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By means of first-principles calculations using spin-polarized generalized gradient approximation method,
the Mn3+ ion in hypothetical rhombohedral LiMnO2 �r-LiMnO2� is predicted to be in an unusual low-spin
state, i.e., all of its four 3d electrons occupy the three t2g levels, which makes r-LiMnO2 not only a good
cathode material for rechargeable lithium-ion battery, but also a possible half-metal for spintronics. Following
the proposed synthesis approaches deduced from the calculations, well crystallized r-LiMn0.65Cr0.35O2 is
obtained through hydrothermal reaction and the low-spin state of the Mn3+ ion is verified by magnetic
measurements.
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I. INTRODUCTION

Encouraged by the success of layered rhombohedral
LiCoO2 �space group R3̄m, hereafter denoted as r-LiCoO2�
applied as cathode in commercial rechargeable lithium bat-
teries, enormous and extensive studies have been carried out
on isostructural r-LiMO2 �M =3d transition metal� and their
doped forms since last decade.1–7 In this structure, the O2−

ions sublattice is face centered cubic and provides a frame-
work where the Li+ and M3+ ions occupy all the octahedral
interstices, leading to fully separate and alternate two-
dimensional triangular layers stacked with a sequence as
M-O-Li-O-M ��-NaFeO2-type�.3–5 Such a layered structure
ensures the easy extraction/insertion of Li+ ions upon the
charge/discharge cycling. Because of its high theoretical
capacity, nontoxicity and inexpensive Mn mineral,
r-LiMnO2 arouses special attention among r-LiMO2.1–7

However, under equilibrium conditions, pure LiMnO2 is
crystallized in a nonlayered orthorhombic structure �Pmmn,
o-LiMnO2� where Li+ as well as Mn3+ and O2− ions are not
located in their own individual planes.4 Such a structure
makes Li+ migration more difficult during the charge/
discharge cycles and exhibits poor electrochemical
activity.2–4

Layered monoclinic LiMnO2 �C2/m, m-LiMnO2�, the
Jahn-Teller �JT� distorted phase of r-LiMnO2, was first
synthesized via an ion exchange route from m-NaMnO2 in
1996.1,2 Nevertheless, during electrochemical cycling
m-LiMnO2 converts irreversibly to a spinel-like structure,
which results in remarkable capacity fading.4,5 It is believed
that such a disadvantage is attributed to the wide and discon-
tinuous variation in the magnitude of the cooperative JT ef-
fect during the redox cycles which accompany the Li+

extraction/intercalation.4,5 Efforts of doping with other metal
elements such as Co,5 Ni,6 and Cr �Ref. 7� thus have been
conducted to suppress the cooperative JT distortion and

stabilize the C2/m, even R3̄m symmetry. However, the un-
derstanding on the structural phase behavior of
r-LiMnxM1−xO2 �M =Co, Ni, and Cr� are somewhat
inconsistent.4,5

It is well known that in an octahedral complex, the five d
orbitals of M ion are split into a set of lower threefold de-
generate t2g states and upper twofold degenerate eg states by

the ligand field.3 Therefore, Mn3+ �d4� ion in hypothetical
r-LiMnO2 can adopt three possible spin configurations, i.e.,
high-spin �HS, t2g

3 eg
1, S=2�, low-spin �LS, t2g

4 eg
0 and occupy-

ing all three t2g levels, S=1� and nonspin �NS, t2g
4 eg

0 but
occupying two of the three t2g levels, S=0� states. Since the

distortion from R3̄m symmetry and the structural instability
of m-LiMnO2result from the JT active HS Mn3+ ion, it is
reasonable to suppose that the Mn3+ ion in pure r-LiMnO2

may be in the JT inactive, i.e., LS or NS states. However, to
our knowledge, the synthesis of pure r-LiMnO2 still remains
a great challenge and purely an imaginative figment to ma-
terials scientists until now.

In the present work, we conduct first-principles calcula-
tions to investigate the electronic structures of r-LiMnO2
with the three possible spin configurations, i.e., HS, LS, and
NS states, and hope to suggest approaches for synthesizing
r-LiMnO2. The Mn3+ ion in this material is calculated to be
in an unusual low-spin state, which is confirmed by the re-
sults of magnetic measurement on Cr-doped r-LiMnO2.

II. PROCEDURES OF CALCULATION

All the calculations were carried out with the CASTEP

package by plane-wave pseudopotential method.8 Since
some previous studies have revealed that generalized gradi-
ent approximation �GGA� achieves greater accuracy for Mn-
oxides compared to local density approximation �LDA� due
to the enhanced localization and inhommogeneity integrated
in GGA,9,10 we employed spin-polarized GGA �GGS� for the
exchange-correlation potential. HS, LS, and NS states were
simulated respectively by fixing the number of the unpaired
electrons in the primitive cell as 4, 2, and 0. First, the struc-
tures of the primitive cells containing one r-LiMnO2 formula
unit were fully relaxed until the self-consistent field �SCF�
convergence per atom, tolerances for total energy, root-
mean-square �RMS� displacement of atoms, RMS force on
atoms and RMS stress tensor are less than 2�10−6 eV, 2
�10−5 eV, 0.001 Å, 0.05 eV/Å, and 0.1 GPa, respectively.
Then the optimized structures were used to calculate the total
energies and the electronic structures. An energy cutoff of
400 eV with a k mesh parameters 8�8�8 was adopted.
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III. RESULTS AND DISCUSSION

A. Spin state of Mn ion in r-LiMnO2

As proven by the S value listed in Table I, the three pos-
sible spin states have been reproduced successfully. In the
viewpoint of energy, the NS state is unstable with energy of
688 meV/f .u. higher than the HS state, the most stable so-
lution among the three possible spin states. Apparently, the
high-spin state should be the ground state of r-LiMnO2.
However, the LS state has comparable stability to the HS
state with a higher energy of only 11 meV/f .u. Such a small
value may place in the calculation error. More importantly,
when two states have similar total energies, the real state
adopted by the material is not determined by the energy any
more.11–13 For example, Ceder et al. found that in
r-Li�Co,Al�O2 the formation enthalpy is small enough
�30 meV/f .u . � to allow for the entropy-driven synthesis.10

Popović et al. also reported a mixed AF+F magnetic ground
state for NaTiSi2O6, although the energy of F state is
90 meV/f .u. lower than that of AF+F state.11

Additionally, for r-LiMnO2 with HS state, the partially
occupied eg states require JT distortion to eliminate the de-
generation and decrease the system’s energy until the in-
crease in elastic energy halts the distortion. In order to prove
this argument, we have calculated the total energies of
m-LiMnO2 with the same method and settings.13 It is found
that by the JT distortion, the energy benefit is as large as
175 meV/f .u. for the HS state but only 8 meV/f .u. for the
LS state. We also calculated the JT transition temperature as
1910 K and 4 K for the HS and LS states, respectively. This
fact implies that for the HS state the JT distortion always
exists in the crystalline state, because 1910 K is much higher
than the melting point of this system. On the contrary, the JT
distortion disappears at the temperature above 4 K in the LS
state and thus r-LiMnO2 can be crystallized.13 Therefore, we
suggest that r-LiMnO2 could be synthesized as long as the
Mn3+ ion is in the LS state. This result is consistent with
other theoretical studies.4,13,14

B. Electronic structures and properties of r-LiMnO2

In order to understand the properties of r-LiMnO2, and to
find out possible synthesizing routes for r-LiMnO2, it is very
effective to investigate its electronic structures. Figure 1
shows the calculated band structures around the Fermi level
�EF, set as 0 eV� for the LS state, the stable state of

r-LiMnO2. Spin-up �↑� and spin-down �↓� subbands are plot-
ted separately in the “Up” �left� and “Down” �right� column,
respectively. Each subband contains 11 bands, where the top
five mainly originate from the five 3d orbitals of the Mn
atom and the bottom six predominantly from the six 2p or-
bitals of the two O atoms in the primitive cell. These assign-
ments are evident from the corresponding density of states
�DOS� presented in Fig. 2. Accordingly, we denote the bot-
tom six levels as O-2p bands �dash lines�, which are bonding
properties, and the top five levels as Mn-3d bands �solid
lines�, which are split by the ligand field into upper two
antibonding eg bands and lower three nonbonding t2g bands
with a distinct energy gap �o.3,13,14 Figure 1 shows that oc-
cupied Mn-t2g bands consist of three spin-up and one spin-
down levels, which indicates that the Mn ion is indeed in the
LS state with an oxidation state of 3+.

With LS Mn3+ ion, there are no antibonding eg electron
but only nonbonding t2g electrons in r-LiMnO2. Thus
r-LiMnO2 is classified as t2g electron system. It is different
from most of the other manganites, eg electron system, in
which Mn3+ ion is in the HS state. Therefore, r-LiMnO2 can
exhibit new and unique properties.

From Figs. 1 and 2, one can note that the most impressive
feature is that there are partially filled t2g�↓� states but not

TABLE I. The calculated spin of each Mn ions �S�, relative total
energies ��E� and cell volumes �V� per formula unit, optimized cell
parameters �a and c�, Mn-O bond lengths �L� of r-LiMnO2 under
the three possible spin states together with the experimental data of
r-LiMn0.65Cr0.35O2.

States S �E �meV� V �Å3� a �Å� c �Å� L �Å�

HS 1.90 0 38.409 3.005 14.739 2.067

LS 1.00 11 34.630 2.866 14.600 2.002

NS 0.00 688 33.703 2.841 14.466 1.992

Exp. 1.07 - 32.579 2.801 14.386 -

FIG. 1. Band structures of r-LiMnO2 with LS state. The spin-
up/spin-down subbands are plotted in the “Up”/“Down” column.

FIG. 2. DOS of r-LiMnO2 with LS state. In this energy range,
the Li-s, Mn-s, Mn-p and O-s contributions are negligible and not
shown. Spin-up/spin-down states are plotted along the positive/
negative ordinate.
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any spin-up states near EF, which indicates that the spin-
down subbands exhibit metallic character and the spin-up
ones insulating with an energy gap of 1.567 eV. The insulat-
ing gap lies between the t2g�↑� and eg�↑� states, opened by
the ligand field effect. In the metallic spin-down subbands,
EF locates near a minimum in the t2g�↓� DOS �Fig. 2�, which
reveals the system is stable according to the Stoner
criterion.9,15 In other work,4 EF locates at the peak of spin-
polarized DOS, thus corresponding to an unstable system.
We attribute the improvement of our calculation to the full
relaxation of the structure. Such a feature in our electronic
structures suggests that r-LiMnO2 is a possible half-metal
with 100% spin polarization �P�, which can be used in the
spintronics.15

Nevertheless, Fig. 1 shows that the t2g�↓� bands are de-
generated between Z and Gk points, and this degenerated
component consists of flat bands, which corresponds to a
large effective mass of the conducting electrons. As a result,
although r-LiMnO2 is a possible half-metal with P=100%,
its electronic conductivity may be much lower than other
typical half-metal, and further theoretical and experimental
works need to be carried out for verifying this “spintronics”
prediction.

Another distinct character in the electronic structures of
r-LiMnO2 is that the Mn-3d and O-2p PDOS overlap
heavily in the energy regions of the eg and O-2p bands,
while the t2g bands arise almost only from the Mn-3d PDOS,
which reveals that O-2p, t2g, and eg bands are bonding, non-
bonding and antibonding characters, respectively. Because of
the presence of other states such as Li-1s, 2s, Mn-4s, 4p, and
O-2s �not shown in Fig. 2� and the translational invariance,16

the nonbonding t2g bands deduced from the simplified dia-
grams of ionic molecular-orbital theory exhibit some degree
of bonding character as revealed by the emergence of weak
O-2p states in their energy range. The overlap of Mn-3d and
O-2p PDOS between about –8 eV and –3 eV suggests that
there is hybridization between them. Because the Mn-3d
bands have an exchange splitting ��S� as large as 1.825 eV
�taking the midpoints of the t2g�↑� and t2g�↓� manifolds�,
exchange splitting amounting 0.493 eV is introduced in the
O-2p bands by the hybridization between Mn-3d and O-2p
states. The heavily hybridized eg states are all above EF,
making some of the O-2p states empty. Thus, the O ion is
actually partially ionized. At the same time, the absence of
Li-2s states below EF reveals that the Li ion is fully ionized.
Therefore, in order to keep the electronic neutrality, the Mn
ion is partially ionized, i.e., the number of electrons occupied
the Mn-3d bands is larger than 4, which answers for the
deviation from the normal ionic scenario in the band struc-
tures �Fig. 1�.

Traditionally, r-LiMnO2 is regarded as a promising cath-
ode material to replace r-LiCoO2 for rechargeable lithium-
ion batteries,4–7 which can be ensured by the fully ionized Li
ion and hybridization between the Mn and O ions calculated
above. First, the fully ionized Li ion combining the layered
structure leads to an easy extraction/insertion of Li+ ions
upon the charge/discharge cycling, which ensures a good
electrochemical activity of this material. Second, the hybrid-
ization between the Mn and O ions makes the electrostatic

repulsion between the O layers much smaller than that ex-
pected using formal charges.17 Therefore, a large fraction of
Li+ ions can be extracted from r-LiMnO2 without destroying
the layered structure, which ensures a high reversible capa-
bility during the electrochemical cycling. Third, the partially
reduced O ions have a potential to function as the electron
acceptor upon the Li+ insertion, which ensures that doping
with other M ions, even nontransition metals, can be used to
optimize the material but without damage to the electro-
chemical properties as suggested by Ceder et al.10 Because
pure r-LiMnO2 still remains purely an imaginative figment
until now, this is especially important to the realization of
synthesis of cation-doped r-LiMnO2.

Furthermore, LS Mn3+ ion does not have occupied degen-
erate eg orbitals, so that it is JT inactive. Consequently, dur-
ing the charge/discharge process the Mn ion is not cycled
between the JT active and inactive valence states, which
does not cause a breakup of the material, opposite to what
happens in m-LiMnO2.4,5 Compared to normally insulating
cathodes, such as r-LiCoO2, half-metallic character of
r-LiMnO2 induced by LS Mn3+ ion can increase the electric
conductivity, thereby improving the safety of lithium-ion bat-
teries. As a conclusion, r-LiMnO2 with the LS state seems to
exhibit good electrochemical properties based on our first-
principles calculations.

Additionally, LS Mn3+ ion occupies all three t2g orbitals
and leaves all eg empty �Fig. 3�, similar to HS Mn4+ ion
but different from HS Mn3+ ion. Therefore, based on the
characters of the electronic structures, it is reasonable to
predict that the excitation spectra of Mn ion in
r-LiMnO2 will be similar to that of Mn4+ ion but not HS
Mn3+ ion in the typical manganites, such as o-LiMnO2. This
finding can explain the contradiction in the experiment on
Cr-doped LiMnO2, where the Cr K-edge spectra were iden-
tical to that of trivalent LiCrO2 but the Mn K-edge spectra
seemed to be much closer to that of tetravalent Li2MnO3
than trivalent o-LiMnO2.7A similar explanation can be ap-

FIG. 3. Schematic illustration of the band structures for �a� HS
and �b� LS states, where spin-up/spin-down levels are drawn with
solid/dot lines and EF with dash line. The three t2g levels and the
two eg levels are degenerate, respectively.
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plied to explain the conflicts in Co-doped r-LiMnO2, where
Armstrong et al. reported that the oxidation state of Co ion is
3+ but Prasad et al. found it is 2+ when no Mn4+ ions were
detected.4,5

To sum up, we suggest an unusual LS Mn3+ ion in
r-LiMnO2 via GGS method. For comparison, LSDA calcula-
tions were carried out, too. The LSDA results also show that
the LS state is most stable among the three possible spin
configurations and the corresponding electronic structures
are half-metallic. Nevertheless, for the LS state, the LSDA
exchange splitting is not large enough to separate the spin-up
and spin-down t2g subbands entirely and the total energies
is much higher than that of the GGS solution by
12.944 eV/f .u.. Moreover, LSDA calculations show that the
total energy of r-LiMnO2 is lower than that of m-LiMnO2,
which conflicts with the experiments and implies that the
LSDA cannot produce a true ground state in this Mn oxide,
in contrast to the GGS.10,13 Therefore, it is reasonable to
conclude that the GGS is superior to the LSDA in describing
the LiMnO2 system.

C. Proposed approaches for synthesizing r-LiMnO2

Usually, the Mn3+ ion in inorganic compound prefers
adopting the HS state and exhibiting the JT distortion, which
may answer for the reason why undistorted r-LiMnO2 is very
difficult to synthesize. By comparing the electronic struc-
tures of the HS and LS r-LiMnO2, we gain some useful
guidance for its synthesis.

Figure 3 presents the schematic illustration of the band
structures for the HS and the LS states. One can find that the
most visible change from the HS to the LS state is that the
ligand field splitting �o in both spin subbands is enlarged,
which raises the eg�↑� levels and lowers the t2g�↓� levels,
thereby making the former above the latter. It is well known
that the �o depends on the Mn-O bond length �L�,3,13,18

which is also supported by the change in the L values listed
in Table I. For instance, based on the systemic studies on
LixCo1−xO, van Elp et al. have found out experimentally that
the Co3+ LS ground state in r-LiCoO2 is stabilized by the
strong enough ligand field resulting from the strongly re-
duced Co-O interatomic distance.18 Therefore, in order
to obtain r-LiMnO2, one should manage to compress the
Mn-O bond, affording a strong enough ligand field to stabi-
lize the LS state. Because the structure of r-LiMnO2 is con-
structed by edge-shared regular MnO6 octahedrons, shorten-
ing the Mn-O bond must lead to a decrease in the system’s
volume �V� �Table I�.

According to the principles deduced above, three possible
scenarios can be brought forward: �1� High-pressure experi-
ment under low temperature can be an effective method to
synthesize r-LiMnO2, because high pressure can compress
the system’s volume �and the Mn-O bond� and previous re-
ports have found out that low temperature is of great help to
stabilize low-spin state.9,19 �2� Thin-film growth with some
preferred orientation may provide the mismatching pressure
for compressing the Mn-O bond. These two ways are espe-
cially suitable to synthesize pure r-LiMnO2. �3� Doping
other cation ions to replace Mn ion. Assuming the doping

follows Vegard’s law, only r-LiMO2 with a shorter M-O
bond length than that of pure r-LiMnO2 can be used to form
rhombohedral “solid solution” with r-LiMnO2. Ceder et al.
have studied systematically r-LiMO2 �M =Ti, V, Mn, Co, Ni,
Cu, Zn, and Al� with nonmagnetic LDA method.3 From their
calculated M-O bond lengths, we find that Co and Ni are the
only two candidates whose M-O bond lengths are shorter
than Mn-O bond length. For Cr3+ ion, its ionic radius
�0.61 Å� is smaller than that of HS Mn3+ ion �0.645 Å�,7 but
it is larger than that of LS Mn3+ ion �0.58 Å�.20 Additionally,
Cr is to the left of Mn in the Periodic Table and has a smaller
electronegativity than Mn atom, so doping with Cr can push
the surrounding O atoms towards the nearest Mn atoms,
which is similar to what happens when replacing Re by Mo
or W in Sr8CaRe3Cu4O24.

21 Consequently, the Mn-O bond is
shortened effectively by both ionic size and electronegativity
effect. Therefore, Cr as well as Co and Ni can be used as a
dopant to stabilize the rhombohedral symmetry of
r-LiMnO2, which agrees well with the experiments.5–7

D. Experimental proof for LS Mn3+ ion

It is well known that transition metal oxides, including
Mn-oxides, always are correlated electron systems. For these
systems, even though previous reports have suggested that
GGS, even LSDA method sometimes are accurate enough to
describe the electronic structures,3,4,9–21 they are both band
pictures and do not take self-interactions into account. As a
result, they always underestimate the energy gaps and are
incapable of describing the metal-insulator transition of the
Mott-Hubbard kind. Therefore, “more proper” correlated
electron methods such as LSDA+U �Ref. 22� or self-
interaction-corrected �SIC� LSDA �Ref. 23� are necessary for
these subjects. For example, when LSDA method describes
wrongly m-NaNiO2 and r-LiNiO2 as metals, LSDA+U and
SIC LSDA approaches respectively open an insulating gap
correctly.

Of course, there is a huge difference between r-LiMnO2
�LS Mn3+ ion, t2g

4 eg
0� and NaNiO2/LiNiO2 �LS Ni3+ ion,

t2g
6 eg

1�,22,23 because the former is t2g electron system and the
latter eg electron systems. In fact, we have reported with the
GGS method that m-LiMnO2 �HS Mn3+ ion, t2g

3 eg
1�, which

belongs to eg electron system as NaNiO2/LiNiO2, is insulat-
ing, consistent well with the experiments.13 Therefore, it may
be uncontradicted that m-NaNiO2 and r-LiNiO2 are insula-
tors while the hypothetical r-LiMnO2 is a possible half-
metal. Nevertheless, r-LiMnO2 is a similar compound to
m-NaNiO2 and r-LiNiO2, where they have very similar
structures and all belong to a correlated electron systems.
Even though the GGS includes gradient corrections beyond
LSDA, it still has the possibility that the method fails to give
the true electronic structures of r-LiMnO2.

In order to test the validity of our calculations, we choose
Cr as the dopant and obtain homogeneous r-Li�Mn,Cr�O2

solid solutions via hydrothermal reaction. We used Cr but
not Co or Ni, because LiCrO2 has an equilibrium isostructure
to r-LiMnO2 and Cr ion has +3 oxidation state in
r-Li�Mn,Cr�O2, but Co and Ni dopants have been found
theoretically and experimentally to adopt +2 oxidation
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state.4,7 Therefore, doping with Co or Ni will drive some Mn
ions to adopt +4 oxidation states, which will destroy the
electronic configuration of Mn ions in r-LiMnO2 and may
induce some uncertain influences.

With Optima 3300 DV inductively coupled plasma spec-
trometer �ICP, Perkin Elmer Inc.� combined x-ray photoelec-
tron spectroscopy �XPS�, the composition of the production
was determined to be LiMn0.65Cr0.35O2. The crystal structure
of the samples was characterized by powder x-ray diffraction
�XRD� at room temperature on a Bruker AXS diffractometer
with Cu K�1 radiation ��=1.5406 Å�. The diffraction pat-
tern is represented in Fig. 4. It is found that all the peaks are

very sharp and can be indexed based on the R3̄m symmetry,
indicating that r-LiMn0.65Cr0.35O2 is crystallized well in a
single phase. The clear splitting of the �006, 102� and �108,
110� double-peaks supports again that the material is crystal-

lized in the �-NaFeO2 structure with R3̄m space group.24,25

From least-squares fitting analysis, the lattice parameters and
V were calculated and compared with the calculated values
�see Table I�. The experimental data are much closer to those
of the LS state than those of the HS state, which suggests a
LS r-LiMnO2. Additionally, smaller experimental data com-
pared to the calculated ones of the LS state can be noted
because of the Cr doping.

In order to test the spin state of the Mn3+ ion, we have
measured the dc magnetization �M� between 4 and 300 K in
a magnetic field �H� of 100 Oe. M was measured after field
cooling �FC� and zero-field cooling �ZFC�, respectively with
a superconducting quantum interference device �SQUID� in
the magnetic property measurement system �MPMS-XL,
Quantum Design Co.�. The results are shown in Fig. 5. The
inverse susceptibility is plotted in Fig. 6, including a Curie-
Weiss law26 �= C

T−� �solid line� fitting to the high-
temperature data above 150 K, where � is the susceptibility
M /H, T is the absolute temperature, C is the Curie constant
and � is the Weiss constant.

From Fig. 6, C constant is fitted to be 0.0147 emu K/g
Oe, with which the effective moment �eff=3.313 �B/ f .u. is

obtained by evaluating the relation27 C=
N�eff

2

3kB
, where N is the

number density of magnetic ions �i.e., Mn and Cr in the
present work� per unit gram, kB is the Boltzmann’s constant.
Since previous experimental7 and theoretical4 studies have
proved that the Cr dopant in r-LiMnO2 adopts an oxidation
state of 3+ with the HS state �S=3/2�, �eff-Cr=3.873�B

is calculated from the equation27 �eff=2�S�S+1� by assum-
ing that �eff depends only on S. Combining equation
�eff=�0.65�eff-Mn

2 +0.35�eff-Cr
2 , �eff-Mn=2.97 �B, and S

=1.07 are calculated for the Mn ion in the sample, which are
very close to our theoretically expected value S=1.00 for the
LS Mn3+ ion but far from S=1.90 for the HS Mn3+ ion
�Table I�. Therefore, the Mn3+ ions in r-LiMn0.65Cr0.35O2
adopt the LS states indeed, proving our theoretical result.
The deviation from 1.00 can be partially ascribed to the pos-
sible contribution of orbital moment, which is not considered
in the spin-only scenario.

Besides, it is necessary to discuss briefly the magnetic
properties of r-LiMn0.65Cr0.35O2. In Fig. 5, it can be noted

FIG. 4. Powder XRD pattern at room temperature for
r-LiMn0.65Cr0.35O2. FIG. 5. Field-cooled �FC� and zero-field-cooled �ZFC� dc mag-

netization �M� in a magnetic field �H� of 100 Oe as a function of
temperature �T� between 4 and 300 K.

FIG. 6. Inverse FC and ZFC dc magnetization �M� in a mag-
netic field �H� of 100 Oe as a function of T between 4 and 300 K.
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that the main striking features include: �1� the abrupt in-
crease below about 50 K, which indicates the existence of a
large dominant ferromagnetic �FM� componentm;26–28 �2�
the absolute FC, ZFC divergence below about 10 K, which
belongs to the common feature of all kinds of magnetic sys-
tems showing magnetic hysteresis behavior and it is possibly
due to a FM, ferrimagnetic �FiM�, canted anti-FM �CAF� or
spin-glass �SG� transition;26–28 �3� the approach to saturation
below 5 K and the absence of sharp maximum in the ZFC
branch, opposite to usual AF or SG states.26–28 For the nega-
tive value of �=−44.8 K deduced from Fig. 6, it reveals that
weak AF interaction are dominant over FM interaction in the
paramagnetic �PM� T regime. Nevertheless, a small negative/
positive value of � cannot determine that the material has
AF/FM ground state at low T. For instance, CeAgSb2 single
crystal below 9.8 K is FM order along c axis with �
=−63.9 K and is AF order perpendicular to c axis with �
=5.05 K.29 It is also found �=18.3 K and �=20.8 K, re-
spectively, for the AF EuCu2As2 �Ref. 30� and SrFeO2.83,

31

while for high-T FM SnO2 with slight Fe doping, its � val-
ues are negative.32 Obviously, the magnetic properties of the
synthesized r-LiMn0.65Cr0.35O2 are very complex and
unique, which may be caused by the Cr-doping, or by the
nature of r-LiMnO2.

In summary, the synthesis of Cr-doped r-LiMnO2 and the
results of magnetic measurements reveal that the main GGS
result of the present work is correct: the Mn3+ ion in
r-LiMnO2 is truly in the unusual low-spin state. Neverthe-
less, we suggest that a more localized scenario, such as
LSDA+U, SIC LSDA, and other correlated electron meth-
ods, should be employed to verify the possibility of the this

material’s half-metallicity. In order to clarify the electronic
and magnetic properties of r-LiMnO2, more detailed experi-
mental and theoretical studies are necessary to be carried out.

IV. CONCLUSIONS

First-principles calculations with GGS method have been
employed to investigate the electronic structures of hypo-
thetical r-LiMnO2. It is predicted that r-LiMnO2 has an un-
usual spin state with LS Mn3+ ion �S=1�, which makes this
material not only a good cathode material for rechargeable
lithium-ion battery, but also a possible half-metal for spin-
tronics. Based on the theoretical analysis, we suggest that the
synthesis of r-LiMnO2 can be realized by managing to com-
press the Mn-O bond length, such as by high-pressure ex-
periment under low temperature, thin-film growth with pre-
ferred orientation or doping with other transition-metal ions
such as Co, Ni, or Cr. Following the proposed approaches,
we have successfully obtained well crystallized
r-LiMn0.65Cr0.35O2 through hydrothermal reaction. Further-
more, we have carried out SQUID magnetic measurements
on the sample and found out the LS Mn3+ configuration,
which confirms the theoretical finding.
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