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The 87Li 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 largéFsifts contact
shifts) are often observed. The work presented in this paper aims to provide a rational basis for the interpre-
tation of the®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 Libtnpounds and on
materials that are isostructural with theMiF, 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 théDRT) 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 thé-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 ant vs g4 electrons in other compounds.

DOI: 10.1103/PhysRevB.67.174103 PACS nuniber76.20-+q, 61.50.Ah

I. INTRODUCTION or other materials with a large number of electrons. The
Fermi contact interactiofi.e., the hyperfine interactigrcan
The number of NMR studies of Li-intercalation oxides also be observed by ESR, aa8 initio calculations of this
has increased dramatically over the last few years and sysateraction have been performed on small systems and com-
tems with an increasingly large number of transition metalpared with experimental ESR resutts.
ions, doping elements, oxidation states, and structural types Here we focus on two types of layered compounds:
have now been investigated wiftii and ’Li NMR.*°The  La,LiMOg (M=Cr, Mn, Ni) isostuctural to KNiF, and
lithium MAS NMR spectra are sensitive to the presence ofLiMO, (M=Co, Cr, Mn, Fe, Ni and substituted
paramagnetic cations in the local coordination environmentiM,Co,_,0, (M=Cr, Ni) isostructural toa-NaFeQ or
of the lithium ions. These paramagnetic ions create spin derNaNiO, depending on the transition metal ion. The\l®,
sity at the lithium nucleus, which can lead to large hyperfinglM=Co, Cr, Mn, Fe, Ni phases are of particular in-
shifts in the NMR[and electron spin resonan@eSR)] spec-  terest as positive electrode materials for lithium-ion batteries.
tra, providing information concerning the lithium local envi- LiCoO, has been used since 1994 in commercial
ronment. For many systems, several resonances with lardighium batteries. Nickel substitution for cobalt plays
positive or negative hyperfine shifts have been observed, areh important role for increasing the capacity, and the
their assignments are not always obvious. In this paper, weubstituted LjNi,Co,_,O, systems have been ex-
show by means of density functional thedFT) calcula-  tensively studied over the past few ye&ts>*More recently,
tions that a rational interpretation of the shifts in terms of thematerials such as [_Cq(L,ggl Mn- 2x)/302] 5-27
electronic configuration and geometric environment of theLi[ Cr,Li;_sMn,— 2)(),302] and
transition metal and Li ions can be provided. We also analyz&i[ Ni,Li; - 5,,3Mn— X),302] ~3!have also been proposed
the spin-density transfer mechanisms from the transitioras good candidates to replace LiGoQhe interpretation of
metal ion to the lithium nucleus. Application of this method the &’Li NMR spectra of these substituted systems is not
to other systems may result in an increased level of confialways obvious as several lithium crystallographic sites and
dence with which shifts are assigned, and may increase thgaramagnetic environments may exist.
level of information that can be obtained from the NMR  The LIMO, phases adopt a layered “O3” structufe,
spectra of paramagnetic oxides. built from alternate sheets of edge-shariMdg and LiGy
Fermi contact NMR shifts have been calculatdainitio ~ octahedra(Fig. 1). The trivalent nickel and cobalt ions in
in molecular solids within the unrestricted Hartree Fockthese materials exhibit a low spin staf€?® while the triva-
method and with DFF:~**however, no such studies, to our lent manganese and iron are in a high spin statéThus the
knowledge, have been performed in transition metal oxideglectronic configurations are € (t3; ), Mn®* (t3; ej),
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a) The O3-LiMO, structure

oy

o,

b) The different types of interactions in the O3-LiM,Co, O, structure FIG. 2. Structure of the ordered HaMOg phases. Thexy)
plane Li/M ordering is shown on the left.

orthorhombic Ammn). This symmetry lowering was ob-
served by x-ray diffraction for LAiNiOg (Ref3®) and
LagSrLiMnOg in one study? but not for LaLiMnOg. Very
recently, Burleyet al. showed by electron diffraction and
NMR that both LaSrLiMnOg and LaLiMnOg exhibit cation
ordering in the perovskitelike sheets of theNdF, structure,

Li (3)—» Li (2)—>»

M M . S
Co but that the stacking of the sheets is disordered aJ60d]
90° M-O-Li 180° M-O-Li in both these compound$.The lithium first coordination
transfer transfer sphere is identical in the ordered and disordered structures,

FIG. 1. Structure of the O3-MO, and the LM,Co, ,O, the lithium ion interacting through 180° oxygen bonds with
phasesa with the different types of interactions (90° and 180°) four transition metal iongFig. 2). The transition metals are
(b). The same notation for the (%) and Li(3) sites is used through- in a distorted tetragonal environment in this material, allow-

out this paper for the IN,Co, _,O, phasegsee Table I). ing the effect of lifting the degeneracy of tleg orbitals on
P 6 0 ah 6 1 ) the electron spin densities to be explored in the calculations.
FE™ (t34 €5), CO™ (t34 €]), Ni*™ (t3, e;). The LiCr0,, In this paper, we present DFT calculations of the spin

LiFeO,, LiCoO, cells are all rhombohedraR—3m). The  density around the transition metal, the oxygen and the
Ni** and Mr#* ions can exhibit a Jahn-Teller distortion, Jithium ions, and use this information to predict the magni-
leading to a monoclinic distortiofspace groui©2/m) of the  tudes and signs of the Li hyperfine shifts as a function of the
unit cells. However, a macroscopic distortion has only beerelectronic structure of the surrounding transition metals. A
observed for LiMnQ.***"In LiNiO,, a local distortion was  brief introduction to the NMR theory and to the relevant
seen by x-ray absorption analysfshut on average the struc- DFT methodology is presented in the following two sections
ture remains rhombohedral. The lithium ions in LiM@om-  (Secs. Il and llI, respectivelybefore comparing the experi-
pounds with theR—3m or C2/m structure can interact with mental(NMR) results and the DFT calculations in Secs. IV
transition metal ions as first or second neighb@g. 1). and V.

These two interactions are termed the 90° and 180°

(M-O-Li) interactions, respectively, because of the angle of Il. NMR CONTACT SHIFTS
the M-O-Li bond.

In order to also considevl-O-Li interactions with differ- The NMR shift Aw/wy) induced by the Fermi contact
ent geometries, we chose to study thgllidM Og (M =Cr, interaction in materials with 3d metal ions is proportional to

Mn, Ni) phases, which are isostructural tgMiF,.>*=**To  the electron spin(i.e., unpaired electrondensity at the
our knowledge, only the L&iMnOg(Mn®*) and LaLiNiOg  nucleusp(r=0). This quantity depends itself on the Fermi
(Ni®*) materials have been synthesized, but a&'Gs iso-  constantA, and on the time-averaged value of the electron
electronic to MA*, and as the MH'-containing material  Spin in the materia(S,):***3
LagSrLiMnOg has been synthesiz88we also studied the
hypothetical LaLiCrOg material by first principles calcula- Aw A
tions. The charge diff b i [ w0y (S). @)

: ge difference between the Li and Ni or Mn wo woh
ions leads to a strong ordering interaction, and hence, the
La,LiMOg (M =Ni, Mn) phases exhibit a chessboard-type A, indicates how much of the spin density is at the site of
Li/M ordering in the xy plane, leading to @2x+2x1  the nucleus of interest and governs the direction of the shift.
supercell of the original KNiF, tetragonal unit cellFig. (S, is proportional to the magnetic molar susceptibility
2).3%%! The symmetry of these phases is thacentered  xy(m®/mol) and can be expressed‘By
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Bo TABLE I. Experimental shifts observed in several layered ox-
(S))=— AN XM (2 io!es. For the_ LM, Co;_,O, compounds, _only the_ major peaks are
Ho9Noks given. All shifts are referencedta 1 M LiCl solution.
Whgreuo denotes the permgabilitg,is the electrory factor, Observed shiftsppm) Ref.
g is the Bohr magnetoriNy is Avogadro’s number, anBy 44 ivio
is the external applied field. Typically, only the time- 2
averaged value d§, ,(S,), is meaningful with respect to the LiCrO, 17 10
NMR experiment(at ambient temperaturesince the elec- LiMnO, 143 a7
trons(in systems that can be studied by NMRIlax several  LiFeO, 1000 54
orders of magnitude faster than the coupling frequehgth  Licoo, 0 48-53
(Hz). In transition metal oxides, the Fermi contact shift is Lj, 4Ni, ,0, 726 54

generally considered to be additive, so that the shift due tq)_i,\/|yc;017yo2
many magnetic ions may be obtained from a sum of the

shifts induced by each magnetic ion. LiCro 1dC0 00> 35 10
The approach outlined above is only strictly valid for sys- 0
tems where the orbital angular moment is quenched and the —70
“spin-only” expressions may be used to calculate the mag-LiNig 30C0y 70, 110 1
netic moments. This is, however, a reasonable approximation 0
for many transition metal ions. -15
La,LiMOg
lll. FIRST PRINCIPLES CALCULATIONS La,LiNiOg 100 55
B _ 41
The NMR contact shift will have the same sign and will L2LiMnOg 491

. . . o i _ a1
be proportional to the spin density at the nucleus arising-@S"-iMNnOg 500

from spin polarized transition metal ions. Scalar spin-
polarized DFT is used in this paper to calculate the electron
spin density at positiofi, by calculating the difference be-
tween the electron density of the majority spin and that of th

The partial density of stateDOS) plots are obtained by
rojecting the wave functions in a sphere around each ion
using the ionic radius of each element as found in Shannon

minority spin and Prewitt's tabl®) and onto the five types ofdorbitals.
oce To evaluate the spin on the lithium nucleus, the spin density
was integrated in a sphere around Li. This method will not
p(RI=2 [[¥1(RIP=[¥iL(R)] (3) J ’

provide a quantitative estimation of the contact shift, but will
allow the sign and the relative sizes of different shifts to be
whereW¥,1 and¥;| are the Kohn-Sham orbitals for the ma- determined. Methods for obtaining quantitative values of the
jority and minority spins, respectively. By convention, we shift will be discussed in Sec. V C.
will assign the term “up spin” to the majority spin on the  Since the coumpounds considered here are paramagnetic
transition metal ion, which will, hence, align parallel to the at room temperature, in our calculations, the spins of the
applied magnetic field in an NMR experiment. paramagnetic transition metal ions are assumed to be aligned
First principles calculations were performed using DFT inwith the applied magnetic field, however, no assumption is
the generalized gradient approximatig®GA) with the made regarding the resultant spin density around the lithium
pseudopotentia| method as imp|emented in the Vieaha ions, which is an output of the calculation. We also discuss
initio Simulation Packagévasp).*® Such a method, as op- Possible local antiferromagnetic couplings between transition
posed to all electrons calculations allows one to treat largéetal ions, that can influence the resulting spin transfer on
supercells, as required for the JLaMOg and substituted LI
LiMO, phases. A plane wave basis set with a cutoff energy
of 400 eV was chosen. The reciprocal space sampling was IV. RESULTS
performed with ak-point grid of 10<10x 10 for the rhom-
bohedral LM O, and 10< 10X 6 for the monoclinic LM O,
structure. Grids of ¥3X2 and 6X6X 6 size were, respec- Table | summarizes the experimental shifts observed for
tively, sampled in the Brillouin zones of theMi;;sCo;,0,  several layered oxides. Only the major resonances observed
and LaLiMOg structures. All structures are relaxed and thefor the LiM,Co, _,O, compounds are given and their assign-
final energies of the optimized geometries were recalculatethents will be discussed later. The shifts are all referenced to
so0 as to correct for the changes in basis during relaxation. Ia 1 M LiCl solution. The LiCoQ compound is diamagnetic,
principle, the contact interaction depends only on the elechecause of the electronic configuration of the’Caons. It,
tronic spin density at the nucleus, but here, since we use therefore, does not exhibit a contact shift, in contrast to all
pseudopotential method, this quantity is not accurate enougthe other LM O, compounds, which all exhibit positive
and it is preferable to track the change of the spin density irshifts. Note that the shift in LiFeQcould not be precisely
the vicinity of the nucleus, as done in the following. determined, because of the large line broadening present for

A. Summary of experimental shift data
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TABLE Il. The relaxed cell parameters and bonds lengths from first principles calculation of the,LIMO
and LagLiMOg phases. The experimental valuggen availablgare given in parenthesis.

SG ad) bR c(A) B (%) dy-o (A) diio (A)
LayLiCrOg Ammm 5.42 13.77 1934 1.90x4
2.11x2 2.31x2
La,LiMnOg Ammm 5.35 13.05 1.884 1.90x4
2.36x2 2.37x2
(5.39 (12.96 (1.89x4) (1.89x4)
(2.32x2) (2.32x2)
LayLiNiOg Ammm 5.31 12.94 1.884 1.90x4
2.28x2 2.32x2
(5.3 (12.85 (1.87x4) (1.91x4)
(2.18x2) (2.30x2)
LiCrO, R-3m 2.9 13.87 2 2.07
(2.9 (14.4)
LiMnO, R-3m 2.92 14.03 2.02 2.08
LiMnO, C2/m 5.36 2.81 5.23 112.73 1.4 2.04<4
2.31x2 2.18x2
(5.4 (2.8) (5.9 (116.0% (1.98x4) (2.16x4)
(2.40x2) (1.44x2)
LiFeO, R-3m 2.9293 14.2289 2.05 2.09
(2.95 (14.57
LiCoO, R-3m 2.83 13.58 1.93 2.05
(2.82 (14.05 (1.92 (2.09
LiNiO, R-3m 2.85 13.72 1.96 2.05
(2.87 (14.19 (1.93 (2.19
LiNiO, C2/m 5.12 2.78 5 110.18 1.4 2.03x4
2.11x2 2,112
LiCr,gC0y0, P2/m 4.9 5.66 9.23 79.95 dero=1.98 ~2.05
dCO-O: 194
LiNi 1/gC070, P2/m 4.89 5.65 9.18 79.86 dni.o=1.97x4 ~2.05
1.98x2
dCO-ON 193

this sample, probably due to large dipolar interactions. Howeach compound we also checked that the electronic configu-
ever, the isotropic shift was estimated to be approximatelyation obtained for the transition metal ion was consistent
1000 pprt* Several resonances are observed for thewith the experimentally observed electronic states.
LiM,Co,_,0, substituted phases, which are positively or  For LiNiO, and LiMnO,, two different structures were
negatively shifted depending on the lithium local considered: the rhombohedraM©g not Jahn-Teller dis-
environment:*® The LaLiMOg phases studied show either torted and the monoclinic 10, Jahn-Teller distorted As
positive or negative shifts depending on the transition metajjready reported, the monoclinic structure is predicted from
lon. ™ first principles calculation to be the more stable one by
—248 meV for LiMnO, (Ref®®) and by only -11 meV for
B. Calculations LiNiO,.%" These values are consistent with the observations

The relaxed cell parameters and bondlengths obtaine@f a strong cooperative distortion in LiMCand a nonco-
from our first principles calculation are given in Table 1l and operative one in LiNiQ at room temperaturé&.~3®
are compared to the experimental values when available. The Figure 3 shows the total electron-spin difference, as a
calculations agree well with experiments: in all cases, thdunction of the integration radius around Li for the
bondlengths are predicted to within 2% of experiment. ForLay,LiMOg (@), LiIMO, (b), and LiM,Co, _,0, [(c) and(d)]
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a) Integrated spin around Li in La,LiMOg ¢) Integrated spin around Li in LiCr,4Co;50,
Net spin
Net spin 0.010 -
0.015+
00104 M = Ni Li(3)/Li(4)

0.005
0.005 4

0.000 M=Mn 0000

-0.005
-0.005

-0.0104 M=Cr
0.m5 N ootole 0 s L N FIG. 3. The total electron-spin difference, de-
00 02 04 06 08 10 12 14 16 00 02 04 08 08 10 12 14 18 . N 3 i i
"y (A fined by the difference between the majority mi-
nus minority electron spin density, as a function
b) Integrated spin around Li in LiMO, d) Integrated spin around Li in LiNi;;sC07,50, of the integration radius around Li in the
. La,LiMOg (@), the LIMO, (b), and the
PNy .
fgi@ & Net spin LiM,Co,_,0, (c) and(d) phases.
by o S|
Li(1)
0010
0.005
0.005
0.000
Li(3)ILi(4)
0.000
P
00 0.2 04 06 038 1.0 12 14 1.6 0.0 0.2 04 06 08 1.0 12 14 18
r (&) rA)

phases. As the shortest Li-O bond is observed in thenentally. As C3" remains diamagnetic in these samples,
La,LiMOg phases(1.90 A; Table 1), integration beyond a one can differentiate between the lithium local environments
radius ¢ 1 A includes density that should more likely be py®7 Li NMR in terms of the number of first and second
assigned to the oxygen ions. This is clearly seen for theeighborsM®* ions. Several signals are thus recorded, but
La,LiMnOg and LaLiCrOg compoundsFig. 3@], where their assignment in terms of the arrangements of the para-
the spin density changes sign for-1.4 A. We therefore magnet ions surrounding the Li is not always obvious. Mar-
integrate the spin in a 0.8 A radius sphétiee ionic radius ichal et al. assigned the resonance -afl10 and —15 ppm

for a lithium ion in an octahedral site is 0.76 ¢Ref™).  (Table ) in LiNi,Co, ,O, to the lithium ions interacting
Figure 4b) compares these values to the experimental shiftsyith Ni** as first and second neighbdrsespectively. Lee
already given in Table I. et al. assigned the-35 and —70 ppnfTable ) resonances in

The LaLiMOg phases (M= Cr, Mn, Ni). A large and  LiCr,Co,_,0; to the lithium ions interacting with Gt as
positive spin density is observed near the lithium nucleus iffirst and second neighbors, respectiv@lfResonances close
La,LiNiOg whereas a negative spin density is observed foo 0 ppm are unambiguously assigned in both samples to the
both LaLiMnOg and LaLiCrOg [Fig. 3@]. Therefore ac- |ithium ions that are surrounded only by diamagnetic¢ Co
cording to Eqgs(1), (2), and(3), the signal recorded by NMR jons as first and second neighbdré. The signals assign-
for lithium in these materials is predicted to be positive forments were based on the application of the Goodenough and
LayLiNiOg and negative for LAiMnOg. As CP* is isoelec-  Kanamori superexchange rules to teO-Li interactions’®
tronic to Mrf", a negative shift for the Ml compound  These rules are usually applied to determine the type of mag-
LagSrMnQ; is also predicted. These results are in goodnetic coupling(ferromagnetic or antiferromagnetibetween
agreement with the experimental data. The calculations alsmagnetic ions® but extended to th#1-O-Li systems, in or-
reproduce the fact that the absolute value of the shift foder to determine the sign and the magnitude of the contact
La,LiMnOg is larger than the one for LRINIOg (Fig. 4). shift.

The LiMG, phases Positive spin densities are observed In order to determine how the spin density on the lithium
for all the different paramagnetic MO, phases i =Cr, nucleus depends on its paramagnetic environment we con-
Mn, Fe, Nj except LiCrQ [Fig. 3(b)], and are therefore in sider a supercell of the primitive LiCgOcell with the
good agreement with the experimental shifts except folLiM,;3C0,,30, (M = Cr, Ni) composition. Thev** ions are
LiCrO,, where the measured shift is small and positivi).  arranged so as to give alternating layers df;(,Cos,,) and
4). The difference between the monoclinic and rhombohedrabure CoQ layers along thez direction. The cell was de-
LiNiO, and LiMnG; also indicates that the Jahn-Teller dis- signed so as to have several different lithium environments
tortion reduces the spin density on Li. These points will bewith respect to the number and arrangement$/df ions
discussed below. (Table 1ll). The notation used to describe the different

The LiM,Co,_,0, phasesSome LM,Co, _,O, phases, M-O-Li interactions is identical to that used in FighL The
whereM?3* is a paramagnetic ion, have been studied experiresults given in Fig. é) correspond to single 90° and 180°
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a) Experiments weaker and positive spin density is obtained fot3Liwhich

has only one M-O-Li 90° interaction. However, for
LiNi g 30C0 7dO5, calculations predict that a 180° interaction
leads to a large, positive shift and that a 90° interaction leads
to a small, negative shift, which is the opposite of the assign-
ment reported previously.

Sh ift (ppm)
1200

LiFeO,

1000

LiNIO ,

800

600

400

V. DISCUSSION

200

La;SrLiMn Og
La,LiMnO4

A. NMR shift mechanisms

In order to understand the origin of the contact shifts and
to be able to predict shifts in other compounds, we attempt
below to rationalize the spin transfer mechanisms by sug-
gesting general rules, which will then be discussed for each

LiMyzC0 720, specific case. In the following, thed3atomic orbitals of the
transition metal iorM will be referred to as,, andeg for an
ideal and ad,y, dy,, dy,, d;2, andd,2_,2 for a distorted

i octahedral site. The valence orbitals of the oxygen ion will

: be referred to ap,, andp,, depending on the type of overlap

0

-200

-400

-600 -

La,LiMO

LiMO ,

b) Calculations
Net spin

0.007

LiFeO,
LiNIO , (R-3m )

E =

R - B . : . :
0:006 C g 81 e v s of the 2p orbitals with theM 3d orbitals. The Li valence
0:005 - g neighbor atomic orbital will be referred to assAor s). Overlap of the
0.004 i =i M ey, O 2p, and Li 2s orbitals leads to a bonding orbital
0.003 o \M*as 20 with a large contribution from the oxygen orbital, which we

Z neighbor . . .

61663 z ! shall refer to as they-p,-s orbital and to an antibonding

V orbital with a largeM contribution referred to as tlﬁ-pg-s
orbital. In a first approximation, th& t,, orbitals can be
considered to be nonbonding, however, we will clearly see
that in some cases, the contact shift observed for Li cannot
be explained without considering a mixing betweenhig,
and Li s orbitals. In the materials studied here, thepQ
LiM, 5C0 150, orbital is also involved in this mixing, but one has to notice
that this orbital is not necessary for this transfer. Spin trans-
FIG. 4. Experimental shift¢from Table ) (a), compared with  fer between two sites results essentially from the sum of two
the values of the net spin integrated in a 0.8 A sphere for all thecontributions with opposite signs.
materials considereg). Results for single 90° and 18043 -O-Li Spin delocalization (or hybridization)i, O, andM orbit-
interactions are shown for the Mi;;5Co7,50, phases. als with the correct symmetry can overlap to form a spin
. , ) . ) . orbital in the crystal. Therefore, a given spin polarization is
M-O-Li interactions, i.e., the spin density calculated fofd.i  \5intained along thm-O-Li path and the spin transfer from
has been divided by 2. The spin density calculated fOL)Li \ 1o Lj is positive (i.e., aligned with the external magnetic
corresponds to approximately the sum of the spin den5|t|eﬁe|d). This mechanism is illustrated in Fig(é for 90° and
calculated for L§2) and Li(3) (i.e., one 90°M-O-Li interac-  1gge M-O-Li interactions.
tion + one 180°M-O-Li interaction, indicating that the Spin polarization Due to the exchange interaction, the
shifts caused by twd/ ions are additive. , unpaired electrons in thd orbitals polarize the other doubly
The calculations presented in Fig. 4 are in good agreeccypied crystalline orbitals. This mechanism is illustrated in
e s et s o a5, 5 1 e cas of .90 16010-L rtarctons,
Cr** as a second neighbga 180° M-O-Li interaction), i.e. \évi?;;eatrf;etrzgspw s and the bonding, p,-s crystalline or
> ) e , respectively, polarized by other unpaired electrons
half the spin density calculated for the(2) site, whereas |ocated onM. Because of the exchange interaction, an elec-
tron with the same spin as the transition metal unpaired elec-
tron spends more time nelt than an electron with the op-
posite spin(actually, two nonequivalent spin orbitals are
involved. Therefore positive spin density at the transition
metal is increased while negative spin density is induced on

0.001 [—

La ,LiCrO 4
La,LiMnOg4
LiCrO ,

[

-0.001

-0.002

-0.003

La,LiMO 4 LiMo,

TABLE Ill. The different lithium environment in the
LiM 1,5C0;,60, supercell considered in the calculations.

M3* as 1st neighbor M3 as 2nd neighbor

90° interaction 1807 interaction the p-s oxygen and lithium orbitals. Such a mechanism leads
Li(2) 1 1 to a negative spin transfer from to Li.
Li(2) 0 2 The mechanisms described above are similar to the one
Li(3)/Li (4) 1 0 described in Ref? for spin transfer from the transition metal

ion to the oxygen ions in molecules and molecular solids.
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a) Delocalization mechanism:

a) La,LiCrO,

180° interaction

90° interaction

b) Polarization mechanism:

90° interaction 180° interaction

Polarized doubly occupied orbital

FIG. 5. The differentM-O-Li spin transfer mechanismé&) the
delocalization mechanisnth) the polarization mechanism. See text.

The total spin transfer from a transition metal ion to the Li
site is the sum of the spin transferred by delocalization and
polarization from each transition metal ion. The interaction
geometry of the specific system needs to be considered, in
order to determine the dominant mechanism, but in general,
the shift caused by the delocalization mechanism is larger
than that for the polarization mechanism. Jahn-Teller distor-
tions of theM Og octahedra also have to be treated separately
as they affect the type @ orbital (d,2 vs d,2_,2) involved

in the transfer mechanism. These points will be discussed
further.

B. Discussion for specific materials

The LglLiMOg (M=Cr, Mn, Ni) phases The
La,LiMOg (M=Cr, Mn, Ni) phases exhibit only 180°

M-O-Li interactions. In these compounds the kiend MQ;
octahedra are elongated along thalirection (Fig. 2 and
Table II), so that the degeneracy of thg andey orbitals is
lifted. For theey orbitals, thed 2 orbital is stabilized whereas
thed,2_,2 one is destabilized with respect to a regl&Og
octahedra with intermediatd-O bondlengths. The effect of
the tetragonal field on thé,y orbitals is weaker, but also

FIG. 6. Calculated spin polarization density map in the)(
plane in LaLiMOg structure forM=Cr (a), M=Mn (b), andM
=Ni (c) from DFT calculations: solid line and dashed contours
indicate positive and negative spin densities, respectively. Different
contour steps were taken around O &nigince the spin difference
is much larger orM. The position of each ion is also indicated.

leads to a lifting of the degeneracy, resulting in nondegenerthe dxy orbital is clearly seen in Fig.(), as the single elec-

ated,, andd,, andd,, orbitals. A similar effect is observed

following a Jahn-Teller distortion of M Og octahedron.
The calculated spin polarization density map in tkg)(

plane for the LgLiMOg (M=Cr, Mn, Ni) compounds is

tron in the ky) plane is located in an orbital that points
between the oxygen ions. No delocalization from th&'Go

the Li is possible therefore the spin transfer occurs through
the polarization mechanism. Tl , d,,, andd,, electron

plotted in Fig. 6. Table IV shows the different mechanismsSPiNS polarize the electrons in the bondidg 2-p,-s or-

that occur in these systems.
In LayLiCrOg, the CP* ions have ady,dy dy, electronic
state as seen on the DA@Sg. 7). The single spin located in

bital leading to a positive spin near the transition metal and
to a negative one on the @, orbital that points towards
Cr¥* and Li. The polarization of the,z_2-p,, orbital is also
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TABLE IV. lllustration of the different mechanisms that result in transfer of spin density from a transition
metal ion M to Li in the layered LAIMOg (M = Cr, Mn, Ni) materials.

Min involved geometry M-O-Li transfer resulting sign
La,LiMOg spin orbital on Li

cr® dyy, dizr dyz 180° polarization of the d,2.,2-p,-s orbital negative
(d) M

Mn®* d,2 180° delocalization (d,2-p,-s hybridization) positive

(@ 7
S\ Y

polarization of the d,2.,2-p,-s orbital negative

r4

M
(: L0 = y
- “><_6 A
~ /
~

X

dyy, dizr dyz 180° polarization of the d,2.,2-p,-s orbital negative
M

A Li
(o]

LA
- - -
i \I_-x )

-

Ni®* d,2 180° delocalization (d,2-p,-s hybridization) positive

(@) .
QQ: :70 Y

polarization of the d,2.,2-p,-s orbital negative

z

M
~ 1\' o Li
g D B VAN %V
- = ><\6\-’/

X

seen in the partial DOS plotted for €rin the —6 eV<E density is obtained for the @, orbital that forms ar bond
<-—3 eV region(Fig. 7): more up-spind,z_,2 states are Wwith the d,, orbital [Fig. 6(@] because of the delocalization
occupied than down spin ones. As a result, the NMR shift isnechanism. These orbitals, however, do not have a net over-
predicted to be negative. Notice also that a positive spidap with the Li 2s orbital but can participate to the transfer
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FIG. 8. The calculated total and partial density of state on Ni in
LayLiNiOg.

approximation this mechanism does not contribute to the Li

FIG. 7. The calculated total and partial density of state on Cr inhyperfine shift.

La,LiCrOg.

via a polarization mechanism occurring on O: fheorbital
polarizes thep, orbital that overlaps with Li & Such a

In LayLiNiOg, the NP* ion is low spin with an unpaired
electron located in theé,2 orbital as seen in the calculated
DOS (Fig. 8). Note that a gap exists between the and the
dy2_y2 spin up orbitals due to the tetragonal symmetry. The

transfer would result in a negative spin transfer on Li, butenergy difference between the peak density of states for the
should be small compared to the others. Therefore, to a first,2 and thed,2 2 spin up orbitals is about 1.7 eV in
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La,LiNiOg whereas it is only 0.2 eV in monoclinic a) LiCr5Co70,
LiNiO,.>" Two mechanisms with opposite spin transfer occur
for the 180° N '-O-Li interaction(Table 1V): a delocaliza-
tion mechanism involving the Rid,, O p,, and Li 25
orbitals, leading to a positive spin on Li and a polarization of
the bondingd,22-p,,-s orbital by thed,> unpaired electron,
as seen in the R partial DOS(Fig. 8), although clearly
weaker than for the Gf case(Fig. 7). Some positive spin
density is located in thel,>_,2 orbital lobes that point to-
wards the oxygen iongig. 6(c)]. This mechanism leads to
negative spin in the Ls orbital.

The calculated map in thexy) plane of the spin polar-
ization density for this compound is given in Figch Since
the spin density on Li, i.e., the resulting NMR shift due to
Ni®* is predicted to be positiviFigs. 3 and &)], the polar-

(O

)

ization effect is weaker than the delocalization one in this b) LiNi;;5Co/,0,
case. &,

In La,LiMnOg, the Mr** ion exhibits a high-spin -
dy,.dy,.dy,,dz,dY,  » configuration(DOS not showhand, o On
hence, several 180° MA-O-Li spin transfer mechanisms 0\@ Li(2) @ \

need to be consideredable V). a delocalization mecha-
nism via the oxygen ion involving the,> orbital in the (y)
plane (as described for LAINIOg), leading to a positive =3
spin on Li and a polarization of the bondingz_,2-p, or- £
bital by the unpaired spins in they,, d,,, d,,, andd,
orbitals, leading to a negative spin on thepQ) and Li 2s
orbitals.

The electron spin difference in they plane[Fig. 6(b)] is @A
similar to that obtained for L& iCrOg and a negative spin
density is seen on the lithium sitéig. 3). Therefore the FIG. 9. Calculated spin polarization density map iMaO-Li
polarization of thed,2 2 orbitals represents the predominant plane in LM ;,4C0;,50, with M =Cr (a) andM = Ni (b) from DFT
effect. While the polarization effect is the smaller of the two calculations: solid line and dashed contours indicate positive and
interactions in LgLiNiOg, it predominates in LAiMnQOg, negative spin densities, respectively. Different contour steps were
consistent with the larger total moment on the Mrions. taken around O anil since the spin difference is much larger on

The LiM,Co,;_yO, phases (M=Cr, Ni). In the M. The position of each ion is also indicated. Thé2)iand Li(3)
LiM,Co;_,0, phases 1 =Cr, Ni), Li interacts withM3* are the notations also used in Fig. 1 and Table l{1Lhas aM3*
with either a 90° or 180M-O-Li angle. The spin polariza- 1N as.its secpnd catiop cqordination shell an@2Lhas aM3* ion
tion (up minus down spinin a (M, O, Li) plane of the I its first cation coordination shell.
structure is plotted in order to visualize both types of inter-
action (Fig. 9). The positions of the different ions are also The NiQ; octahedra in LiNj;gCo;,50, are not Jahn-Teller
indicated. Table V summarizes the spin transfer mechanisndistorted, as shown in the DOS for Kkig. 10 (see also the
that occur in LiCy,5C0;,50, and LiNij;;gC07,50,. dni. o bondlengths in Table )l Therefore, the two N €y

In LiCrq,5C0;,50,, the unpaired electrons are located in orbitals are almost degenerate and are both involved in the
the t,y orbitals of CP*. Therefore, the following transfer transfer mechanism. The following transfer mechanisms can
mechanisms can take place, depending on the geometry ofcur(Table V).
the interaction(Table V). 90° interaction: the polarization by theg electron spin,

90° interaction: the hybridization of the t*rtzg, Oop,, of the doubly occupied,4-p,-s orbitals resulting from the
and Li(3) 2s orbitals leads to a positive transferred spin den-hybridization of the Ni* tog, O p,, and Li3) 2s orbitals,
sity on Li by the delocalization mechanism. The calculatedeads to a negative spin on(B). Note that another polariza-
spin density is shown in Fig.(8). tion effect can occur on Ogg-p,-p-s overlap, leading to a

180° interaction: the polarization of the bondiag-p,-s  negative spin on Li, but as it requires two @ Drbitals it is
orbital leads to a negative spin on thepQ orbital that points  weaker that the first one describe above.
towardsM and Li(2), as already discussed in the case of 180° interaction:(a) the delocalization mechanism in-
La,LiCrOg. The resulting spin transfer on (2) is therefore  volving the singly occupied orbital results in a positive spin
negative[Fig. 5b)]. As a result, a positive NMR shift is on the Op,, orbital that points towards Ni and (d). (b) The
predicted for L{3) (90° interaction and a negative one is spin in the partially occupied, orbital polarizes the bonding
predicted for L{2) (180° interaction in good agreement e€y-p,-s orbital involving the secone orbital, leading to a
with the previous signal assignmerigs. 9a) and 3.1°  negative spin on Li.

N
-
=
()
=

£

A
Y
N 5\
R

LATE

Ni ]
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TABLE V. lllustration of the different mechanisms that result in transfer of spin density from a transition
metal ionM to Li in the layered LM ,5Co0;,50, (M =Cr, Ni) materials for two differenM-O-Li angles.

Min involved M-O-Li M-O-Li transfer resulting sign
LiM45C0750, | spin orbital angle on Li
cr® trg 90° delocalization (t,5-p,-s hybridization) positive
(t293)
o]
Li
trg 180° polarization of the e4-p,-s orbitals negative
M
Y4 Li
o

-

~ > \
@ 5 < _0‘ !
/]
N/ X

(only d,2.,2 has been represented)

Ni®* €, 90° polarization of the t,4-p.-s orbitals negative
(tZg6 eg1)
(only dy2.,2andd,, are
shown)
€y 180° delocalization (e4*-po-s hybridization) positive

(only d 2,2 is shown)

polarization of the e,-p.-s orbitals negative

M
-~ 4‘" o Li %y
(.f \:><:6—~\
\.o,

X

(only the polarization of d 2,2 -p .-s by
the dz2 unpaired electron is shown)

Note that interactions directly involving only one of the Therefore, the delocalization mechanism dominates for the
two ey orbitals (the dy2_,2 orbital) are shown Table V. As 180° M-O-Li interaction. As the same mechanism occurs in
seen in Figs. @) and 3, the resulting spin density on the La,LiNiOg, the sign of the transferred spin density for a
lithium ions is positive for L{2) and negative for L(@B). 180¢ interaction does not depend on whether the degeneracy
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enough and Kanamori rules to th&-O-Li interaction® In
this previous assignmeftthe polarization mechanism was
neglected as it was assumed to be weak in comparison to the
delocalization and to the correlation mechanisms, as it is
usually considered in the case of interactions between two
transition metal ions® However, it is clear from our calcu-
lations that the main mechanism, in addition to delocaliza-
tion, is the polarization of doubly occupied orbitals by the
electron spins occupying higher energy orbitals.

The LiMO, phases (M= Cr, Mn, Fe, Ni) In the LIMO,
phase, the spin transferred to Li results from its interaction
with six M3* as first neighbors and si¥3* as second
neighbors. The spin density values calculated for the LiCrO
and LiNiO, materials are very close to the ones predicted by
taking the individual contributions for the 90° and 180° in-
teractions previously calculated for the Mj,3C0;,50,
phases. The small differences can be ascribed to small
changes in the cell parameters. We were not able to compute
the single contributions of the 90° and 180° interactions for
Fe-O-Li and Mn-O-Li as F& and Mr** ions were pre-
dicted to be low-spin in LV ,5C0;,50,, whereas they adopt
a high spin state in IMO,. For occupation of both the,
and e, orbitals, as occurs in Mii and Fé*, the size and
sign of the shift is not easily predicted as the delocalization
and the polarization mechanisms lead to different signs for
transfer involving the,, andey unpaired electrons.

The general trend of the predicted shifts is in good agree-
ment with the experimental results for theMO, phases
except for LiCrQ (Fig. 4), where a small, positive shift is
seen experimentally. The positive shift for LiGr@ust be a
result of the delicate balance between the two competing
positive and negative shift mechanisrtis., the 90° and
180° interactions However, the predicted shift
(=210 ppm) for LiCrQ, estimated using the experimental
values observed for single Li-O-Cr 90° and 180° interactions
(6x35ppmt-6x —70 ppntY) in the magnetically dilute
sample LiCgCo, ,0O, is consistent with the result for
LiCrO, obtained from our calculations. This suggests that
the increased magnetic couplings between th&" Gons in
LiCrO, may also change the sizes of the relative contribu-

FIG. 10. The calculated total and partial density of state on Ni intions of the two mechanisms.

LiNi1/gC0;,60,.

of theey orbitals has been lifted by the distortion of the NiO

As we noted earlier, the Jahn-Teller distortion of the MO
octahedra reduces the spin transferred in LiMnénd
LiNiO,, [Fig. 4(b)]. Considering that the, orbitals are the

octahedra. However, the spin density transferred to thenost affected ones by the Jahn-Teller distortion, the 180°

lithium site for LgLiNiOg is approximately four times

interaction must be the most modified, as the 90° interaction

smaller than that transferred to the lithium site inonly involves thet,, orbitals. We therefore discuss the shift

LiNi 1,5C0;,80, (Fig. 4), since there are four 180¥-O-Li
interactions in LaLiNiOg and only one in LiNj;gC0;,50,.
This is explained by the weaker overlap of thepQorbitals
with the lobe of thed,2 orbital in the ky) plane than with
the lobes of thed,2_2 or d,2 orbital that point directly to-
wards the Op,, orbital.

Overall, in the LiN{Co, ,O, compounds, a negative
NMR shift is predicted for Li3) (a 90° interactioh and a
positive one is predicted for [2) (a 180° interactiofy in
disagreement with the previous assignment of-t16.0 and

decrease from the rhombohedral to the monoclinic cell con-
sidering only the 180° interactions. In the rhombohedral
structure, bothd,> and d,2.,2 orbitals are involved in this
transfer, as seen for LiligCo;,50,. In the monoclinic struc-
ture, only thed,2-p-s transfer will be weakened due to an
increase in theM-O bond in thez direction, whereas the
interactions in thexy) plane should be strongest because of
the shorterM-O-Li distances. We saw for L,&iMOg and
LiNi,,8C0;/80, that these 180° inXy)-plane interactions
were associated with either a negative spin transfer or a weak

—15 ppm signals, based on the transposition of the Goodaositive one. As a result, the spin transferred on Li and thus
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the shift predicted for the monoclinic MO, (M = Ni, Mn)
will be weaker than that predicted for rhombohedraVilO,
(no Jahn-Teller distortetf Og).

different magnetic behaviors. Lest al. suggested that the
presence of short-range Mi-Mn®* antiferromagnetic cou-
plings that persist at ambient temperatures for this com-
pound, contributes to the small value of the shift observed
_ experimentally for LiMnQ and is the cause for its weak
C. Effect of the temperature on the shifts temperature dependenteThat is the presence of adjacent
Becaus€S,) in Eq. (1) is proportional tByy as givenin  Mn®* ions with opposite spin results in the transfer of spin
Eg. (2), the Fermi contact interaction should show the samelensity with opposite polarity to the lithium ion serving to
temperature behavior as the magnetic susceptibility. A comreduce the Li hyperfine shift. Therefore the resulting spin
pound exhibiting Curie Weiss susceptibility will therefore density at RT on Li should be smaller than that in hypotheti-
exhibit a lithium shift that is inversely proportional to tem- cal paramagneti¢Curie-like) LiMnO,. Finally, the small
perature. The temperature dependent NMR spectroscopy cahift observed experimentally for LiMnOnust be due to the
thus identify magnetic phase transitions in a solid: eeal. = sum of two effects: AF Mn-Mn short-range coupling and
used ®Li MAS NMR to demonstrate that in orthorhombic Jahn-Teller distortion of the Mngoctahedra.
LiMnO, a magnetic phase transition from short-range spin
ordering to a long-range antiferromagnetic ordering occurs
as temperature decreagés. VI. CONCLUSIONS

In our calculations, the spin density around the lithium  \ye show that density functional theory calculations are a

ions are calculatedt® K in asituation where all the electron sefy| tool to interpret the observed paramagnetic shifts in
spins are aligned with the applied magnetic fiéle., the  |3yered oxides and allow us to elucidate the major transfer

magnetization is saturatedn such a case, the susceptibility hrocesses, i.e., delocalization and polarization mechanisms.
is not defined. Referring to E€l), we can nevertheless scale Thjs information can be used to predict the magnitudes and

the calculated Fermi contacfc shift with the one expgcte_d aéigns of the Li hyperfine shifts in other compounds with
room temperaturgRT), provided the RT susceptibility is gjfferent Li local environments and electronic configuration

known. , _ , of the transition metal ion. Especially, such calculations can

We can rewrite the contact shift, expressed in Hz, for a5 ;sed to predict shifts in structures where theM-©
given applied magnetic field as angle is different from 90° or 180°. Furthermore, a precise
experimental knowledge of the magnetic susceptibility of
any compound should allow us to estimate that actual value
of the contact shift at the temperature corresponding to the
NMR measurement.

We believe that such calculations can become an impor-
tant tool to identify NMR paramagnetic shifts and hence fur-
ther enhance the applicability of NMR as a detailed local
per mole of the material, which can be calculated provided?™oPe- NMR spectroscopy also serves as an important
the electronic configuration of the transition elements ignethod for testing predictions based on first-principles cal-
known. At any temperature and any field in the regime cor-Culations.
responding to the NMR experiment, the magnetization is
given by Byy, and can either be calculated provided the
magnetic behavior is know(Curie or Curie-Weiss layy or
measured experimentally. Therefore, the scaling factor re- The authors wish to thank Dane Morgan for fruitful dis-
quired to calculate a RT contact shifit Hertz, and therefore cussions and the French ministry of foreign affairs and the
also in ppm using our calculated spin densities is, in prin- NSF/CNRS exchange graniGrant No. NSF-INT-0003799
ciple, known for a given compound. for financial support. The Center for Materials Science and

The relative magnitudes of the contact shift as shown irEngineering and the Singapore-MIT Alliance are also grate-
Fig. 4 do not necessarily reflect the expected relative magnifully thanked for financial support. C.P. Gray thanks the NSF
tudes at room temperature as the different compounds exhibiGrant Nos. DMR 9901308 and 0211358r support.

Ac Ac
Aw:_z<sz>:?MOgNOMBXMBO- (4)

Therefore, the shift in Hertz is proportional to the magne-
tization Bpy. At 0 K, whatever the field, the magnetization
value is the saturation one, i.e$i2g, Sbeing the total spin
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