclinic LiMO2
structure. Grids of 33332 and 63636 size were, respec
tively, sampled in the Brillouin zones of the LiM1/8Co7/8O2
and La4LiMO8 structures. All structures are relaxed and t
final energies of the optimized geometries were recalcula
so as to correct for the changes in basis during relaxation
principle, the contact interaction depends only on the e
tronic spin density at the nucleus, but here, since we us
pseudopotential method, this quantity is not accurate eno
and it is preferable to track the change of the spin densit
the vicinity of the nucleus, as done in the following.
17410
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The partial density of state~DOS! plots are obtained by
projecting the wave functions in a sphere around each
~using the ionic radius of each element as found in Shan
and Prewitt’s table46! and onto the five types of 3d orbitals.
To evaluate the spin on the lithium nucleus, the spin den
was integrated in a sphere around Li. This method will n
provide a quantitative estimation of the contact shift, but w
allow the sign and the relative sizes of different shifts to
determined. Methods for obtaining quantitative values of
shift will be discussed in Sec. V C.

Since the coumpounds considered here are paramag
at room temperature, in our calculations, the spins of
paramagnetic transition metal ions are assumed to be alig
with the applied magnetic field, however, no assumption
made regarding the resultant spin density around the lith
ions, which is an output of the calculation. We also discu
possible local antiferromagnetic couplings between transi
metal ions, that can influence the resulting spin transfer
Li.

IV. RESULTS

A. Summary of experimental shift data

Table I summarizes the experimental shifts observed
several layered oxides. Only the major resonances obse
for the LiM yCo12yO2 compounds are given and their assig
ments will be discussed later. The shifts are all reference
a 1 M LiCl solution. The LiCoO2 compound is diamagnetic
because of the electronic configuration of the Co31 ions. It,
therefore, does not exhibit a contact shift, in contrast to
the other LiMO2 compounds, which all exhibit positive
shifts. Note that the shift in LiFeO2 could not be precisely
determined, because of the large line broadening presen

TABLE I. Experimental shifts observed in several layered o
ides. For the LiM yCo12yO2 compounds, only the major peaks a
given. All shifts are referenced to a 1 M LiCl solution.

Observed shifts~ppm! Ref.
O3-LiMO2

LiCrO2 17 10

LiMnO2 143 47

LiFeO2 1000 54

LiCoO2 0 48–53

Li0.98Ni1.02O2 726 54

LiM yCo12yO2

LiCr0.10Co0.90O2 35 10

0
270

LiNi 0.30Co0.70O2 110 1

0
215

La4LiMO8

La4LiNiO8 100 55

La4LiMnO8 2491 41

La3SrLiMnO8 2500 41
3-3
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TABLE II. The relaxed cell parameters and bonds lengths from first principles calculation of the Li2

and La4LiMO8 phases. The experimental values~when available! are given in parenthesis.

SG a ~Å! b ~Å! c ~Å! b (°) dM -O ~Å! dLi-O ~Å!

La4LiCrO8 Ammm 5.42 13.77 1.9334 1.9034
2.1132 2.3132

La4LiMnO8 Ammm 5.35 13.05 1.8834 1.9034
2.3632 2.3732

~5.36! ~12.96! (1.8934) (1.8934)
(2.3232) (2.3232)

La4LiNiO8 Ammm 5.31 12.94 1.8634 1.9034
2.2832 2.3232

~5.3! ~12.85! (1.8734) (1.9134)
(2.1832) (2.3032)

LiCrO2 R-3m 2.9 13.87 2 2.07
~2.9! ~14.41!

LiMnO2 R-3m 2.92 14.03 2.02 2.08

LiMnO2 C2/m 5.36 2.81 5.23 112.73 1.9334 2.0434
2.3132 2.1832

~5.45! ~2.81! ~5.4! ~116.07! (1.9834) (2.1634)
(2.4032) (1.4432)

LiFeO2 R-3m 2.9293 14.2289 2.05 2.09
~2.95! ~14.57!

LiCoO2 R-3m 2.83 13.58 1.93 2.05
~2.82! ~14.05! ~1.92! ~2.09!

LiNiO2 R-3m 2.85 13.72 1.96 2.05
~2.87! ~14.19! ~1.93! ~2.15!

LiNiO2 C2/m 5.12 2.78 5 110.18 1.9134 2.0334
2.1132 2.1132

LiCr1/8Co7/8O2 P2/m 4.9 5.66 9.23 79.95 dCr-O51.98 ;2.05
dCo-O51.94

LiNi 1/8Co7/8O2 P2/m 4.89 5.65 9.18 79.86 dNi-O51.9734 ;2.05
1.9832

dCo-O;1.93
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this sample, probably due to large dipolar interactions. Ho
ever, the isotropic shift was estimated to be approxima
1000 ppm.54 Several resonances are observed for
LiM yCo12yO2 substituted phases, which are positively
negatively shifted depending on the lithium loc
environment.1,10 The La4LiMO8 phases studied show eithe
positive or negative shifts depending on the transition m
ion.41,55

B. Calculations

The relaxed cell parameters and bondlengths obta
from our first principles calculation are given in Table II an
are compared to the experimental values when available.
calculations agree well with experiments: in all cases,
bondlengths are predicted to within 2% of experiment. F
17410
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each compound we also checked that the electronic confi
ration obtained for the transition metal ion was consist
with the experimentally observed electronic states.

For LiNiO2 and LiMnO2, two different structures were
considered: the rhombohedral (MO6 not Jahn-Teller dis-
torted! and the monoclinic (MO6 Jahn-Teller distorted!. As
already reported, the monoclinic structure is predicted fr
first principles calculation to be the more stable one b
2248 meV for LiMnO2 ~Ref.56! and by only -11 meV for
LiNiO2.57 These values are consistent with the observati
of a strong cooperative distortion in LiMnO2 and a nonco-
operative one in LiNiO2 at room temperature.36–38

Figure 3 shows the total electron-spin difference, as
function of the integration radius around Li for th
La4LiMO8 ~a!, LiMO2 ~b!, and LiM yCo12yO2 @~c! and ~d!#
3-4
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FIG. 3. The total electron-spin difference, de
fined by the difference between the majority m
nus minority electron spin density, as a functio
of the integration radius around Li in th
La4LiMO8 ~a!, the LiMO2 ~b!, and the
LiM yCo12yO2 ~c! and ~d! phases.
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phases. As the shortest Li-O bond is observed in
La4LiMO8 phases~1.90 Å; Table II!, integration beyond a
radius of 1 Å includes density that should more likely b
assigned to the oxygen ions. This is clearly seen for
La4LiMnO8 and La4LiCrO8 compounds@Fig. 3~a!#, where
the spin density changes sign forr .1.4 Å. We therefore
integrate the spin in a 0.8 Å radius sphere@the ionic radius
for a lithium ion in an octahedral site is 0.76 Å~Ref.46!.
Figure 4~b! compares these values to the experimental sh
already given in Table I.

The La4LiMO8 phases (M5 Cr, Mn, Ni). A large and
positive spin density is observed near the lithium nucleus
La4LiNiO8 whereas a negative spin density is observed
both La4LiMnO8 and La4LiCrO8 @Fig. 3~a!#. Therefore ac-
cording to Eqs.~1!, ~2!, and~3!, the signal recorded by NMR
for lithium in these materials is predicted to be positive
La4LiNiO8 and negative for La4LiMnO8. As Cr31 is isoelec-
tronic to Mn41, a negative shift for the Mn41 compound
La3SrMnO8 is also predicted. These results are in go
agreement with the experimental data. The calculations
reproduce the fact that the absolute value of the shift
La4LiMnO8 is larger than the one for La4LiNiO8 ~Fig. 4!.

The LiMO2 phases. Positive spin densities are observ
for all the different paramagnetic LiMO2 phases (M5Cr,
Mn, Fe, Ni! except LiCrO2 @Fig. 3~b!#, and are therefore in
good agreement with the experimental shifts except
LiCrO2, where the measured shift is small and positive~Fig.
4!. The difference between the monoclinic and rhombohed
LiNiO2 and LiMnO2 also indicates that the Jahn-Teller di
tortion reduces the spin density on Li. These points will
discussed below.

The LiMyCo12yO2 phases. Some LiM yCo12yO2 phases,
whereM31 is a paramagnetic ion, have been studied exp
17410
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mentally. As Co31 remains diamagnetic in these sample
one can differentiate between the lithium local environme
by6,7 Li NMR in terms of the number of first and secon
neighborsM31 ions. Several signals are thus recorded,
their assignment in terms of the arrangements of the p
magnet ions surrounding the Li is not always obvious. M
ichal et al. assigned the resonance at1110 and –15 ppm
~Table I! in LiNi yCo12yO2 to the lithium ions interacting
with Ni31 as first and second neighbors,1 respectively. Lee
et al. assigned the135 and –70 ppm~Table I! resonances in
LiCryCo12yO2 to the lithium ions interacting with Cr31 as
first and second neighbors, respectively.10 Resonances clos
to 0 ppm are unambiguously assigned in both samples to
lithium ions that are surrounded only by diamagnetic Co31

ions as first and second neighbors.1,10 The signals assign
ments were based on the application of the Goodenough
Kanamori superexchange rules to theM-O-Li interactions.58

These rules are usually applied to determine the type of m
netic coupling~ferromagnetic or antiferromagnetic! between
magnetic ions,58 but extended to theM-O-Li systems, in or-
der to determine the sign and the magnitude of the con
shift.

In order to determine how the spin density on the lithiu
nucleus depends on its paramagnetic environment we
sider a supercell of the primitive LiCoO2 cell with the
LiM1/8Co7/8O2 (M5Cr, Ni! composition. TheM31 ions are
arranged so as to give alternating layers of (M1/4Co3/4) and
pure CoO2 layers along thez direction. The cell was de-
signed so as to have several different lithium environme
with respect to the number and arrangements ofM31 ions
~Table III!. The notation used to describe the differe
M-O-Li interactions is identical to that used in Fig. 1~b!. The
results given in Fig. 4~b! correspond to single 90° and 180
3-5
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CARLIER, MÉNÉTRIER, GREY, DELMAS, AND CEDER PHYSICAL REVIEW B67, 174103 ~2003!
M-O-Li interactions, i.e., the spin density calculated for Li~2!
has been divided by 2. The spin density calculated for Li~1!
corresponds to approximately the sum of the spin dens
calculated for Li~2! and Li~3! ~i.e., one 90°M-O-Li interac-
tion 1 one 180° M-O-Li interaction!, indicating that the
shifts caused by twoM ions are additive.

The calculations presented in Fig. 4 are in good agr
ment with the signal assignment made for LiCr0.10Co0.90O2,
as a negative spin density is obtained for Li interacting w
Cr31 as a second neighbor~a 180°M-O-Li interaction!, i.e.
half the spin density calculated for the Li~2! site, whereas

FIG. 4. Experimental shifts~from Table I! ~a!, compared with
the values of the net spin integrated in a 0.8 Å sphere for all
materials considered~b!. Results for single 90° and 180°M31-O-Li
interactions are shown for the LiM1/8Co7/8O2 phases.

TABLE III. The different lithium environment in the
LiM1/8Co7/8O2 supercell considered in the calculations.

M31 as 1st neighbor M31 as 2nd neighbor
90° interaction 180° interaction

Li ~1! 1 1
Li ~2! 0 2
Li ~3!/Li ~4! 1 0
17410
s

e-

weaker and positive spin density is obtained for Li~3! which
has only one M-O-Li 90° interaction. However, fo
LiNi 0.30Co0.70O2, calculations predict that a 180° interactio
leads to a large, positive shift and that a 90° interaction le
to a small, negative shift, which is the opposite of the assi
ment reported previously.

V. DISCUSSION

A. NMR shift mechanisms

In order to understand the origin of the contact shifts a
to be able to predict shifts in other compounds, we attem
below to rationalize the spin transfer mechanisms by s
gesting general rules, which will then be discussed for e
specific case. In the following, the 3d atomic orbitals of the
transition metal ionM will be referred to ast2g andeg for an
ideal and asdxy , dxz , dyz , dz2, anddx22y2 for a distorted
octahedral site. The valence orbitals of the oxygen ion w
be referred to asps andpp depending on the type of overla
of the 2p orbitals with theM 3d orbitals. The Li valence
atomic orbital will be referred to as 2s ~or s). Overlap of the
M eg , O 2p, and Li 2s orbitals leads to a bonding orbita
with a large contribution from the oxygen orbital, which w
shall refer to as theeg-ps-s orbital and to an antibonding
orbital with a largeM contribution referred to as theeg* -ps-s
orbital. In a first approximation, theM t2g orbitals can be
considered to be nonbonding, however, we will clearly s
that in some cases, the contact shift observed for Li can
be explained without considering a mixing between theMt2g
and Li s orbitals. In the materials studied here, the Opp

orbital is also involved in this mixing, but one has to noti
that this orbital is not necessary for this transfer. Spin tra
fer between two sites results essentially from the sum of
contributions with opposite signs.

Spin delocalization (or hybridization). Li, O, andM orbit-
als with the correct symmetry can overlap to form a sp
orbital in the crystal. Therefore, a given spin polarization
maintained along theM-O-Li path and the spin transfer from
M to Li is positive ~i.e., aligned with the external magnet
field!. This mechanism is illustrated in Fig. 5~a! for 90° and
180° M-O-Li interactions.

Spin polarization. Due to the exchange interaction, th
unpaired electrons in theM orbitals polarize the other doubl
occupied crystalline orbitals. This mechanism is illustrated
Fig. 5~b! in the case of a 90° and 180°M-O-Li interactions,
where thet2g-pp-s and the bondingeg-ps-s crystalline or-
bitals are, respectively, polarized by other unpaired electr
located onM. Because of the exchange interaction, an el
tron with the same spin as the transition metal unpaired e
tron spends more time nearM than an electron with the op
posite spin~actually, two nonequivalent spin orbitals a
involved!. Therefore positive spin density at the transitio
metal is increased while negative spin density is induced
thep-s oxygen and lithium orbitals. Such a mechanism lea
to a negative spin transfer fromM to Li.

The mechanisms described above are similar to the
described in Ref.14 for spin transfer from the transition meta
ion to the oxygen ions in molecules and molecular soli

e
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UNDERSTANDING THE NMR SHIFTS IN . . . PHYSICAL REVIEW B67, 174103 ~2003!
The total spin transfer from a transition metal ion to the
site is the sum of the spin transferred by delocalization
polarization from each transition metal ion. The interacti
geometry of the specific system needs to be considered
order to determine the dominant mechanism, but in gene
the shift caused by the delocalization mechanism is lar
than that for the polarization mechanism. Jahn-Teller dis
tions of theMO6 octahedra also have to be treated separa
as they affect the type ofeg orbital (dz2 vs dx22y2) involved
in the transfer mechanism. These points will be discus
further.

B. Discussion for specific materials

The La4LiMO8 (M5Cr, Mn, Ni) phases. The
La4LiMO8 (M5Cr, Mn, Ni! phases exhibit only 180°
M-O-Li interactions. In these compounds the LiO6 and MO6
octahedra are elongated along thez direction ~Fig. 2 and
Table II!, so that the degeneracy of thet2g andeg orbitals is
lifted. For theeg orbitals, thedz2 orbital is stabilized wherea
thedx22y2 one is destabilized with respect to a regularMO6
octahedra with intermediateM-O bondlengths. The effect o
the tetragonal field on thet2g orbitals is weaker, but also
leads to a lifting of the degeneracy, resulting in nondegen
atedxz anddyz anddxy orbitals. A similar effect is observed
following a Jahn-Teller distortion of aMO6 octahedron.

The calculated spin polarization density map in the (xy)
plane for the La4LiMO8 (M5Cr, Mn, Ni! compounds is
plotted in Fig. 6. Table IV shows the different mechanis
that occur in these systems.

In La4LiCrO8, the Cr31 ions have adxy
1 dxz

1 dyz
1 electronic

state as seen on the DOS~Fig. 7!. The single spin located in

FIG. 5. The differentM-O-Li spin transfer mechanisms:~a! the
delocalization mechanism,~b! the polarization mechanism. See tex
17410
i
d

in
l,

er
r-
ly

d

r-

s

thedxy orbital is clearly seen in Fig. 6~a!, as the single elec-
tron in the (xy) plane is located in an orbital that poin
between the oxygen ions. No delocalization from the Cr31 to
the Li is possible therefore the spin transfer occurs throu
the polarization mechanism. Thedxy , dxz , anddyz electron
spins polarize the electrons in the bondingdx22y2-ps-s or-
bital leading to a positive spin near the transition metal a
to a negative one on the Ops orbital that points towards
Cr31 and Li. The polarization of thedx22y2-ps orbital is also

FIG. 6. Calculated spin polarization density map in the (xy)
plane in La4LiMO8 structure forM5Cr ~a!, M5Mn ~b!, and M
5Ni ~c! from DFT calculations: solid line and dashed contou
indicate positive and negative spin densities, respectively. Diffe
contour steps were taken around O andM since the spin difference
is much larger onM. The position of each ion is also indicated.
3-7
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TABLE IV. Illustration of the different mechanisms that result in transfer of spin density from a trans
metal ion M to Li in the layered La4LiMO8 ~M 5 Cr, Mn, Ni! materials.
t i
p

n
ver-
r

seen in the partial DOS plotted for Cr31 in the 26 eV,E
,23 eV region ~Fig. 7!: more up-spindx22y2 states are
occupied than down spin ones. As a result, the NMR shif
predicted to be negative. Notice also that a positive s
17410
s
in

density is obtained for the Opp orbital that forms ap bond
with the dxy orbital @Fig. 6~a!# because of the delocalizatio
mechanism. These orbitals, however, do not have a net o
lap with the Li 2s orbital but can participate to the transfe
3-8
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UNDERSTANDING THE NMR SHIFTS IN . . . PHYSICAL REVIEW B67, 174103 ~2003!
via a polarization mechanism occurring on O: thepp orbital
polarizes theps orbital that overlaps with Li 2s. Such a
transfer would result in a negative spin transfer on Li, b
should be small compared to the others. Therefore, to a

FIG. 7. The calculated total and partial density of state on C
La4LiCrO8.
17410
t
st

approximation this mechanism does not contribute to the
hyperfine shift.

In La4LiNiO8, the Ni31 ion is low spin with an unpaired
electron located in thedz2 orbital as seen in the calculate
DOS ~Fig. 8!. Note that a gap exists between thedz2 and the
dx22y2 spin up orbitals due to the tetragonal symmetry. T
energy difference between the peak density of states for
dz2 and the dx22y2 spin up orbitals is about 1.7 eV in

n

FIG. 8. The calculated total and partial density of state on N
La4LiNiO8.
3-9
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CARLIER, MÉNÉTRIER, GREY, DELMAS, AND CEDER PHYSICAL REVIEW B67, 174103 ~2003!
La4LiNiO8 whereas it is only 0.2 eV in monoclinic
LiNiO2.57 Two mechanisms with opposite spin transfer occ
for the 180° Ni31-O-Li interaction~Table IV!: a delocaliza-
tion mechanism involving the Ni31dz2, O ps , and Li 2s
orbitals, leading to a positive spin on Li and a polarization
the bondingdx22y2-ps-s orbital by thedz2 unpaired electron,
as seen in the Ni31 partial DOS~Fig. 8!, although clearly
weaker than for the Cr31 case~Fig. 7!. Some positive spin
density is located in thedx22y2 orbital lobes that point to-
wards the oxygen ions@Fig. 6~c!#. This mechanism leads t
negative spin in the Lis orbital.

The calculated map in the (xy) plane of the spin polar-
ization density for this compound is given in Fig. 6~c!. Since
the spin density on Li, i.e., the resulting NMR shift due
Ni31 is predicted to be positive@Figs. 3 and 6~c!#, the polar-
ization effect is weaker than the delocalization one in t
case.

In La4LiMnO8, the Mn31 ion exhibits a high-spin
dxy

1 ,dxz
1 ,dyz

1 ,dz2
1 ,dx22y2

0 configuration~DOS not shown! and,
hence, several 180° Mn31-O-Li spin transfer mechanism
need to be considered~Table IV!: a delocalization mecha
nism via the oxygen ion involving thedz2 orbital in the (xy)
plane ~as described for La4LiNiO8), leading to a positive
spin on Li and a polarization of the bondingdx22y2-ps or-
bital by the unpaired spins in thedxy , dyz , dxz , and dz2

orbitals, leading to a negative spin on the Ops and Li 2s
orbitals.

The electron spin difference in thexy plane@Fig. 6~b!# is
similar to that obtained for La4LiCrO8 and a negative spin
density is seen on the lithium site~Fig. 3!. Therefore the
polarization of thedx22y2 orbitals represents the predomina
effect. While the polarization effect is the smaller of the tw
interactions in La4LiNiO8, it predominates in La4LiMnO8,
consistent with the larger total moment on the Mn31 ions.

The LiMyCo12yO2 phases (M5Cr, Ni). In the
LiM yCo12yO2 phases (M5Cr, Ni!, Li interacts withM31

with either a 90° or 180°M-O-Li angle. The spin polariza
tion ~up minus down spin! in a (M , O, Li! plane of the
structure is plotted in order to visualize both types of int
action ~Fig. 9!. The positions of the different ions are als
indicated. Table V summarizes the spin transfer mechani
that occur in LiCr1/8Co7/8O2 and LiNi1/8Co7/8O2.

In LiCr1/8Co7/8O2, the unpaired electrons are located
the t2g orbitals of Cr31. Therefore, the following transfe
mechanisms can take place, depending on the geomet
the interaction~Table V!.

90° interaction: the hybridization of the Cr31 t2g , O pp ,
and Li~3! 2s orbitals leads to a positive transferred spin de
sity on Li by the delocalization mechanism. The calcula
spin density is shown in Fig. 5~a!.

180° interaction: the polarization of the bondingeg-ps-s
orbital leads to a negative spin on the Ops orbital that points
towardsM and Li~2!, as already discussed in the case
La4LiCrO8. The resulting spin transfer on Li~2! is therefore
negative@Fig. 5~b!#. As a result, a positive NMR shift is
predicted for Li~3! (90° interaction! and a negative one i
predicted for Li~2! (180° interaction! in good agreemen
with the previous signal assignments@Figs. 9~a! and 3#.10
17410
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The NiO6 octahedra in LiNi1/8Co7/8O2 are not Jahn-Teller
distorted, as shown in the DOS for Ni~Fig. 10! ~see also the
dNi- O bondlengths in Table II!. Therefore, the two Ni31 eg
orbitals are almost degenerate and are both involved in
transfer mechanism. The following transfer mechanisms
occur ~Table V!.

90° interaction: the polarization by theeg electron spin,
of the doubly occupiedt2g-pp-s orbitals resulting from the
hybridization of the Ni31 t2g , O pp , and Li~3! 2s orbitals,
leads to a negative spin on Li~3!. Note that another polariza
tion effect can occur on O (eg-ps-pp-s overlap!, leading to a
negative spin on Li, but as it requires two O 2p orbitals it is
weaker that the first one describe above.

180° interaction:~a! the delocalization mechanism in
volving the singly occupied orbital results in a positive sp
on the Ops orbital that points towards Ni and Li~2!. ~b! The
spin in the partially occupiedeg orbital polarizes the bonding
eg-ps-s orbital involving the secondeg orbital, leading to a
negative spin on Li.

FIG. 9. Calculated spin polarization density map in aM-O-Li
plane in LiM1/8Co7/8O2 with M5Cr ~a! andM5Ni ~b! from DFT
calculations: solid line and dashed contours indicate positive
negative spin densities, respectively. Different contour steps w
taken around O andM since the spin difference is much larger o
M. The position of each ion is also indicated. The Li~2! and Li~3!
are the notations also used in Fig. 1 and Table III: Li~1! has aM31

ion as its second cation coordination shell and Li~2! has aM31 ion
in its first cation coordination shell.
3-10
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TABLE V. Illustration of the different mechanisms that result in transfer of spin density from a trans
metal ionM to Li in the layered LiM1/8Co7/8O2 (M5Cr, Ni! materials for two differentM-O-Li angles.
e

e

the
in
a
racy
Note that interactions directly involving only one of th
two eg orbitals ~the dx22y2 orbital! are shown Table V. As
seen in Figs. 9~b! and 3, the resulting spin density on th
lithium ions is positive for Li~2! and negative for Li~3!.
17410
Therefore, the delocalization mechanism dominates for
180° M-O-Li interaction. As the same mechanism occurs
La4LiNiO8, the sign of the transferred spin density for
180° interaction does not depend on whether the degene
3-11
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CARLIER, MÉNÉTRIER, GREY, DELMAS, AND CEDER PHYSICAL REVIEW B67, 174103 ~2003!
of theeg orbitals has been lifted by the distortion of the NiO6

octahedra. However, the spin density transferred to
lithium site for La4LiNiO8 is approximately four times
smaller than that transferred to the lithium site
LiNi 1/8Co7/8O2 ~Fig. 4!, since there are four 180°M-O-Li
interactions in La4LiNiO8 and only one in LiNi1/8Co7/8O2.
This is explained by the weaker overlap of the Ops orbitals
with the lobe of thedz2 orbital in the (xy) plane than with
the lobes of thedx22y2 or dz2 orbital that point directly to-
wards the Ops orbital.

Overall, in the LiNiyCo12yO2 compounds, a negativ
NMR shift is predicted for Li~3! ~a 90° interaction! and a
positive one is predicted for Li~2! ~a 180° interaction!, in
disagreement with the previous assignment of the1110 and
–15 ppm signals, based on the transposition of the Go

FIG. 10. The calculated total and partial density of state on N
LiNi 1/8Co7/8O2.
17410
e

d-

enough and Kanamori rules to theM-O-Li interaction.1,6 In
this previous assignment,6 the polarization mechanism wa
neglected as it was assumed to be weak in comparison to
delocalization and to the correlation mechanisms, as i
usually considered in the case of interactions between
transition metal ions.58 However, it is clear from our calcu
lations that the main mechanism, in addition to delocali
tion, is the polarization of doubly occupied orbitals by th
electron spins occupying higher energy orbitals.

The LiMO2 phases (M5 Cr, Mn, Fe, Ni). In the LiMO2

phase, the spin transferred to Li results from its interact
with six M31 as first neighbors and sixM31 as second
neighbors. The spin density values calculated for the LiCr2

and LiNiO2 materials are very close to the ones predicted
taking the individual contributions for the 90° and 180° i
teractions previously calculated for the LiM1/8Co7/8O2

phases. The small differences can be ascribed to s
changes in the cell parameters. We were not able to com
the single contributions of the 90° and 180° interactions
Fe-O-Li and Mn-O-Li as Fe31 and Mn31 ions were pre-
dicted to be low-spin in LiM1/8Co7/8O2, whereas they adop
a high spin state in LiMO2. For occupation of both thet2g
and eg orbitals, as occurs in Mn31 and Fe31, the size and
sign of the shift is not easily predicted as the delocalizat
and the polarization mechanisms lead to different signs
transfer involving thet2g andeg unpaired electrons.

The general trend of the predicted shifts is in good agr
ment with the experimental results for the LiMO2 phases
except for LiCrO2 ~Fig. 4!, where a small, positive shift is
seen experimentally. The positive shift for LiCrO2 must be a
result of the delicate balance between the two compe
positive and negative shift mechanisms~i.e., the 90° and
180° interactions!. However, the predicted shift
(2210 ppm) for LiCrO2, estimated using the experiment
values observed for single Li-O-Cr 90° and 180° interactio
(6335ppm163270 ppm10! in the magnetically dilute
sample LiCrxCo12xO2 is consistent with the result fo
LiCrO2 obtained from our calculations. This suggests th
the increased magnetic couplings between the Cr31 ions in
LiCrO2 may also change the sizes of the relative contrib
tions of the two mechanisms.

As we noted earlier, the Jahn-Teller distortion of the MO6
octahedra reduces the spin transferred in LiMnO2 and
LiNiO2 @Fig. 4~b!#. Considering that theeg orbitals are the
most affected ones by the Jahn-Teller distortion, the 1
interaction must be the most modified, as the 90° interac
only involves thet2g orbitals. We therefore discuss the sh
decrease from the rhombohedral to the monoclinic cell c
sidering only the 180° interactions. In the rhombohed
structure, bothdz2 and dx2-y2 orbitals are involved in this
transfer, as seen for LiNi1/8Co7/8O2. In the monoclinic struc-
ture, only thedz2-p-s transfer will be weakened due to a
increase in theM-O bond in thez direction, whereas the
interactions in the (xy) plane should be strongest because
the shorterM-O-Li distances. We saw for La4LiMO8 and
LiNi 1/8Co7/8O2 that these 180° in (xy)-plane interactions
were associated with either a negative spin transfer or a w
positive one. As a result, the spin transferred on Li and t

n
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UNDERSTANDING THE NMR SHIFTS IN . . . PHYSICAL REVIEW B67, 174103 ~2003!
the shift predicted for the monoclinic LiMO2 (M5Ni, Mn!
will be weaker than that predicted for rhombohedral LiMO2
~no Jahn-Teller distortedMO6).

C. Effect of the temperature on the shifts

BecausêSz& in Eq. ~1! is proportional toB0x as given in
Eq. ~2!, the Fermi contact interaction should show the sa
temperature behavior as the magnetic susceptibility. A co
pound exhibiting Curie Weiss susceptibility will therefo
exhibit a lithium shift that is inversely proportional to tem
perature. The temperature dependent NMR spectroscopy
thus identify magnetic phase transitions in a solid: Leeet al.
used 6Li MAS NMR to demonstrate that in orthorhombi
LiMnO2 a magnetic phase transition from short-range s
ordering to a long-range antiferromagnetic ordering occ
as temperature decreases.47

In our calculations, the spin density around the lithiu
ions are calculated at 0 K in a situation where all the electro
spins are aligned with the applied magnetic field~i.e., the
magnetization is saturated!. In such a case, the susceptibili
is not defined. Referring to Eq.~1!, we can nevertheless sca
the calculated Fermi contact shift with the one expected
room temperature~RT!, provided the RT susceptibility is
known.

We can rewrite the contact shift, expressed in Hz, fo
given applied magnetic field as

Dv52
Ac

\
^Sz&5

Ac

\
m0gN0mBxMB0 . ~4!

Therefore, the shift in Hertz is proportional to the magn
tization B0x. At 0 K, whatever the field, the magnetizatio
value is the saturation one, i.e., 2SmB , Sbeing the total spin
per mole of the material, which can be calculated provid
the electronic configuration of the transition elements
known. At any temperature and any field in the regime c
responding to the NMR experiment, the magnetization
given by B0x, and can either be calculated provided t
magnetic behavior is known~Curie or Curie-Weiss law!, or
measured experimentally. Therefore, the scaling factor
quired to calculate a RT contact shift~in Hertz, and therefore
also in ppm! using our calculated spin densities is, in pri
ciple, known for a given compound.

The relative magnitudes of the contact shift as shown
Fig. 4 do not necessarily reflect the expected relative ma
tudes at room temperature as the different compounds ex
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different magnetic behaviors. Leeet al. suggested that the
presence of short-range Mn31-Mn31 antiferromagnetic cou-
plings that persist at ambient temperatures for this co
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VI. CONCLUSIONS

We show that density functional theory calculations ar
useful tool to interpret the observed paramagnetic shifts
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probe. NMR spectroscopy also serves as an impor
method for testing predictions based on first-principles c
culations.

ACKNOWLEDGMENTS

The authors wish to thank Dane Morgan for fruitful di
cussions and the French ministry of foreign affairs and
NSF/CNRS exchange grants~Grant No. NSF-INT-0003799!
for financial support. The Center for Materials Science a
Engineering and the Singapore-MIT Alliance are also gra
fully thanked for financial support. C.P. Gray thanks the N
~Grant Nos. DMR 9901308 and 0211353! for support.

,

.

5S. Levasseur, M. Me´nétrier, E. Suard, and C. Delmas, Solid Sta
Ionics 128, 11 ~2000!.

6D. Carlier, M. Ménétrier, and C. Delmas, J. Mater. Chem.11, 594
~2001!.

7E. Gaudin, F. Taulelle, R. Stoyanova, E. Zhecheva, R. Alcant
P. Lavela, and J. L. Tirado, J. Phys. Chem. B105, 8081~2001!.

8Y. J. Lee, S.-H. Park, C. Eng, J. B. Parise, and C. P. Grey, Ch
Mater.14, 194 ~2002!.

9Y. J. Lee and C. P. Grey, J. Phys. Chem. B106, 3576~2002!.
3-13



te

K

J

nd

R

E

ol

E

H
So

te

R

lid

a
A

m-

W.

ce,

M.

B:

r,

en-

-

oy-

.

ter.

nan,
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