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Three different lithium manganese(l11) oxides (the orthorhombic LiMnO; phase, monoclinic
layered LiMnO, and tetragonal Li,Mn,0,4) were studied with 6Li magic-angle spinning (MAS)
NMR spectroscopy. Much smaller shifts of 36—143 ppm are observed for the Mn(I11) phases,
in comparison to the other lithium manganese oxides with manganese oxidation states
varying from +3.5 to +4. The NMR shift of this system is governed by the Fermi-contact
interaction and consequently, is controlled by the lithium local environment. For ortho-
rhombic LiMnO,, one resonance at 36 ppm is observed between —39 and 283 °C and a single
resonance at —5 ppm is seen below —39 °C, indicating a magnetic phase transition involving
a change from short-range electronic correlations to long-range antiferromagnetic ordering.
The 5Li NMR shift of the resonances of the monoclinic and tetragonal phases show very
little change with temperature in the range studied (—136 to 283 °C), implying that short-
range antiferromagnetic interactions between Mn cations also exist for these phases. No
evidence for a magnetic phase transition to three-dimensional ordering, however, is observed.
Two different lithium sites are identified in Li,Mn,0,4, which are assigned to lithium on the
8c octahedral and 4a tetrahedral sites. Samples with lithium on the 8c site only are obtained
using mild synthesis conditions, whereas occupation of both sites is obtained with more
stringent conditions or at high temperatures.
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Introduction

The layered compounds LiMO, (with M = Co, Ni, V,
Cr), are isostructural with o-NaFeO,, crystallizing in
the rhombohedral space group R3m.1~# Lithium cations
can be deintercalated and intercalated reversibly from
the Co and Ni phases at ~4 V. Thus, these materials
have been studied extensively as possible cathode
materials for lithium rechargeable batteries, LiCoO,
being used commercially in this application.> Neverthe-
less, the high cost and toxicity of these materials have
prompted searches for replacement materials. Lithium
manganese oxides represent attractive substitutes from
an economical and environmental standpoint and many
studies have focused on synthesizing the pure and doped
versions of the layered LiMnO, phase, and improving
their stability following multiple charging cycles.5°
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LiMnO, adopts the orthorhombic (Pmmn) structure
in its most stable state.1%1! This crystal structure is
composed of alternating layers of Li and Mn octahedra;
however, the layers are distorted, forming a zigzag
stacking pattern. Recently, the metastable layered
LiMnO; phase has been synthesized by an ion-exchange
route from a-NaMnQO;® and by a hydrothermal reaction
of Mn,O3 in a mixed alkaline solution such as LiOH (or
LiCl) and KOH.8 Because of the Jahn—Teller distortion
around the d* Mn3" ion (tzg%eg4l), the structure adopts a
monoclinic space group (C2/m), rather than the rhom-
bohedral space group observed for LiCoO,. As in the
LiMO, (M = Ni and Co) materials, this compound
contains alternating layers of octahedrally coordinated
Lit and Mn3* ions, formed by filling alternate planes
of octahedral sites in a close-packed array of oxygen
anions. A third LiMnO; phase, tetragonal Li;Mn,O4 (t-
Li,Mn,0,), can be attained by intercalation of lithium
cations into LiMn,0,4 through either electrochemical or
chemical lithiation.'213 This phase adopts the space
group 14;/amd. There has been some controversy con-
cerning the occupancy of lithium in this structure. David
et al. suggested that electrostatic repulsion between Mn
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in the 8d octahedral site and Li in the 8c octahedral
site of the spinel structure results in the occupancy of
both the tetrahedral and octahedral sites.'®* However,
a recent report by Wills et al. showed that the lithium
cations reside in 8c octahedral site only (i.e., the 16¢
site of the cubic structure).*

Lithium manganates have also been studied for their
magnetic and structural properties, interest in the
former resulting in part due to the frustrated nature of
some of the spins in the manganese sublattices. The
magnetic properties of orthorhombic LiMnO, (o-
LiMnO;) have been investigated using magnetic sus-
ceptibility () measurements and neutron diffraction.?®
Curie—Weiss behavior was not observed until above 600
K, and two-dimensional (2-D) spin correlations were
shown to be important in the temperature regime below
600 K. A magnetic phase transition from 2-D short-
range ordering to three-dimensional (3-D) long-range
ordering is seen at 261.5 K. A very large, negative Weiss
constant of —1056 K was measured, indicating strong
antiferromagnetic correlations between Mn3* cations in
this structure. First-principle calculations showed that
these strong antiferromagnetic interactions stabilize the
orthorhombic structure over the layered structure.1®
Similar magnetic behavior (i.e., 2-D magnetic correla-
tions and a non-Curie—Weiss Law dependence of y~1
with temperature) was observed for t-Li,Mn,O, at
temperatures close to room temperature.!* However, no
evidence for long-range magnetic order was discerned
even down to 1.6 K. For monoclinic LiMnO, (m-
LiMnO,), calculations suggest that antiferromagnetic
couplings within the MnOg layers exist, which are
dominated by one-dimensional (1-D) interactions be-
tween Mn atoms in chains along the b-axis.” Magnetic
susceptibility data of m-LiMnO; suggest that antiferro-
magnetic ordering occurs below 250 K.8 Metal (e.g., Al,
Co, Cr)-doping of LiMnO; stabilizes the monoclinic
layered structure®1819 and the magnetic susceptibility
of LiAlp.0sMng 9505 has been found to follow the Curie—
Weiss law above 300 K.2° A large, negative value of the
Weiss constant was observed for the Al-doped phase,
again indicating that antiferromagnetic interactions are
present. Spin-glass behavior was, however, observed at
low temperatures, indicating that long-range antiferro-
magnetic ordering does not occur in this system.

6Li and "Li NMR spectroscopy are ideal methods to
probe the lithium local structures and electronic states
of nearby cations. The interactions between the nuclear
and unpaired electron spins associated with the man-
ganese paramagnets complicate the acquisition and
interpretation of NMR spectra, but should, at least in
theory, provide information concerning the nature of the
electronic spin states present in these systems. Recent
results from a number of groups have shown that
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relatively high-resolution spectra can be obtained from
these classes of materials. For example, ’Li NMR results
on LiMn,0O,4 and Li,MnO3; have been analyzed in terms
of transferred hyperfine coupling between the lithium
nuclei and d electron of manganese.?122 \We showed that
the shifts of the manganese(lV) compounds can be
readily explained by considering the Li—O—Mn bond
angles, and thus the size of the interaction between the
Mn#* tyq orbitals, the oxygen p orbitals, and the lithium
2s orbitals. Curie-like temperature dependences were
observed for the LiMn,0,4 phases, and the temperature-
dependent behavior of the “Li NMR spectra was ob-
served to be correlated with the magnetic properties.23
Charge ordering of the Mn3" and Mn*" ions was
examined below the cubic-to-tetragonal transition tem-
perature by magic-angle spinning (MAS) NMR?2! and
below the Néel temperature by wide-line NMR.2* 7Li
NMR spectra of LiMn,O,4 lithiated at ~3 V to form
LioMn,0O4 have also been published.?®

’Li NMR spectroscopy is affected by large quadrupolar
interactions and dipolar couplings (to the nuclear and
the electronic spins), resulting in broadening, and
multiple spinning sidebands under MAS conditions. 6Li
possesses a much smaller quadrupole moment than “Li.
In addition, the smaller gyromagnetic ratio of 6Li and
the consequently smaller dipolar coupling between SLi
and the nearby electronic spins allows high-resolution
NMR spectra to be acquired with fewer spinning side-
bands. A °Li MAS NMR variable-temperature study of
0- and m-LiMnO, and t-Li,Mn,0O4 are presented in this
work. The size of the shifts is rationalized in terms of a
Fermi-contact shift mechanism, by considering the local
environment surrounding the lithium cations. Nonideal
paramagnetic behavior and possible magnetic ordering
of the manganese, and the consequent implications for
the Li hyperfine shift, are also examined.

Experimental Section

Sample Preparation. o-LiMnO; was prepared from Li,CO3
and MnO; by a conventional solid-state reaction. Stoichio-
metric amounts of the starting materials were mixed by
grinding and then formed into pellets. The pellets were
calcined under a flow of nitrogen gas at 650 °C for 6 h and
then at 900 °C for 72 h with intermittent grindings. SLi-
enriched samples of 6LiMnO,, for the variable-temperature
NMR experiments, were also prepared with SLi-enriched
Li>COs (Isotec; 6Li > 95%) as one of the starting materials, by
using identical reaction conditions. t-Li,Mn,04 was prepared
by intercalation of LiMn,0O, with excess n-BuLi.*?13 LiMn,0,
was first synthesized by solid-state reaction of Li,CO3 and
Mn,0s. The stoichiometric quantities were ground together,
pelletized, and fired at 650 °C for 12 h and 850 °C for 24 h in
air. The resulting LiMn,O, was reacted with n-BuLi in
anhydrous hexane at 20 °C for 12 h and 50 °C for 6 h under
an N atmosphere (sample 1). Sample Il was lithiated under
more stringent conditions. The reaction vessel was evacuated
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first and then filled with N, gas (to a pressure of less than an
atmosphere). The reactants were heated at approximately 50—
60 °C for 24 h. The product was then washed with hexane and
dried under vacuum. The layered m-LiMnO, was prepared by
ion exchange from NaMnO,.® The NaMnO, was first synthe-
sized from Na,CO; and Mn,Oz; at 710 °C under an Ar
atmosphere by a solid-state reaction. Then, NaMnO, and LiBr
were refluxed in hexanol solution. The product was filtered,
washed with alcohol, and dried. All products were then
characterized with X-ray powder diffraction and the presence
of the desired phases confirmed by comparing the powder
patterns with those available in the Joint Committee on
Powder Diffraction Standards (JCPDS).

Solid-State NMR Spectroscopy. °Li MAS NMR experi-
ments were acquired on a CMX-200 spectrometer at an
operating frequency for ®Li of 29.45 MHz. Triple resonance
Chemagnetics probes equipped with 4 mm rotors for MAS
allowed spinning speeds of up to 16 kHz to be achieved, under
variable temperature conditions. Spectra were recorded with
either single-pulse or spin—echo (90° — 7 — 180° — r-acg.) pulse
sequences. Because these echo experiments were performed
under MAS conditions, the sequence was rotor synchronized,
7 corresponding to one rotor period (1/spinning frequency). All
spectra were referenced to 1 M LiCl solution at 0 ppm. A 7/2
pulse of 2.8 us was used with delay times of 0.5 s. The °Li
longitudinal relaxation time (T,) of the orthorhombic phase
was measured with a spin inversion—recovery (180° — t — 90°-
acq.) sequence. A Chemagnetics variable-temperature stack
was used for the variable-temperature experiments. Temper-
ature calibrations performed with Pb(NOs), showed a linear
relation between the real and the indicated (i.e., measured)
temperature, with differences of no more than 20 °C being
observed at the extremes of temperatures investigated for the
spinning speeds used. Real (calibrated) sample temperatures
are given on the figures and throughout the text.

Results

The 6Li MAS NMR room-temperature spectra of the
0-, m- and t-LiMnO; phases are shown in Figure 1. Only
one resonance at 36 and 143 ppm was observed for the
0o- and m-LiMnO, phases, respectively. Very weak
resonances are observed at 76 and 5 ppm for 0-LiMnOo,
which are tentatively assigned to the different lithium
local environments that arise due to the stacking faults
that are typically observed in this material.262” A T, of
83 ms was measured for the resonance at 36 ppm in
0-LiMnOs,. This is longer than the 6Li T; value of 40 ms
previously measured for the LiMn,O,4 spinel.?t For
t-Li,Mn,0,, different spectra were obtained depending
on the synthesis conditions. A single resonance was
observed at 99 ppm for the sample synthesized under
N, atmosphere for a short reaction time (I), while two
resonances at 101 and 118 ppm were observed for a
second sample (Il), which was prepared by reacting
LiMn,0O, with n-BuLi for a longer time at a higher
temperature. An intensity ratio of approximately 4:5 for
the resonances at 118 and 101 ppm was obtained by
deconvolution and integration of the resonances and
their associated spinning sidebands. A resonance at 0
ppm was also observed for sample Il, from a diamag-
netic species. This is tentatively assigned to Li,O or
Li,COg3, possibly on the surface of the manganate
particles.

The variable-temperature 6Li MAS NMR spectra of
0-LiMnO; are shown in Figure 2. No significant change
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Figure 1. SLi NMR spectra of (a) 0-LiMnO,, (b) t-LiMn,04(1),
(c) t-LizMn04(11), and (d) m-LiMnO; acquired at room tem-
perature. The spinning speeds used for (a), (b), (c), and (d) were
16, 15, 9, and 9.7 kHz, respectively. Spectrum (b) was acquired
with an echo sequence, while the others were acquired with a
one-pulse sequence. Isotropic resonances are marked on the
spectra; all other peaks are spinning sidebands.

in the chemical shift position was observed for the
temperature range of —28 to 283 °C. Significant line-
broadening is observed in the spectrum acquired at —39
°C, accompanied by an increase in intensity of the
spinning sidebands. In addition to the original reso-
nance, which has now shifted to 32 ppm, a second
resonance starts to appear at 5 ppm, together with a
noticeable shoulder to lower frequency. As the temper-
ature is lowered further to —66 °C, the resonance at ~36
ppm disappears, leaving only a second resonance at —5
ppm. Only one resonance at —5 ppm is observed right
down to the lowest temperature studied (—136 °C).
The 5Li MAS NMR spectra of t- and m-LiMnO; as a
function of temperature are shown in Figures 3 and 4,
respectively. Considering t-Li,Mn,0,4 (sample 1) initially,
only one resonance at ~99 ppm is visible between 176
and —136 °C. The spectra have been plotted in an
absolute intensity mode, but changes in signal intensity
due to the Boltzmann factor have not been accounted
for. At 283 °C, two resonances at 85 and 118 ppm are
seen for t-Li,Mn,04. The combined intensity of these
two resonances is slightly less than the intensity of the
resonance at 99 ppm at 176 °C. In contrast, the
resonance at —1 ppm grows in intensity between 176
and 283 °C. A spectrum was then acquired for the
sample after it had been slowly cooled back down close
to room temperature (41 °C): only one resonance at ~99
ppm (together with the resonance at —1 ppm) was
observed, indicating that the temperature changes are
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Figure 2. Variable-temperature SLi MAS NMR spectra of
0-LiMnO; acquired at spinning speeds of 15—16 kHz with
either one-pulse or a rotor-synchronized chemical-shift echo
sequence (7 = 1 rotor period). The real sample temperature,
obtained by temperature calibration, is marked on the spectra.
The same conditions were used to collect the spectra shown
in Figures 3 and 4.

reversible. The 8Li NMR resonance of m-LiMnO; slightly
shifts to lower frequency as the temperature increases,
shifting by 16 ppm over a 214 °C temperature range
(Figure 4). At 283 °C, broad resonances at ~381—455
ppm were observed in addition to the resonance at 113
ppm. When the temperature was lowered to 41 °C, two
resonances were observed at 122 and 525 ppm, indicat-
ing that an irreversible change occurred.

Discussion

The SLi resonances of the Mn3" (d*) phases are
observed at much lower frequencies than the SLi reso-
nances of manganese oxides phases with manganese
oxidation states of between +3.5 and +4. For example,
resonances were previously observed at ~500 ppm for
LiMn,O4 (Mn35%) and at ~680 and ~850 ppm for
Li,Mn4O9 and LisMnsO1, (Mn**), respectively, due to
lithium cations on the tetrahedral site of the spinel
structure.?! The lithium cations on the octahedral sites
of the spinel structure give rise to a resonance at 1980
ppm for LisMns012.21 Thus, it is clear that the addition
of an electron to the eq4 orbital of manganese causes a
shift to negative frequency. Furthermore, Curie—Weiss-
like temperature dependences of the shifts were ob-
served for LiMn,Qy4, and various transition metal (Ni2*,
Zn?*, and Cu?*) doped derivatives (i.e., a linear depend-
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Figure 3. Variable-temperature 6Li MAS NMR spectra of
t-LizMn204(|).

ence between the shift, , and 1/T was observed).21.28
No evidence for Curie—Weiss behavior is seen for the
Mn3* phases studied here. The mechanisms that are
responsible for these shifts will now be considered, in
order to rationalize these observations.

Shift Mechanisms. NMR spectra of paramagnetic
materials are dominated by the interactions between
unpaired electronic and nuclear spins. The three major
interactions are the through-bond Fermi-contact inter-
action, through-space dipolar coupling, and the pseudo-
contact interaction. The Fermi-contact interaction re-
sults from the unpaired electron spin density transferred
from the paramagnet to the resonating nucleus via
orbital overlap. The isotropic term part of the interaction
is given by?°

H, = AL5,0 )

where A is the hyperfine coupling constant and [$,is
thermally averaged value of electronic spin. As depends
on the nature and extent of the overlap between the
orbitals containing the unpaired electrons and the s
orbital at the nucleus of interest, the sign and the
magnitude of this constant determining the direction
and the size of the shift, respectively. Assuming that
each nearby magnetic ion interacts independently with
the nucleus, and that there are no interactions between
the paramagnets, the Fermi-contact interaction will be

(28) Lee, Y. J.; Eng, C.; Grey, C. P. J. Electrochem. Soc. 2000, in
press.

(29) McConnell, H. M.; Robertson, R. E. J. Chem. Phys. 1958, 29,
1361.
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Figure 4. Variable-temperature SLi MAS NMR spectra of
m-LiMnOs.

additive and the total shift, 6, will be given by

Ai
0= — 35,0 2
s )

The dipolar coupling is mediated by a through-space
interaction between nuclear and electronic magnetic
moment, and the Hamiltonian can be written as®®

Hen = ﬁe‘Den°:uN (3)

where f. is the time-averaged magnetic moment of
electron and Dej, is the dipolar coupling tensor. Coupling
to an isotropic magnetic moment does not result in
overall shift (under MAS), but instead is the major cause
of the large spinning sideband manifolds and asym-
metric line shapes often observed for paramagnetic
solids. An anisotropic magnetic moment will lead to an
isotropic pseudocontact shift, and for solids, to line-
broadening. The shift is proportional to 1/r® (r =
electron—nuclear distance) and for a system with axial
symmetry at the site of the paramagnet, (3 cos?6 — 1)
(where @ is the angle between the vector connecting the
electronic and nuclear spins, and the principal axis of
tensor that describes the anisotropy of the magnetic
susceptibility).3t

Lee et al.?* and Mustarelli et al.??2 showed that the Li
NMR shift in lithium manganese oxides spinels depends
on the sum of the individual contributions from different
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Figure 5. Schematic diagrams of transferred hyperfine
interactions via Mn—O—L.i 180° bonds. Electron spin density
with the same sign is transferred from a half-filled d,? orbital
on the manganese atom to a Li 2s orbital, via an intervening
oxygen atom. Spin density of an opposite sign results from the
interaction involving an empty manganese d?_,? orbital and
the Li 2s orbital.

Li—O—Mn bonds and could not be directly correlated
with the angle between the Mn—Li interatomic vector
and principal axis of the atomic susceptibility tensor and
the distance between lithium and manganese. Thus, it
was proposed that the predominant factor affecting the
Li NMR shift is the Fermi-contact interaction. The size
and direction of the shifts observed for Mn** could then
be readily rationalized by considering the Li—O—Mn
angles and the extent of overlap between the tyq orbitals
and the intervening p orbitals on the oxygen atoms.
Likewise, the Li NMR spectra of LiMnO;, compounds
are likely to be dominated by the Fermi-contact interac-
tion, and this proposal will be discussed in more detail.

The molecular orbitals formed involving the manga-
nese 3d, 4s, and 4p orbitals and the oxygen 2p orbitals
of the MnOg octahedra are the a;4?, e,°, and t;,° (bonding
character), tog (nonbonding character), and eg*, a;g*, and
t;,* (antibonding character) orbitals. Because the eg*
orbital has an antibonding character, the addition of an
electron to this orbital will cause an increase in the bond
length between the manganese and oxygen atoms. Mn3+
cations have a high spin electron configuration (tzg%e4?)
and the occupation of the doubly degenerate ey level will
lead to a Jahn—Teller distortion, resulting in an elonga-
tion of the two Mn—0O bond lengths oriented in the same
direction as the occupied 3d,? orbital. When the d;
orbital is half-filled and the d,?>_,? orbital is empty, the
180° interaction between a manganese d,?-,? orbital and
a Li 2s orbital will result in the transfer of negative
electron spin density through the intervening oxygen
orbital, and thus in a negative shift (Figure 5). In
contrast, electron spin density with the same sign will
be transferred to the Li 2s orbital from the filled
manganese d,? orbital (Figure 5).

The Li NMR shifts in the lithium manganates may
be rationalized by considering the local structure sur-
rounding the lithium cations in the different phases
(refer to Table 1). The lithium site in 0-LiMnO; is
connected to the first cation-coordination sphere via 12
Li—O—Mn bonds with 90° bond angles, 4 Li—O—Mn
180° bonds, and 2 Li—O—L.i 180° bonds. The manganese
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Table 1. Local Environment for Lithium and the Li NMR
Shifts of the Mn3" Compounds

site no. of NMR
space for Li—O—Mn shift
compound group  Li bonds bond angle (ppm)
0-LiMnO, Pmmn 2a 12 90° 36
4 180° Mn(ey°)
0 180° Mn(egt)
m-LiMnO, C2/m 2d 12 90° ~129-143

4 180° Mn(es?)

2 180° Mn(eqt)
14,/amd 8¢ 12 90° 99

4 180° Mn(e?)

2 180° Mn(eqt)

t-Lio,Mn,04 (l)

t-Li,Mn,0, (1) 14/amd  4a 12 122.3° 118
8c 12 89.9° 101
6 176.7°

atom in this structure contains four short Mn—0O bonds
(1.92—1.94 A) and two longer ones (2.30 A). The shorter
bonds are involved in the Li—O—Mn 180° interactions,
indicating that the ey orbital pointing along the direc-
tions of the four O—Mn bonds is not occupied, and may
be assigned to a d,?-y? orbital. m-LiMnO; and t-LiMnO,
have the same Li local environments, both containing
12 Li—O—Mn 90° interactions, 4 Li—O—Mn 180° inter-
actions involving short Mn—0 bonds, and 2 Li—O—Mn
180° interactions involving longer Mn—0 bonds, and
thus half-filled d,? orbitals. The similar NMR shifts
observed for m-LiMnO; (~143 ppm) and t-LiMnO;
(~99—101 ppm) are consistent with their similar local
environments. The much smaller shift for o-LiMnO, (36
ppm) is consistent with the lack of Li—O—Mn 180°
interactions involving occupied eg orbitals, which should
result in large positive shifts, and suggests that each
Li—O—Mn (e4') 180° interaction results in a mean shift
of approximately +50 ppm.

Clearly, the interactions with the tyg electrons must
contribute to the total shift, and are, in the case of
0-LiMnO,, responsible for a positive overall shift ob-
served for this compound. In our previous paper, it was
shown that a 90° Li—O—Mn interaction involving half-
filled tog orbitals results in a shift of approximately 150
ppm per Li—O—Mn interaction, in Mn(1V) compounds.
On this basis, a contribution to the shift of 1800 ppm
from the interactions with the ty4 electrons is predicted
for the three Mn(l1l) compounds. Although smaller
hyperfine interactions may be expected for the more
ionic Mn(111) compounds, in comparison to those for the
Mn(1V) compounds,?® this cannot be the only cause of
the much smaller shifts observed in the Mn(l11) com-
pounds. We ascribe the smaller shifts to residual
electron—electron correlations and, hence, reduced [$,[]
values for these compounds.

Irregular Temperature Behavior and Magnetic
Ordering. Because [5,00in eq 1 is proportional to ¥Bo
through the equation3?

By

5,0 — ——2—
#ogNoﬂBX

z

(4)

the Fermi-contact interaction should show the same
temperature behavior as the magnetic susceptibility y.
(In eq 4, uo denotes the permeability, g is the electron
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g-factor, No is Avogadro’'s number, and ug is the Bohr
magneton.) For example, as discussed previously, the
6Li and 7Li NMR shifts of LiMn,O, are inversely
proportional to temperature above room temperature,
with a Curie-like behavior.?! This is consistent with the
magnetic susceptibility of this compound, which has
been observed, by one group, to follow Curie—Weiss
behavior above 40 K. A slight change in the slope of 1/y
vs T at 256 K was noted, however, due to the Jahn—
Teller distortion.2* Wills et al. also reported that the
spinel LiMn,O4 shows a Curie—Weiss behavior above
the Jahn—Teller distortion temperature (~290 K), the
spin frustration causing a depression of antiferromag-
netic transition temperature (~45 K) with respect to the
Weiss constant (—300 K).33 In contrast, the Li NMR
shifts of Mn3* compounds are essentially independent
of temperature up to 283 °C. This is, however, consistent
with the magnetic susceptibility data for these com-
pounds. The susceptibility data reveal very broad
maxima in y at 360, 120, and 250 K for 0-LiMnQO,,*®
t-Li,Mn,04,* and m-LiMnO,,8 respectively, indicating
the presence of short-range magnetic ordering in these
temperature regimes. Curie—Weiss behavior was not
observed until above 600 K for both o- and t-LiMnO,.1415
These temperature dependences are consistent with the
dominance of short-range 2-D electronic correlations
with antiferromagnetic ordering of the manganese
spins. The small changes in shift are readily rational-
ized: the shifts of t-Li,Mn,0, and m-LiMnO, actually
increase slightly as the temperature is increased from
—136 to ~69 °C (for t-Li,Mn,O4) and —39 °C (for
m-LiMnO,), which is ascribed to the reduction of the
short-range correlations and, thus, a slight increase in
x in this regime. The shift remains approximately
constant from 69 to 176 °C for t-Li,Mn,0, and between
69 and 283 °C for 0-LiMnO,, presumably due to a
similar temperature dependence of the two competing
trends in these temperature regimes, namely: (i) a
reduction in y due to increased population of the higher
energy Zeeman (electronic) states (this will result in a
smaller hyperfine shift), and (ii) the reduction of the
short-range electronic correlations (this will lead to a
larger hyperfine shift), as the temperature increases.
The shift of m-LiMnO; decreases from 69 to 283 °C, as
the first term dominates and the regime where Curie—
Weiss behavior has been reported is approached. A
maximum ¢ is reached for o-LiMnO, at a higher
temperature than the maxima of the t- and m-phases,
which is consistent with its maximum in y, which also
occurs at the highest temperature. Unlike the previously
reported susceptibility data for t-Li,Mn,04, however, the
maximum in ¢ is observed at approximately 200 °C
higher than the maximum in . We ascribe this to small
differences in sample preparations and local ordering.

0-LiMnO; undergoes a magnetic phase transition at
261.5 K from short-range 2-D correlations to 3-D long-
range ordering.®> Assuming that the Mn electronic spins
are oriented along the a-axis, and that antiferromag-
netic coupling between the planes occurs below the
transition temperature, as shown in the neutron dif-
fraction study, only one magnetically inequivalent site
for lithium can be identified in the 2a x 2b x 2c

(32) Drago, R. S. Physical Methods for Chemists; Harcourt Brace
Jovanovich: New York, 1992.

(33) Wills, A. S.; Raju, N. P.; Greedan, J. E. Chem. Mater. 1999,
11, 1510.
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Figure 6. The local coordination environment of the lithium
cation in the o-LiMnO; structure with 3-D antiferromagnetic
spin correlations. The Li—O—Mn bonds involving the central
lithium cation are shaded.

magnetic unit cell.*> The lithium cation is coordinated
to three “spin-up” Mn ions and three “spin-down” Mn
ions through 90° Li—O—Mn bonds, and two “spin-up”
and two “spin-down” Mn ions as second nearest neigh-
bors via 180° Li—O—Mn bonds (Figure 6). Therefore,
the total spin density transferred to the lithium cations
from the manganese ions will be canceled out and a Li
hyperfine shift of 0 ppm is predicted. Thus, the reso-
nance at —5 ppm is assigned to the Li cation in a 3-D
coupled antiferromagnet. The large increases in spin-
ning sideband intensity and line width are assigned to
the presence of the large internal fields inside this
material. Two resonances are observed at —39 °C,
presumably due to incomplete long-range ordering at
this temperature.

Previous local spin density approximation (LDA)
calculations have suggested that the manganese ions
in m-LiMnO, are coupled antiferromagnetically along
the b-axis and that the correlations between the layers
are very weak, resulting in the probable suppression of
long-range order even down to low temperatures.” SLi
NMR spectra of m-LiMnO, do not show any evidence
for the magnetic phase transition as the temperature
decreases, consistent with this suggestion. Assuming
that m-LiMnO, adopts AF3 type antiferromagnetic
ordering in the layers and antiferromagnetic coupling
between the layers, as suggested from the theoretical
calculations of Singh,'” two (magnetically) inequivalent
local environments for lithium cations can be distin-
guished: one coordinated to 2 Mn (spin-up, 1) and 4 Mn
(spin-down, ¥) via 90° Li—O—Mn bonds and 6 Mn (!) via
180° Li—O—Mn bonds and a second with 4 Mn (1), 2 Mn
(\) through 90° Li—O—Mn bonds and 6 Mn (}) via 180°
Li—O—Mn bonds. However, only one SLi resonance at
~130 ppm is observed even down to —136 °C, indicating
the absence of 3-D long-range magnetic ordering, even
at this temperature.

NMR spectroscopy is a technique associated with a
relatively long time scale (typically, 1072—1076 s); thus,
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in order to observe discrete magnetically inequivalent
lithium spins, or linebroadening of the NMR line shape
(from this interaction), the electron—electron correla-
tions must be associated with time scales in or longer
than this regime; this is clearly the case for 0-LiMnO;
below the Néel temperature. Antiferromagnetic correla-
tions with shorter time scales will result in single
lithium resonances (e.g., in the SLi spectra of t-LioMn,Oy)
with shifts that should gradually approach the average
of the shifts observed in the antiferromagnetic (AF)
state, as the AF correlations increases (as seen for
0-LiMnO;, just above the Néel temperature). Thus, in
principle, information concerning the time scales of the
magnetic moment spin—spin fluctuations could, in
certain regimes, be extracted from the NMR line shapes.
Furthermore, unlike magnetic susceptibility measure-
ments, which can be used to measure the reduction of
the time-averaged magnetic moments for the bulk
sample due to the AF interactions, (high resolution)
NMR should also provide a spatial probe of these
interactions. This will be explored in more detail in a
subsequent publication.

Phase Transitions of t-Li.Mn>04 and m-LiMnO,
at High Temperatures. No structural changes were
observed by NMR for o-LiMnO; at high temperatures.
However, m-LiMnO; and t-Li,Mn,0O4 both show changes
in their NMR spectra at 283 °C, which appear to be
related to structural changes. The spectrum of t-
LioMn,O4 (sample 1) at 283 °C (Figure 3) is similar to
the spectrum of sample Il at room temperature (Figure
1): two resonances at ~85 and ~118 ppm along with a
resonance at close to O ppm are observed in both spectra.
As discussed previously, there has been some debate as
to the site occupied by lithium during the insertion of
lithium ion into spinel LiMn,O,4. David et al. obtained
site occupancies of 43 and 79%, for the 4a tetrahedral
site and 8c octahedral sites, respectively,!® whereas
Wills et al. obtained a full occupancy of the 8c site!* in
two different neutron diffraction studies. Recent first
principles calculations showed that the lithium cation
is gradually displaced from the tetrahedral site to the
octahedral site as the lithium concentration is raised
above x = 1 (LixMn,0y), resulting in the predominant
occupancy of the octahedral sites at x ~ 2.34 This study
also predicted that the occupation of tetrahedral site by
lithium will increase with temperature, because of
thermal excitations. Therefore, it is possible that the
distribution of lithium between the two sites might
differ between compounds, depending on the synthesis
conditions. Considering the multiplicity of the two
crystallographic sites, the ratio of the concentration of
lithium residing in the tetrahedral to octahedral site,
obtained in the first neutron diffraction study, is 3:11.13
Our NMR spectrum of sample 11 shows two resonances
with the intensity distribution of 4:5. Therefore, the
more intense resonance at 101 ppm is assigned to
lithium in 8c octahedral site and the less intense
resonance at 118 ppm to 4a tetrahedral site. The
migration of lithium cations into tetrahedral sites at
high temperatures, seen in sample 1, is reversible: when
the temperature is lowered down to 41 °C, only one SLi
resonance at 99 ppm is observed, from lithium cations

(34) Van der Ven, A.; Marianetti, C.; Morgan, D.; Ceder, G. Solid
State lonics 2000, in press.
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residing in the octahedral site only. These Li NMR
results suggest that the structure with lithium residing
on both the 4a and 8c sites is less energetically favor-
able, but may be synthesized with more stringent
synthesis conditions.

One other possible assignment of the two resonances
at 101 and 118 ppm that should be considered is that
they arise from an electronic rather than structural
differences in the lithium local environment. It appears
extremely unlikely, however, that two inequivalent sites
should be created at high temperatures, rather than at
low temperatures, where some long-range ordering
might be expected.

Considering the high-temperature spectra of m-
LiMnO,, where new resonances at 380 to 500 ppm and
—3 ppm begin to appear at 283 °C, the stability of this
compound was investigated and it was shown that
m-LiMnO; is transformed into a mixture of 0-LiMnO,,
LioMn,Q4, and LiMn,0O,4 above ~300 °C.” We previously
observed a 6Li NMR shift at ~390 ppm for the stoichio-
metric spinel LiMn,0,4 at 283 °C,?! thus the resonance
at 381 ppm in Figure 4 is assigned to this phase. The
resonance at ~455 ppm is most likely due to a manga-
nate phase with an even higher oxidation state, and is
tentatively assigned to a spinel material containing
defects. The resonance at —3 ppm can be assigned to
diamagnetic lithium cations, produced by the decom-
position of LiMnO; to form LiMn;O,4. The NMR spec-
trum obtained at 41 °C after the variable-temperature
experiment shows that the decomposition is irrevers-
ible: the resonance at 525 ppm, with low intensity, is
assigned to the spinel phase and the resonance at 122
ppm is assigned to m-LiMnO,. Therefore, it is clear that
m-LiMnO, is a metastable phase, which decomposes
into the spinel phase LiMn,0O4. Further studies at
higher temperatures could not be performed because of
the limits of our high-temperature NMR equipment.

Conclusions

Discrete 6Li NMR resonances were observed for
lithium manganese oxides containing manganese with
an oxidation state of +3. Much smaller NMR shifts are
seen for 0-LIMNOg, t-Li;Mn;04, and m-LiMnO, at 36,
99, and 143 ppm, respectively, in comparison to the
hyperfine shifts for lithium manganese oxide spinels
with manganese oxidation states from +3.5 to +4 (from
500 to 1980 ppm). The NMR shifts of these materials
are dominated by the Fermi-contact interaction, which
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is sensitive to the local structure surrounding a lithium
cation. The NMR spectra of 0-LiMnO; show no depend-
ence on temperature from —28 to 283 °C, indicating non-
Curie paramagnetism due to short-range antiferromag-
netic couplings between manganese spins. At lower
temperatures, a second resonance with a very small or
negligible hyperfine shift appears and the original
resonance gradually decreases in intensity, and finally
disappears. This is ascribed to a magnetic phase transi-
tion from 2-D short-range correlations to 3-D long-range
antiferromagnetic ordering and indicates that high-
resolution spectra may be obtained from systems be-
low the Néel temperature. The 6Li NMR shifts for
t-Li,Mn,04 and m-LiMnO, remain approximately con-
stant from —136 to 176 °C, which is also ascribed to the
short-range antiferromagnetic electronic correlations.
However, no evidence for long-range ordering was
observed.

The lithium tetrahedral site in the tetragonal struc-
ture is populated in materials synthesized with more
stringent synthesis conditions. For materials synthe-
sized at lower temperatures, however, only the octa-
hedral site is populated at room temperature, but at 283
°C, the highest temperature studied, two resonances are
observed due to lithium cations on tetrahedral and
octahedral sites. The metastable phase m-LiMnO,
undergoes an irreversible decomposition to o-LiMnO,
and the spinel phase at high temperatures and reso-
nances due to Li* in both normal and defect spinels
phases were observed at 283 °C.

Finally, this work has shown that in nondilute
paramagnetic systems, it may not always be possible
to rationalize the hyperfine shift by treating the ions
as individual paramagnets and ignoring coupling be-
tween these spins. Non-Curie Law behavior of the SLi
hyperfine shift appears to be a characteristic of these
electronic correlations. Thus, it should be possible to use
this temperature dependence in more complex materials
to characterize, or as a signature of, lithium local
environments containing magnetically coupled spins.
Extensions of this approach to a series of transition
metal oxides are currently underway.
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