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The magnetic properties of orthorhombic LiMnO, have been
investigated in detail for the first time. The susceptibility data
show several features including a Curie—Weiss regime from 600
to 800K with 6,=-1056(13) K and p.; = 4.82 py/Mn'*,
a broad maximum at 360 K, and a field-cooled (FC), zero field
cooled (ZFC) divergence below 100 K. The broad maximum
indicates two-dimensional rather than one-dimensional short-
range spin correlations. A Néel temperature for a transition to
three-dimensional long-range order is seen at 261.5 K from both
neutron diffraction and the magnetic heat capacity behavior as
determined from the susceptibility data. The magnetic structure
has been solved from neutron diffraction data and has a propaga-
tion vector of k = (1/2 1/2 1/2) and an ordered magnetic moment
of 3.69(4) uy/Mn** with a preferred direction parallel to the
b axis. The neutron scattering data also provide evidence for
two-dimensional short-range correlations above 7, at 271 K in
the form of a feature with a Warren line shape. The long- and
short-range order are discussed in terms of the crystal structure
which is of the ordered NaCl type distorted by the presence of the
Jahn—Teller ion, Mn**. © 1997 Academic Press

1. INTRODUCTION

Orthorhombic LiMnO, has been known since 1956 and
is one of a number of so-called ordered-NaCl structures (1).
The detailed crystal structure was deduced first from pow-
der and later from single crystal X-ray diffraction data and
is described in Pmmn (2). This compound has received atten-
tion recently as a precursor for a cathode material in solid
state lithium batteries, as it transforms to a defect spinel
structure upon electrochemical removal of Li (3-5). In spite
of this increased level of activity there have been no studies
of basic physical properties such as magnetism.

!To whom correspondence should be addressed.
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Certain features of the crystal structure suggest that this
material may have interesting magnetic properties. First, the
local environment of the Mn—-O octahedron is distorted
significantly due to the presence of the Jahn—Teller ion
Mn?*", 3d* There are two long axial Mn-O bonds of
2.298(1)1& directed along the b axis and two nearly equal
equatorial pairs at 1.920(9) and 1.937(9) A. In typical or-
dered rock salt phases such as LiNiO, one finds layers of
nearly regular edge-sharing octahedra which stack in a di-
rection normal to the close-packed oxygen layers, resulting
in rhombohedral symmetry. For LiMnO, the oxygen sub-
lattice is sufficiently distorted that the Mn-O and Li-O
layers form a zigzag pattern with a stacking direction nearly
45° to that for the typical case (3).

As a result of all of the above, the Mn sublattice has some
unusual features as illustrated in Fig. 1. First, the hexagonal
symmetry found in the rhombohedral, ordered NaCl phases
is still present but the layers are distorted significantly and
folded, the fold angle being 111°. The basic edge-sharing
triangular motif is preserved but the triangles are distorted
to isosceles with one edge at the a-axis distance of 2.806 A
and the other two at 3.09 A with angles of 63°, 63°, and 54°.
Alternatively, one can also view the sublattice as comprised
of linear chains of Mn atoms parallel to the a axis with
a short Mn—Mn separation of 2.806 A. Two chains run
through each cell at z = 0.633 and 0.367 with an interchain
Mn—Mn separation of 3.09 A.

The configuration of the Mn—O octahedra is shown in
Fig. 2. As the octahedra share edges, the intra- and inter-
chain Mn—O-Mn angles, relevant for superexchange, are
essentially identical at 93.3(2)° and 92.8(4)°, respectively. The
zigzag Mn—-O layers are connected via intervening Li—O
layers with a closest interlayer Mn—Mn distance of 5.00 A.

Figure 2 is also useful as an aid to understanding the
orbital symmetry considerations which determine the
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FIG. 1.

The Mn sublattice in LiMnO,.

magnetic exchange pathways in this material. As a tetra-
gonal elongation is involved, the Mn™> configuration will
be 13,d%-d2%_ .. The intrachain Mn—-O-Mn 90° interaction
will involve the empty d,-_ . orbitals so this may be weak.
The intrachain Mn—Mn interaction will occur via the half-
filled ¢t,,(d,.) orbitals and will be strongly antiferromagnetic.
The interchain exchange coupling is also by a 90°
Mn-O-Mn pathway but the orbitals involved are
d.—O—d,._ > and this will be relatively weaker and probably
antiferromagnetic as discussed by Goodenough in compari-
son with other Mn** materials showing a static Jahn-Teller
distortion (6). Thus, it is a good assumption that the stron-
gest exchange interaction in this material will be the antifer-
romagnetic Mn—Mn interaction along the short a axis.

FIG. 2. Edge-sharing Mn—O octahedra in LiMnO,.
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FIG. 3. Possible symmetry cancellation effect between antiferromag-
netically correlated Mn chains in LiMnO,.

In addition, geometric effects may also be important. As
already argued, the Mn sublattice can be regarded as a set of
interwoven a-axis chains with atom positions in adjacent
chains displaced along ¢ and also along a by (1/200) such
that an atom in one chain centers two spins in each adjacent
chain, as depicted in Fig. 3. If the intrachain interactions are
strongly antiferromagnetic as expected, the interchain coup-
ling may be subject to a symmetry cancellation as shown.
Thus, at the highest temperatures the magnetic correlations
would be one dimensional with cross-overs to two and,
ultimately, three dimensionality as the temperature is
lowered.

2. EXPERIMENTAL
(a) Sample Preparation LiMnO,

Samples of the orthorhombic form of LiMnO, were pre-
pared from Fisher Scientific Certified MnO, and Aldrich
99.997% pure Li,CO;. The powdered reagents were inti-
mately mixed by grinding and pelletizing. Then the pellets
were loaded into high purity alumina crucibles and fired in
a horizontal tube furnace under a flow of argon gas. The
mixture was first calcined at 600—650°C for several hours to
remove the CO,, and then baked at 800—-1000°C for 1 to
3 days. Generally, one or two more grindings and firings
were required to achieve a well crystallized product.
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(b) Magnetic Measurements

Magnetic susceptibility data were obtained using a Quan-
tum Design SQUID magnetometer in the temperature
range from 5 to 800 K using a 10~ 2 T applied field.

(¢) Neutron Diffraction

Powder neutron diffraction data were collected at the
McMaster Nuclear Reactor using a neutron wavelength of
1.392A and a position sensitive detector which has been
described previously (7). A thin-walled vanadium can was
used for room temperature experiments and at low temper-
atures an aluminum sample holder containing helium ex-
change gas and sealed with an indium gasket was utilized.
The sample was cooled by a closed-cycle refrigerator in the
temperature range from 10 to 271 K. Data analysis was
carried out using either DBWS PC9600 or FULLPROF
(8,9).

3. RESULTS AND DISCUSSION
(a) Magnetic Susceptibility

Figure 4 displays susceptibility data for LiMnO, over the
range from 5 to 800 K. The most striking features are the
maximum below 50 K, the field-cooled (FC), zero field
cooled (ZFC) divergence below 100 K, and the broad max-
imum (inset) centered at about 360 K. The occurrence of the
broad maximum is evidence for the presence of short-range
magnetic correlations, consistent with speculations pre-
sented previously. In principle the dimensionality of the
correlations can be assessed by fitting the data to models for

0-08 T T v T T T M T | T T
LiMnO,
0.0024
0.06 ‘ﬁé 1 ]
o o
ro) 0.0022-
g 0.04
: . . -
0.0020-
£ -
S’
= 0.02 0.00184
a 100 200 300 400 500 600 700 800
0.00 T T T T T T T T v T T T T T T
0 100 200 300 400 500 600 700 800
T (K)

FIG.4. Magnetic susceptibility data for LiIMnO, from 5 to 800 K at an
applied field of 1072 T. The squares and triangles represent zero field
cooled and field cooled conditions, respectively. The inset shows the broad,
weak maximum at about 360 K.
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one- and two-dimensional magnetic lattices. An attempt to
fit to a one-dimensional model, S = 2, failed, thus indicating
that the dominant correlations in this temperature regime
are two-dimensional. This conclusion will be reinforced by
the neutron scattering results in the following section. Un-
fortunately, there exist no calculations for the two dimen-
sional magnetic lattice pertinent here, a puckered, distorted
hexagonal net, so it is impossible to carry out a detailed
fitting to extract the exchange constant. In any case there is
no clear evidence for purely one-dimensional correlations in
the temperature regime investigated which indicates that the
intrachain and interchain exchange interactions must be
comparable.

In Fig. 5 the inverse susceptibility is plotted which shows
an approach to the Curie—Weiss law at the highest temper-
atures. The extracted constants are C =2.90(2) emu
K mol ™! from which e = 4.82 pup/Mn>* can be derived
compared to 4.90 uy for a S =2 free ion. A very large,
negative 0, = — 1056(13) K is found which indicates the
presence of strong antiferromagnetic interactions. The data
also show a subtle inflection point near 250 K. The inset
displays a plot of d(yT)/dT in this temperature range. This
function has been shown to be a measure of the magnetic
contribution to the heat capacity (10) and the pronounced
maximum at 260 K indicates the presence of a magnetic
phase transition.

(b) Neutron Diffraction

A room temperature diffraction pattern was obtained and
the data were refined by the Rietveld method primarily as
a check on the sample purity and to compare with the
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FIG. 5. The inverse magnetic susceptibility of LiMnO,. The inset
shows the Fisher heat capacity (10) identifying a transition at 261 K.
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FIG. 6. Low angle part of the neutron diffraction powder pattern for
LiMnO, at 11 K. Reflections of magnetic origin are marked with an m. The
solid line is a three-component Rietveld fit including the chemical struc-
ture, the Al sample can, and the magnetic structure of Fig. 7. The vertical tic
marks locate the Bragg peak positions for the three respective components,
the chemical structure, the sample can, and the magnetic structure (top to
bottom).

previous X-ray diffraction results. Neutron diffraction is
often a more rigorous test of sample purity than X-ray
diffraction as the neutron beam probes the entire sample
volume. No additional phases were detected and the refined
unit cell parameters and atomic positions agreed very well
with the results reported previously [2].

Upon cooling from room temperature to 11 K several
strong reflections appeared, as shown in Fig. 6, which could
be indexed on a unit cell 2a x 2b x 2¢ with respect to the
chemical cell which implies a magnetic propagation vector,
k = (1/21/2 1/2). A model for the magnetic structure at 11 K
was found readily by assuming antiferromagnetic order
within each a-axis chain, that the chains in each puckered
layer couple antiferromagnetically, and that the interplanar
coupling is also antiferromagnetic. The best agreement was
found for a collinear spin model with an ordered moment of
3.69(4) ug with a preferred spin direction parallel to the
b axis as depicted in Fig. 7. The fit in Fig. 6 is to a three-
component model which includes the chemical structure,
the aluminum sample can, and the magnetic structure of
Fig. 7. The relevant refinement details are listed in Table 1.

The temperature dependencies of the two most intense
magnetic reflections, (1/2 1/2 1/2) and (1/2 1/2 3/2), are
shown in Fig. 8. First, note the clear indication of a critical
or Neéel temperature, T, = 260 K, confirming the suscepti-
bility and magnetic heat capacity results of Figs. 4 and 5.
A more precise value of T, can be obtained by fitting data
near the ordering temperature to a power law of the type
M = M,[(T, — T)/T.]?, where M is the sublattice magnet-
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FIG. 7. A (001) projection of the magnetic structure found for
LiMnO,.

ization, T, is the critical temperature, and f is the critical
exponent (11). The results of such a fitting are shown in
Fig. 9 and the fitted parameters are T, = 261.5(5) K and
B =0.376(17). This later value is consistent with a three-
dimensional Heisenberg model which is reasonable for
Mn** (11).

Also seen in Fig. 8 is the presence of an anomaly in the
temperature dependence of the magnetic moment which sets
in below 100 K, the temperature below which FC-ZFC
irreversibilities are observed in the bulk susceptibility. Be-
low 100 K the intensities of the strongest magnetic reflec-
tions, (1/2 1/2 1/2) at 20 = 18.16° and (1/2 1/2 3/2) at 26.94°,
deviate in a positive and a negative sense, respectively, from
the Brillouin function like dependence which pertains at
higher temperatures. This is due, most likely, to the onset of
a small sublattice canting below 100 K. Thus, at low tem-
peratures LiMnO, is a weak ferromagnet. It was not pos-
sible to determine the canting angle from the available
neutron data but it is likely to be small.

One further issue concerns the characterization of the
short-range magnetic order above T,. The powder pattern
at 271 K, 10K above T, (Fig. 10), shows that all of the
magnetic Bragg peaks have disappeared but a pronounced,
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TABLE 1
Refinement Details for the Magnetic Structure of LiMnO,
at 12K

Chemical cell

a 2.806(1) A

b 4.550(2) A

¢ 5747(2) A
Magnetic cell

a 5612(2) A

b 9.100(4) A

¢ 11.494(4) A
Atomic positions (Pmmn)*

Li (2a) z=0.125

Mn (2a) z =0.643

O1 (2b) z=0.136

02 (2b) z = 0.600
Magnetic moment of Mn3* 3.69(4) ug
Moment direction [010]
Overall thermal factor, B 0.500 (A2)
Agreement indices

Overall R, =0.077

Rexp =0.023

Chemical structure Rz =0.016

Al sample holder Ry = 0.005

Magnetic structure Ry = 0.086

“Fixed at these values, refinement had no effect on the magnetic moment
value.
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FIG. 8. Temperature dependence of the (1/2 1/2 1/2) and (1/2 1/2 3/2)
magnetic Bragg peaks for LiMnO,.
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FIG.9. A power law fit to determine T, and the critical exponent f3 for
LiMnO,.

broad feature remains, centered at about 20 = 16°, which
has a distinctly asymmetric shape with a relatively sharp rise
at low angles followed by a more gradual decrease over
several degrees to higher angles. This peak shape is of the
Warren type which is a signal of two-dimensional correla-
tions (12). The insert in Fig. 10 shows a fit of this peak to the
Warren function. A two-dimensional correlation length of
36(1) A can be derived using methods described previously
(13). Thus, it appears that at 271 K the Mn spins are corre-
lated within the puckered, distorted hexagonal layers which
confirms the interpretation of the susceptibility data given
previously.

T T T . T
10000 ]
] w0 ﬁ
8000 eo0o I L|Mn02 271K ]
/T F ‘._v
8. 6000+ % |
4004 % .
2 40004 ** 12 6 0 24 ]
2 1 L
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2000 - l b |
i1
. P ‘[;.5 4
0 j T ! 1 d U T T T T T
0 10 20 30 40 50 60

20 (°)

FIG. 10. Low angle neutron diffraction pattern of LiMnO, at 271 K
showing the broad, asymmetric Warren-type reflection at about 16° which
represents magnetic short-range order. The inset shows a fit of this peak to
the Warren function.
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FIG. 11. Comparison of neutron scattering at 271 and 200 K at the
positions of the Warren peak and the (1/2 1/2 1/2) magnetic Bragg peak.

Finally, Fig. 11 shows that the two-dimensional correla-
tions persist into the ordered regime and that in fact the
long-range order grows at the expense of the two-dimen-
sional order. In this figure, data at 200 K, well below T, and
271 K are compared after adjusting the background of the
two data sets. It is clearly seen that the Warren maximum
lies to slightly lower angles than the (1/2 1/2 1/2) Bragg peak
and that a vestige of the Warren feature is present at 200 K
but with a much diminished amplitude.

4. SUMMARY

Although a relatively simple material, LiMnO, exhibits
complex magnetic behavior. Crystallographic distortions
due to the presence of the Jahn-Teller ion, Mn>", result in
a Mn sublattice which consists of folded, distorted hexa-
gonal layers. This results in short-range magnetic correla-
tions which are manifested in a broad susceptibility
maximum at 350 K. Evidence from both susceptibility and
neutron scattering data characterize the short-range order
as two dimensional. Below 261 K, long-range antiferromag-
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netic order is established with a magnetic structure having
a propagation vector k= (1/2 1/2 1/2). The details of
the magnetic structure are consistent with expectations that
the strongest exchange constraints are antiferromagnetic
within the a-axis chains and that the structure evolves by
interchain coupling to form layers and finally, interlayer
coupling. The ordered moment is 3.65(2) uy/Mn>* and the
preferred direction is along the b axis. Evidence for the onset
of spin-canting below 100 K is found from susceptibility and
neutron diffraction data.
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