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a b s t r a c t

The magnetic properties of Li[Li(1/3−x/3)Mn(2/3−2x/3)Nix]O2 (x = 0.4) are investigated by dc magnetization
measurements. The high-temperature paramagnetic susceptibility can be fitted by Curie–Weiss law
whose Curie and Weiss constants are 0.95(2) emu K/mol Oe and −70(4) K, respectively. The ZFC/FC curves
ccepted 8 July 2010
vailable online 15 July 2010

eywords:
i[Li0.2Mn0.4Ni0.4]O2

pin-glass-like

of Li0.2Ni0.4Mn0.4O2 show a strong irreversibility behavior and Tirr shifts to lower temperature with the
increase of applied magnetic field. Together with de Almeida–Thouless (AT) line analysis, spin-glass-
like state is suggested to be the ground state of Li0.2Ni0.4Mn0.4O2. In addition, the frustration parameter∣∣�∣∣/Tf is calculated to be about 7.8, lower than the value that frustration effect is strong enough to give
rise to spin-glass behavior. It is concluded that the spin-glass-like behavior results from the short-range

than
structure disorder rather

. Introduction

Layered Li[Li(1/3−x/3)Mn(2/3−2x/3)Mx]O2 (M = Co, Ni and Cr) oxides
ave attracted much attention as cathode materials for lithium ion
atteries [1–4]. Layered Li[Li(1/3−x/3)Mn(2/3−2x/3)Mx]O2 can usually
e considered to be the solid solutions of two layered materials,
iMO2 (M = Co, Ni and Cr) and Li(Li1/3Mn2/3)O2. In rhombohe-
ral LiMO2 (space group R3̄m) compound, the average oxidation
tate of M is +3 and Li and M ions occupy 3a and 3b sites in
eparated layers. In contrast monoclinic Li(Li1/3Mn2/3)O2 (space
roupC2/m) can be regarded as lithium-rich material and part
ithium and manganese ions both comprise the transition metal
ayer. Although the variation in crystallographic space group
ymmetry may bring about some differences in electronic con-
gurations, the close-packed layers in each of these compounds
(0 0 1) in monoclinic Li(Li1/3Mn2/3)O2 and (0 0 3) in rhombohedral
iMO2] have the similar interlayer spacing close to 4.7 Å [4]. This
ompatibility of the close-packed layers allows the integration of
Mn2O3 component with a MO2 component at the atom level,
hich allows for some disorder arrangement between Mn and M

ations [4].

Layered Li[Li(1/3−x/3)Mn(2/3−2x/3) Mx]O2 (M = Co, Ni and Cr)

xides shows better electrochemical performance than rhombo-
edral LiMO2 due to the structure stabilization during cycling
1–6]. For example, Li[Li(1/3−2x/3)Mn(2/3−x/3)Nix]O2 shows high

∗ Corresponding author. Tel.: +86 431 85155126; fax: +86 431 85155126.
E-mail address: dufei@jlu.edu.cn (F. Du).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.044
the geometrical frustration.
© 2010 Elsevier B.V. All rights reserved.

capacity more than 200 mAh/g between 2.0 and 4.8 V and
good cycling performance [1]. Many of the electrochemical
properties of interest, such as charge capacity and capacity
retention upon cycling, are closely related to cation order-
ing [7–10]. It has been predicted theoretically that spin-glass
transition should be observed in the geometrical frustrated
antiferromagnetism with weak disorder [11]. Considering the
equilateral triangle sublattice of transition metal layers and dis-
order arrangement between Mn and M cations, spin glass may
be the possible ground state of Li[Li(1/3−x/3)Mn(2/3−2x/3)Mx]O2.
In this article, we prepared Li[Li(1/3−x/3)Mn(2/3−2x/3)Mx]O2 with
x = 0.4 by citrate precursor method and studied the mag-
netic properties by employing dc magnetization measure-
ments.

2. Experiments

The powder sample was prepared using lithium hydroxide [LiOH·H2O], nickel
acetate [Ni(CH3–COO)2·4H2O] and manganese acetate [Mn(CH3–COO)2·4H2O] as
the starting materials. For the first step, stoichiometric amount of starting
materials were dissolved 100 mL distilled water. Then added dropwise to a
0.5 mol L−1 citric acid aqueous solution with constant stirring at 70–80 ◦C for
4–6 h. The resultant solution was then dried at 120 ◦C to get a solid precur-
sor. This solid precursor was milled to a fine powder, and then pre-treated at
450 ◦C in muffle furnace for 5 h. The as-prepared was then grounded and sub-
jected to calcinations at 900 ◦C for 10 h at the ambient condition to obtain the final

products.

The crystal structure of the sample was studied by X-ray diffraction on a Bruker
AXS diffractometer with a Cu K˛ radition. The diffraction data was recorded in the
2� range of 10–70◦ with a step of 0.01◦ . Magnetic characterization was performed by
a superconducting quantum interference device magnetometer (Quantum Design
MPMS-XL).

dx.doi.org/10.1016/j.jallcom.2010.07.044
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dufei@jlu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.07.044
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Fig. 2. ZFC and FC susceptibility as a function of temperature between 4 K and 300 K
Fig. 1. Powder XRD pattern at room temperature for Li[Li0.2Mn0.4Ni0.4]O2.

. Results and discussion

A powder XRD pattern for Li[Li0.2Mn0.4Ni0.4]O2 is presented in
ig. 1. The diffraction peaks marked by “*” are attributed to the
uperlattice ordering in the transition metal layer, which has been
onsidered as the typical feature of Li[Li(1/3−x/3)Mn(2/3−2x/3)Mx]O2
M = Co, Ni and Cr) system [1–6]. Except for the superlattice peaks,

ost of the diffraction peaks can be indexed to the rhombohedral
-NaFeO2 structure with space group R3̄m. The lattice parameters
f the sample are calculated to be a = 2.8693 Å and c = 14.2217 Å
y least-squares refinement method, in good agreement with the
reviously reports [3,4].

Temperature dependence of the zero-field cooled (ZFC) and

eld cooled (FC) magnetizations in an applied field of 100 Oe for
i[Li0.2Mn0.4Ni0.4]O2 are shown in Fig. 2, together with the recipro-
al ZFC/FC curves. The ZFC/FC curves increase with the decrease
f temperature and exhibits a pronounced broad peak at about
0 K in ZFC branch, which is reminiscent of the behavior of spin

Fig. 3. ZFC and FC magnetization curves from 150 K to 4 K at a
in an applied magnetic field of 100 Oe. The inset shows the reciprocal susceptibility,
including a Curie–Weiss law fitting to the data above 200 K.

glass. As shown in the inset of Fig. 2, the high-temperature region
of reciprocal ZFC curve can be well fitted by Curie–Weiss law
x = C/T − �, where x is the susceptibility, C is Curie constant and
� is Weiss constant [12]. The Weiss constant are calculated to
be −70(4) K which indicates strong antiferromagnetic interaction.
The Curie constant is 0.95(2) emu K/mol Oe with which the effec-
tive moment �eff = 2.75(3)�B/f . u. is obtained by the relation C =
N�2

eff
/3kB, where N is the number density of magnetic ions per unit

gram, kB is the Boltzmann’s constant [13]. Because Li+ and O2− ions
have no magnetic moment, the moment of Li[Li0.2Mn0.4Ni0.4]O2
originates from the magnetic transition metal ions. It has been
reported that Ni and Mn ions in the sample will accept +3

and +4 [14], which will give spin only effective moment 1.73�B

and 3.87�B, respectively. So the theoretical effective moments
of Li[Li0.2Mn0.4Ni0.4]O2 can be calculated to be 2.68(2)�B by the

different magnetic field of 100 Oe, 500 Oe and 1000 Oe.
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LiNiO2 [29,30]. A simple method to estimate the effect of geomet-
rical frustration is to calculate frustration parameter

∣∣�∣∣/Tf , where
� is Weiss constant and Tf is the peak temperature in the ZFC curve
[30]. It is has been proposed that the condition,

∣∣�∣∣/Tf > 10, is
ig. 4. Field dependence of the transition Tirr, as determined by the separation of
FC and FC curves, showing the de Almeida–Thouless lines.

quation �eff =
√

0.4�2
Ni3+ + 0.4�2

Mn4+ . The coincidence between

he experimental and theoretical moments not only confirm the
alence state of Ni and Mn ions but also indicate the moments in
his system are located on the magnetic ions.

Fig. 3 displays the dc magnetization from 150 K to 4 K in differ-
nt applied magnetic field. The magnetization rises gradually with
he decrease in temperature. At low temperature, the bifurcation
etween MZFC and MFC indicates history dependence of the mag-
etization processes. The irreversibility magnetization, defined as
M = MFC − MZFC, can be used to identify the irreversibility tem-

erature (Tirr) by �M /= 0. Tirr indicates the onset of the freezing
rocess [15]. Tirr shifts to lower temperature with increase of
pplied field. Furthermore, the intensity of the broad peak in ZFC
urve decreases with the applied field. These features suggest a
pin-glass behavior of Li[Li0.2Mn0.4Ni0.4]O2 [16–18]. Furthermore,
ur dc magnetizations differ from that of the usual spin-glass
ehavior in that FC curve continues to rise for spin-glass-like (SGL)
elow Tirr, while the FC curve is almost flat for usual spin glass. The

ncrease in the FC susceptibility below Tirr is due to the occurrence
f the finite range of inhomogeneous state around a quasicriti-
al temperature [16,19,20]. A similar magnetic behavior has been
eported for SGL system [21,22,23].

The mean-field theory predicts one critical line in spin glass,
hich is called the de Almeida–Thouless (AT) line: [24]

AT(Tirr)/�J∝(1 − Tirr/TF)3/2. (1)

here TF is the zero-field spin-glass freezing temperature and �J
s the width of the distribution of exchange interaction. As shown
n Fig. 4, Tirr varies linearly with H2/3, which indicates that our data
atisfies the AT line. This finding confirms that Li[Li0.2Mn0.4Ni0.4]O2
xhibits the SGL behavior [24].

Fig. 5 shows the field dependence of magnetization at differ-
nt temperatures. It is found that the lower the temperature, the
ore the M(H) curve bends. However, the magnetic saturation is

ot observed with the applied magnetic field up to the 3 T. The
agnetization becomes a nonlinear function of field and displays

erromagnetic behavior with a tiny hysteresis at low-field region,
hose coercive field and remanence are 77.88 Oe and 0.032 emu/g

t 5 K, respectively, as shown in the inset of Fig. 5. Both the absence

f magnetization saturation at high-field region and the existence
f hysteresis loop at low-field region are characteristics of SGL
hase [25,26]. The Arrott plots are obtained from magnetization

sotherms and shown in Fig. 6. No sign of the spontaneous magne-
ization can be seen, because there is a strong curvature toward the
Fig. 5. The magnetic field variation of magnetization at different fixed tempera-
ture of 442 compound. The data have been taken with increasing and decreasing
magnetic field. Maximum 5T magnetic field has been used.

H/M axis and there is no intercept on the M2 axis. The absence of
the spontaneous magnetization indicates a short-range magnetic
ordering [27], which is in consistence with the suggested SGL state.

In addition, it is interesting to discuss the magnetic behavior of
Li[Li(1/3−x/3)Mn(2/3−2x/3)Nix]O2 in comparison with that of rhombo-
hedral Li(MnxNi1−x)O2.

As reported in Ref. [28], the susceptibility of Li(MnxNi1−x)O2 dis-
play a cusp in ZFC branch and a strong irreversibility behavior. SGL
state has also been suggested for Li(MnxNi1−x)O2 due to the ran-
dom distribution between Ni and Mn ions at 3b sites. The system of
Li[Li(1/3−x/3)Mn(2/3−2x/3)Nix]O2 shows similar magnetic behavior in
the line shape of ZFC/FC curve and irreversibility behavior, which
can also be attributed to the SGL state at low temperature although
there are some differences in the structure properties. The SGL
ground state observed in Li[Li(1/3−x/3)Mn(2/3−2x/3)Nix]O2 (x = 0.4) can
be resulted from two reasons [10]: geometrical frustration and
short-range structural disorder. Due to the triangular lattice in the
TM layers, geometrical frustration usually induces interesting low-
temperature magnetic behaviors such as isostructural compound
Fig. 6. Arrott plots (H/M vs M2) using dc magnetization vs applied field taken at
different fixed temperature for Li[Li0.2Mn0.4Ni0.4]O2.
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aken as a criterion for the presence of frustration [31]. However, in
i[Li0.2Mn0.4Ni0.4]O2, the

∣∣�∣∣/Tf is calculated to be about 7.8, which
s lower than the value that frustration is strong enough to give rise
o the spin-glass in the system. We can conclude that geometrical
rustration may not be the driving force for the formation of SGL.
o the existence of SGL state may be mainly ascribed to the short-
ange structural disorder, especially the disorder arrangement of
i3+/Li+/Mn4+ ions in the TM layers and of Li+/Ni3+ in 3a and 3b

ites. Such kind of scenario of random distribution of ions in the
attice associated with the formation of spin-glass-like behavior
as been found in the Cr-doped rhombohedral LiMnO2 [23].
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