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Abstract

Orthorhombic LiMnO, exhibits complex magnetic behavior. In addition to short- and long-range antiferromagnetic ordering,
we observed spin-glass behavior in the reported temperature regime of long-range antiferromagnetic ordering. Lithium
extraction from LiMnO, further complicates its magnetic behavior. A broad maximum of susceptibility at =360 K,
characteristic of well-ordered LiMnO,, disappears upon electrochemical delithiation to Lig39MnQO,, indicating that two-
dimensional ordering on the folded triangular Mn lattice in LiMnO, is destroyed as the cation sublattice begins to transform to a
spinel. Spin-glass behavior is, however, observed in Lig 30MnO, as well. Compared to conventionally prepared spinel LiMn,Oy,
a lower degree of frustration is deduced, which is attributed to incomplete spinel ordering in the early stages of the cycling-
induced transformation. In addition, the fraction of Mn ions occupying tetrahedral sites during the spinel transformation has
been quantitatively determined for the first time, using magnetic susceptibility data. The results, surprisingly, support the

existence of low-spin Mn ions on tetrahedral sites in the electrochemically transformed spinel.

© 2003 Elsevier Ltd. All rights reserved.
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1. Inroduction

Orthorhombic LiMnO, (space group Pmnm, hereafter
referred to as 0-LiMnO,) and its doped counterparts are
potential high-capacity cathode materials for rechargeable Li
batteries [1—5]. In this compound, oxygen ions are arranged
in nearly cubic-close-packing, and the octahedral interstices
are occupied by Li and Mn forming corrugated (zig—zag)
layers [2]. The neighboring MnOg octahedra share a common
edge. Due to the presence of high-spin Mn*" (tggei,) on the
octahedral sites, the local site symmetry around Mn’" is
distorted from a regular octahedron by a cooperative Jahn—
Teller distortion. The Mn sublattice can be viewed as a folded
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triangular lattice, the fold angle being 111°. Each triangle is
distorted to isosceles with one edge of 2.806 A and the other
two of 3.09 A [6]. The ordered rocksalt structure of o-
LiMnO, irreversibly transforms to a spinel-like cation
ordering during electrochemical cycling [3—-5,7-10].

Since magnetic properties depend critically on cation
ordering, magnetic characterization can be used to probe the
spinel transformation of 0-LiMnO,. To date the magnetic
properties of an electrochemically transformed spinel have
not been reported. In high temperature synthesized o-
LiMnO,, Greedan et al. [6] have reported that long-range
antiferromagnetic ordering is established below 261 K
with a magnetic structure having a propagation vectork =
(1/2 1/2 1/2). They proposed a collinear magnetic structure
based on antiferromagnetic intrachain coupling along the a-
axis and antiferromagnetic interchain coupling, considering
that nearest neighbor Mn—Mn distance is shortest along the
a-axis. Magnetic properties of well-ordered conventional
spinel Li,Mn,0O, have also been studied previously

0022-3697/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jpcs.2003.08.006


http://www.elsevier.com/locate/jpcs

2526 Y.-I. Jang et al. / Journal of Physics and Chemistry of Solids 64 (2003) 2525-2533

[11-27]. Both long-range antiferromagnetic ordering and
spin-glass behavior have been observed in Li,Mn,0,4 [13,
20-23,25,26,28]. Since the transformed spinel is expected
to be highly disordered in cationic configuration compared
to conventional well-annealed spinel, especially during the
initial lithiation and delithiation cycles, it may be possible to
use magnetic characterization to understand structural
differences between transformed spinel and highly-ordered,
conventional spinel.

In this study, we characterized the magnetic properties of
a starting well-ordered 0-LiMnO,; and a spinel Lij 30MnO,
that was transformed by electrochemical delithiation of the
starting material. The effect of the spinel transformation on
the magnetic properties has been investigated. We observe
time- and frequency-dependent magnetization, indicative of
spin-glass behavior in well-ordered o-LiMnO, that simul-
taneously exhibits the characteristics of long-range anti-
ferromagnetic ordering. The magnetic properties of the
transformed spinel are compared to those of 0-LiMnO, and
Li,Mn,O, and interpreted in terms of cation ordering.

2. Experimental

0-LiMnO, was synthesized by firing finely divided freeze-
dried Mn3O4 and LiOH precursors at T = 850-950 °C,
P, = 107% atm for a total of 4—5 h. The oxide powder was
furnace-cooled after the heat treatment. The oxide powders
were then intermittently ground using an agate mortar and
pestle at room temperature. The 950 °C-sample was ground
once, and the 850 °C-sample twice. Details of the
oxide powder cryosynthesis method are reported elsewhere
[3,29-31]. Powders were characterized by X-ray diffraction
(XRD) using Cu-K, radiation at 60 kV, 300 mA (Rigaku
RTP500RC). Electrochemical delithiation of 0-LiMnO, was
performed using a rechargeable Li cell with 0-LiMnO, as the
cathode. The weight percentage of the active material in the
composite cathode was 69.8%. Details of the battery
fabrication are described elsewhere [32]. o-LiMnO, was
delithiated by charging the cell to 4.8 V at 24.6 mA/g rate.
After the electrochemical treatment, the cell was disassembled
and the cathode was dried and hermetically sealed in a glove
box. Part of the cathode was separated for XRD analysis.
Magnetic measurements were carried out in He atmosphere on
the remaining cathode as well as on the as-synthesized o-
LiMnO, compound, using a Quantum Design superconduct-
ing quantum interference device (SQUID) magnetometer.

3. Results and discussion

3.1. Starting o-LiMnO,

Fig. 1 shows the powder XRD pattern of the starting o-
LiMnO, after firing at T = 950 °C, P, = 10~ %atm for
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Fig. 1. X-ray diffraction pattern of o-LiMnO, after firing at
T =950°C,P,,= 10~° atm for a total of 4 h. Miller indices /kl are
indexed according to the Pmnm space group.

a total of 4 h. The %kl indices labeled in Fig. 1 are based on
the space group Pmnm. The lattice parameters have been
calculated from the XRD data by a least-squares method to
be: a = (2.8057 = 0.0003) A, b= (57490 % 0.0005) A,
and ¢ = (4.5754 = 0.0006) A, in good agreement with the
literature data [33]. It is notable that the full width at half
maximum (fwhm) of the (011) peak at 26 = 24.8° is 0.13°.
Croguennec et al. [34] correlated an increasing width of this
peak with a higher density of monoclinic stacking faults
occurring in 0-LiMnO,. The width of 0.13° in Fig. 1
corresponds to a negligible concentration of stacking faults
(=1%) according to their analysis, indicating that the
starting material in this study has a well-ordered orthor-
hombic structure. No impurity phase was detected by XRD.

We measured the dc magnetization between 5 and 400 K
in a magnetic field of 300 Oe after zero-field-cooling (ZFC)
and field-cooling (FC), respectively, as shown in Fig. 2. The
right inset shows a broad maximum centered at =360 K,
consistent with the previous work on 0-LiMnO, [6], which
has been attributed to the onset of two-dimensional short-
range spin correlations on the folded triangular lattice below
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Fig. 2. Zero-field-cooled (ZFC) and field-cooled (FC) dc magne-
tization of 0-LiMnO, as a function of temperature in a field of
300 Oe. The oxide sample was fired at 7= 950 °C, P, = 107° atm
for a total of 4 h.
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Fig. 3. d(xT)/dT versus T plot of 0-LiMnO, identifying a transition
at 262 K. The oxide sample was fired at 7T = 950 °C,
P, = 107 atm for a total of 4 h.

=360 K [6]. (The left inset is discussed later.) Three-
dimensional long-range magnetic ordering is possible at
lower temperatures, and is usually shown by the existence of
a singularity (A-type anomaly) in the specific heat vs.
temperature at the magnetic transition temperature [35]. The
variation of the magnetic specific heat of an antiferromagnet
is closely similar to the behavior of the function d(x7)/dT,
where y is the zero-field susceptibility [36]. Fig. 3 shows a
plot of d(x7)/dT in the temperature range between 100 and
400 K, exhibiting a sharp maximum at 262 K, which has
previously been shown by neutron diffraction to correspond
to the onset of long-range antiferromagnetic ordering [6]. In
Fig. 2, a cooling history dependence of the susceptibility
below =~ 60 K is indicated by the splitting of the ZFC and FC
data, whereas the two sets of data coincide above =~ 60 K. A
maximum appears at 46 K in the ZFC magnetization. The
discrepancy between the ZFC and FC data has been
attributed to a weak ferromagnetism due to spin canting
[6]. The abrupt increase of magnetization below =60 K
indicates the presence of a ferromagnetic component. These
features of the starting o-LiMnO, are consistent with
previous results for this compound [6].

Considering the folded triangular lattice in 0-LiMnO,,
spin-glass behavior may be possible as a result of
geometrical frustration and magnetic disorder. The possi-
bility of spin-glass behavior coexisting with antiferromag-
netic long-range ordering was not considered in Ref. [6]. We
used the frequency dependence of the ac susceptibility and
the time-dependence of magnetization to investigate spin-
glass behavior [37]. The ac susceptibility was measured
between 5 and 80 K at frequencies of 2, 20, 200, and
1000 Hz. The ac driving field was 1 Oe, and no external dc
field was applied. Results in Fig. 4 show a maximum at
47 K, indicative of a magnetic phase transition below
47 K. The ac susceptibility is weakly frequency dependent
below 47 K, increasing with decreasing frequency (see
inset).

There is another maximum at42 K in the ac susceptibility,
consistent with the dc magnetization data (see left inset of
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Fig. 4. Real part of the ac susceptibility of 0-LiMnO, as a function
of temperature between 5 and 100 K at the frequencies of 2, 20, 200,
and 1000 Hz. The oxide sample was fired at T = 950 °C,
P,, = 10~ atm for a total of 4 h.

Fig.2). The second peak is attributed to the presence of XRD-
undetected impurity phase having a different transition
temperature. The appearance of the double-peak feature is
sensitive to synthesis conditions that determine compo-
sitional homogeneity. Fig. 5 shows the dc magnetization in a
magnetic field of 1000 Oe for the 0-LiMnO, sample that was
intermittently ground twice and fired at T = 850 °C,
P, = 107 atm for a total of 5 h. Only one peak is seen at
41 K in the ZFC magnetization, indicating that the double-
peak feature is not intrinsic to 0-LiMnO,. It is believed that a
slight difference in the oxygen/metal stoichiometry of o-
LiMnO, results in the different transition temperatures.
Because the sample in Fig. 5 was ground twice, a more
homogeneous reaction at the firing temperature is believed to
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Fig. 5. Zero-field-cooled (ZFC) and field-cooled (FC) dc magne-
tization of 0-LiMnO, as a function of temperature in a field of
1000 Oe. The oxide sample was fired at 7 = 850°C,
P,, = 107° atm for a total of 5 h.
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have occurred. The lattice parameters for this sample:
a=(2.8057 = 0.0005) A, b= (5749 = 0.001) A, and
c = (4.575 £ 0.001) ;\, are identical to those for the
sample in Fig. 2 within the precision of the XRD
measurement. The fact that firings at 850 and 950 °C
followed by furnace-cooling result in nearly identical
lattice parameters suggests that the two samples have
nearly identical average Mn valences. For an oxide, it is
well-known that higher temperatures are reducing and
lower temperatures are oxidative at a fixed oxygen partial
pressure [38]. However, the fast redox kinetics of LiMnO,
make the two samples nearly indistinguishable after slow
furnace-cooling. Quenching experiments have shown that
the combined effects of cooling rate and firing atmosphere
can have great impact on the phase of LiMnO, that is
retained to room temperature [39].

To obtain the thermo-remanent magnetization (orrMm),
we applied a field at 400 K and then cooled the sample in
constant field to 5 K, at which point the field was switched
off. Results for a field of 0.6 T showing slow decay of ory
over =2 h are shown in Fig. 6. Decay of the magnetization
for spin glasses can be modeled as a power law (o = ot~ %),
exponential (o = oy exp[—1]), or stretched-exponential
type (o= oy exp[—(#/7)'™"]) (0 <n < 1), where ¢ and
op are the magnetization at time =0 and 7> 0,
respectively [37]. A plot of log{ — d/df[Ino]} vs. log{¢},
shown in the inset of Fig. 6, yields slope of n= 1.1,
suggesting a power law dependence [40]. The isothermal
remanent magnetization (ojry) Was obtained by cooling the
sample in zero field from 400 to 5 K, at which point a field
was applied for 5min and then switched off. Fig. 7
compares the magnetic field dependences of orgy and
orwm, both at £ = 1 h, at 5 K. gy increases with increasing
field and saturates above 3 T, while orgy reaches a
maximum at 0.8 T and then is nearly constant with field.
These results suggest that o-LiMnO, exhibits spin-glass
behavior in the temperature regime of long-range anti-
ferromagnetic order, which could be explained by: (1) the
spatial segregation of antiferromagnetic regions and spin-
glass regions [21,25,28], or (2) spin canting [41—-43], which
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Fig. 6. Time dependence of orgy of 0-LiMnO; at 5 K after a field of
0.6 T is set to zero. The oxide sample was fired at 7= 950 °C,
P,, = 107 atm for a total of 4 h.
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Fig. 7. Field dependence of oy and orry measured 1h after
setting the field to zero at 5 K. The oxide sample was fired at
T=950°C, P,,= 107 atm for a total of 4 h.

also causes weak ferromagnetism [6]. The correct interpret-
ation of this coexistent behavior is not presently known.

3.2. Delithiated, partially transformed sample

The delithiated sample was obtained by charging the
LiMnO, composite cathode to 4.8 V as shown in Fig. 8. The
final composition was determined from the delivered charge
capacity (175 mAh/g) to be Lip 30MnO,, assuming that the
capacity results from Li extraction only. Fig. 9 shows the
XRD pattern of the composite cathode after charge.
The broad and high background at low 26 angles is due to
the amorphous components of the composite electrode
and the polymer tape used to protect the sample during
XRD. The diffraction peaks of 0-LiMnO, nearly disappear
after the first charge to 4.8 V, indicating transformation to
the spinel structure. The kkl indices indicated correspond to
the space group Fd3m. The lattice parameter for the charged
sample has been calculated from the XRD data by a least-
squares method to be: a = 8.0 = 0.2 A. Note that the (400)
and (440) peaks are much stronger than the (111) peak,
indicating that rearrangement of the Mn ions to spinel is not
complete. The (111) peak at 26 =~ 18° is normally
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Fig. 8. Electrochemical preparation of Lig30MnO,. 0-LiMnO, was
fired at T = 950 °C, Py, = 10~ % atm for a total of 4 h, and was
charged to 4.8 V against a Li metal anode at 24.6 mA/g rate.
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Fig. 9. X-ray diffraction pattern of Liy 30MnO, electrodes after first
charge. Miller indices /kl are indexed according to the Fd3m space
group. @ and * represent 0o-LiMnO, and graphite, respectively.

the strongest peak in spinel of space group Fd3m, and is
absent for the rocksalt structure (space group Fd3m). An
antiphase nanodomain structure has been shown to form
upon further cycling, giving Li/Mn ions distributed on either
the 8a/16d or 8b/16c¢ sites in space group Fd3m [4,5].

The existence of the (220) peak at 26 = 29.4° is a striking
feature of the transformed spinel, indicating that a fraction of
Mn ions are present on tetrahedral sites of the spinel structure
[44,45]. The existence of this peak is consistent with our
previous work using transmission electron microscopy
(TEM) and electrochemical tests [3,4] showing that a fraction
of the Mn ions occupy tetrahedral sites in transformed spinel.
By electron diffraction in TEM, it was shown that new
reflections not present in well-ordered spinel appear in
transformed spinel due to tetrahedral site occupancy of the
heavier Mn ions in place of Li. Electron diffraction is
therefore sensitive to the location of Mn ions. Supporting this
interpretation are the electrochemical tests in Ref. [3], which
are sensitive to the insertion sites of Li ions. In that work the
discharge capacity on the 3 V plateau relative to the capacity
on the 4 V plateau was used to estimate the concentration of
Li inserted onto octahedral vs. tetrahedral sites. The ratio of
3V-4V capacity was ~ 6 during the first discharge,
showing preferential insertion of Li ions onto octahedral
sites, which is reasonable if the tetrahedral sites are partially
occupied by Mn ions.

Fig. 10 shows the dc magnetization of Liy30MnO,
between 5 and 600 K in a magnetic field of 1000 Oe after
ZFC and FC, respectively. The magnetization of the
delithiated compound was calculated based on the weight
of the oxide alone. From the weight percentage of starting
LiMnO, in the composite cathode (69.8%) and the
composition after charge (Lip30MnO,), the weight percen-
tage of the delithiated oxide in the composite cathode is
calculated to be 68.8%. We initially performed measure-
ments up to 400 K only. As discussed below, these results
showed a Curie-Weiss fit yielding a Curie constant that
could only be interpreted by assuming low-spin Mn ions on
the tetrahedral sites. We then extended the measurements to
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Fig. 10. Zero-field-cooled (ZFC) and field-cooled (FC) dc
magnetization of Lip30MnO, as a function of temperature in a
field of 1000 Oe. After measurements up to 500 K, the sample was
cooled to 337 K and then reheated to 600 K.

higher temperature in two steps, being mindful of the
possibility of irreversible changes occurring in the highly
oxidized, partially ordered sample upon heating. The inset
in Fig. 10 shows results for two heating runs, the first during
heating from 337 to 500 K, and the second for a subsequent
measurement during heating from 337 to 600 K. The results
show that irreversible changes do occur upon heating to
these higher temperatures. After heating to 500 K, there is a
small reduction (~4%) in the magnetization measured at
337 K, compared to the initial measurements. After the
second run heating to 600 K, a further reduction in the
magnetization of ~17% relative to the initial value is
observed. These irreversible changes, attributed to
rearrangement of structure and/or changes in composition
upon heating of the highly oxidized sample, are seen very
clearly in the inverse susceptibility plots in Fig. 11. Based
on this clear evidence for instability of the sample above
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Fig. 11. Inverse zero-field-cooled (ZFC) and field-cooled (FC) dc
magnetization of Liy 30MnO; as a function of temperature in a field
of 1000 Oe. After measurements up to 500 K, the sample was
cooled to 337 K and then reheated to 600 K.
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400 K, we focus on the temperature region below 400 K in
analyzing the data.

The magnetic behavior of the transformed spinel is clearly
distinguishable from that of the starting o-LiMnO,. The
broad maximum centered at =360 K has disappeared
(compare Figs. 5 and 10), indicating that the two-dimensional
short-range spin correlation does not occur upon cooling of
the transformed spinel. This can be explained by the
destruction of the folded triangular lattice of o0-LiMnO,
that accompanies the partial, incomplete transformation to
spinel ordering during delithiation. The inverse susceptibility
is plotted in Fig. 11, including a Curie-Weiss law fit to the
data obtained between 200 and 400 K. The square of
correlation coefficient (R?) of the fitting was 0.9999. This
excellent fit gave Weiss and Curie constants of
O=—(115+5K and C=(1.76 = 0.04) cm® K/mol.
The negative Weiss constant indicates that antiferromagnetic
interactions predominate in the transformed spinel, as is the
case for Lig g;Mn,04 (@ = —74 K) and Liy 0gMn,0,4 (O =
—250 K) prepared by electrochemical cycling of LiMn,0Oy4
[25]. From the Curie constant, the effective moment is
determined to be . = (3.76 = 0.01) g, where g is the
Bohr magneton, 0.927 X 10~ erg/Oe. As the preferred
migration path for Mn ions during the transformation is
believed to be via tetrahedral sites [8,44], it is likely that Li
and Mn ions occupy both octahedral and tetrahedral sites in a
disordered distribution [5]. For Lip 30MnQO,, 39 and 61% of
Mn ions have the valence of 3 + and 4 + , respectively.
Recent ab initio calculations by Reed et al. [46] suggested
occupancy of the tetrahedral sites by Mn>" through a charge
disportionation reaction
2Mn2} — MnZ" + Mnt 1)

oct oct

We consider the following possible site occupancies of Li
and Mn ions in Liy 30MnOs,.

(Lip 39— M} )t [Li,Mng S, M5y 4 1605 @)
(Lig 39— ,Mn; ")y [Li,Mng 50—, Mng £ JoO2 3)
(Lig 30— Mny ") [Li,Mng 5oMng 5, JoeO2 0))

Here, the octahedral Mn>" and Mn** ions have the electronic
configurations of tggei,(J =2) and tggeg(l = 3/2), respect-
ively. On tetrahedral sites, low-spin Mn®" and Mn** have the
electronic configurations of e4té (J = 1/2) and e3t(2) J =1/2),
respectively, while low-spin Mn>" is in the e*3(J = 0)
configuration. The theoretical Curie constants for the Mn ions
with J = 1/2,3/2, and 2 are 0.37, 1.87, and 3.00 cm’ K/mol,
respectively. The overall theoretical Curie constants are
[0.37y +3(0.39 — 2y) + 1.87-(0.61 +y)], [3(0.39 —y) +
1.87-0.61], and [0.37y + 3-0.39 + 1.87-(0.61 — y)] cm® K/
mol, respectively, for the site occupancies of Egs. (2)—(4).
By equating the overall theoretical values with the
experimental Curie constant (1.76 cm® K/mol), we can
determine that the fraction of tetrahedral Mn ion
has a surprisingly high value of y = 0.15 (Mn*", Eq. (2)),

y = 0.18 Mn*", Eq. (3)), and y = 0.37 (Mn*", Eq. (4)) for
the possible site occupancies shown above. As the Li ions
are nonmagnetic, x cannot be determined from the Curie
constant. The Mn valence on the tetrahedral sites cannot be
determined based solely on the present results given that the
experimental Curie constant can be fit to each of the above
ion distributions with y as a variable.

While the Curie—Weiss fit is obtained over a limited
temperature regime, we note that in Fig. 11 the inverse
susceptibility shows an upward curvature above 400 K, and
therefore extending the fit to >400 K would result in a
lower Curie constant and, in turn, even higher fractions of
tetrahedral Mn ions. However, due to the irreversible
changes to the sample at higher temperatures, we believe
that the data below 400 K is most representative of the
electrochemically transformed sample.

Note that the proposed site occupancies have the
surprising feature of low-spin Mn ions on the tetrahedral
sites. The experimental value of the Curie constant cannot
be obtained when assuming tetrahedral site occupancy of
high-spin Mn*>" (¢283), Mn*" (253), or Mn*" (£%1}). The
tetrahedral low-spin state might appear improbable, since
the tetrahedral geometry results in smaller crystal field
splitting than the octahedral geometry for a given ligand.
High-spin configurations are generally observed in the
tetrahedral geometry [47]. However, the existence of
tetrahedral low-spin ions has been suggested in sulfides
[48,49] and spinel oxides [50—52]. The unusual spin state
that we deduce from these experimental results may be due
to incomplete spinel ordering and the high level of local
mechanical stress that is known to result from electro-
chemical delithiation [4,5]. Clearly, further studies would be
beneficial to confirm the unusual spin state and site
occupancy of Mn ions in these spinels.

To our knowledge, these are the first quantitative
measurements of the distribution of Mn ions between
tetrahedral and octahedral sites during the electrochemi-
cally-induced spinel transformation in LiMnO, compounds.
The results support previous work from our group using
TEM and electrochemical tests [3—4] showing that a
fraction of the Mn ions occupy tetrahedral sites in
transformed spinel. The present magnetization results are,
like the TEM results, sensitive to the distribution of Mn
rather than that of Li. They are completely consistent with
both of these prior measurements in showing that there are
tetrahedral Mn ions after the first charge, but provide a more
quantitative measure of the distribution than either. The site
distribution of Mn undoubtedly depends on electrochemical
test conditions such as current density and temperature, and
it is generally believed that continued cycling causes the Mn
ions to be increasingly ordered on the spinel octahedral
sites. This study shows that magnetic characterization can
be used to follow the evolution of this cation ordering upon
electrochemical cycling.

It is of interest to compare the Curie constant for the
transformed spinel Lip3oMnO, with the values for
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highly-ordered, conventional spinels Li,Mn,O4. Pre-
viously, Greedan and coworkers reported that the Curie
constants for A-MnQO, (x ~ 0.2) and LiMn,0O,4 are 1.97 and
2.43 cm® K/mol, respectively, per mole of Mn ions [20,22].
It is notable that the Curie constant for the transformed
spinel (1.76 cm? K/mol for Lig 30MnO,) is lower than those
in these conventional spinels. We attribute this result to the
presence of low spin Mn ions on the tetrahedral sites, for
which the Curie constant is 0.37 cm® K/mol (in the case of
Mn** and Mn*") or even zero (in the case of Mn*").
Octahedral Mn*"™ and Mn®" ions have higher Curie
constants of 1.87 and 3.00 cm® K/mol, respectively.

The splitting of the ZFC and FC curves in Fig. 10 shows
that a cooling history dependence sets in below =40 K.
Fig. 12 shows the temperature dependence of the ac
susceptibility measured between 5 and 100 K at frequen-
cies of 20, 200, and 1000 Hz (1 Oe ac driving field, no
external dc field). The sharp peak at 21 K in Fig. 12 is
coincident with the peak in the ZFC curve in Fig. 10, and is
indicative of a magnetic phase transition below 21 K. A
frequency dependence of the ac susceptibility is also
observed below =21 K. The results in Figs. 10 and 12
indicate that spin-glass behavior occurs in the transformed
spinel Lig30MnO, with a freezing temperature of
Ty = 21 K. The time-dependent remanent magnetization
results for the delithiated sample in Figs. 13 and 14,
measured in the same manner as for the starting 0-LiMnO,
in Figs. 6 and 7, are consistent with this interpretation of
spin-glass behavior. The inset of Fig. 13 also suggests a
power-law dependence for decay of magnetization. As in
Li,Mn;0, spinels [13,20-23,25,26], the spin-glass beha-
vior appears to coexist with antiferromagnetic ordering in
Li0A39Mn02.
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Fig. 12. Real part of the ac susceptibility of Liy30MnO, as a
function of temperature between 5 and 100 K at the frequencies of
20, 200, and 1000 Hz. T} indicates the freezing temperature.

. . [ . .
550 | -
® 3 10° ' |
S re 05 10°F 1]
3 B B 10°Fn=-11 1]
£ % 3 . . 1
mCD 500 - 10302 3 o
o + Time (s) 4
o L i
450 |- 1T,5K ]

| L | L | L
0 2000 4000 6000 8000
Time (s)

Fig. 13. Time dependence of orrgy Of Lip 30MnO; at 5 K after a field
of 1T is set to zero.

We can further compare the results of this study with
previous studies [21,25] of spin-glass behavior in this class
of manganates, keeping in mind that frustration and
randomness are the necessary conditions for spin-glass
behavior [37,53]. The freezing temperature of Liy30MnO,,
lies between those of delithiated spinel Ligpo;MnOy
(T; = 16 K) and nearly stoichiometric LigggMn,0y
(T; = 25 K). This is qualitatively consistent with the
observed trend for conventional spinels that 7; decreases
with increasing Mn valence [13,25]. It has been suggested
that spin freezes at lower temperatures as the strength of
antiferromagnetic interactions decreases [25]. As the Mn
valence increases, the fraction of ferromagnetic coupling
(Mn*t=0?" —Mn*") increases, decreasing the geometrical
frustration of the tetrahedral anitiferromagnetic lattice in the
[Mn,]O, spinel framework. Since the Mn sublattice of the
present sample is partially ordered while the others are
completely ordered in the spinel framework, some differ-
ences are to be expected. An empirical measure of
frustration in spin glasses is f = |@I/T; [53]. (The measure
of frustration |OI/T, where T, represents a cooperative-
ordering transition temperature, is generally applicable to
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Fig. 14. Field dependence of oy and opgry of Lip30MnO,
measured 1 h after setting the field to zero at 5 K.
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antiferromagnetics and spin glasses). For Lip30MnO,, f is
calculated to be =5 from the present data. This is a lower
degree of frustration closer to that of A-MnO, (f = 5-6)
than that of LiMn,O,4 spinel (f = 10—14, calculated from
literature data [11-15,17-18,20-22,25]). In highly-
ordered LiMn,O,, the antiferromagnetic tetrahedral net-
work of Mn ions on 16d sites gives rise to geometric
frustration [22]. In Lip30MnO,, this tetrahedral network is
incomplete and it is reasonable to expect a lower degree of
geometric frustration. As spinel ordering improves with
further cycling of the 0-LiMnO, [3], we would expect the
degree of geometric frustration in the transformed spinel to
systematically increase. Similar behavior is expected to
occur in the transformed spinel obtained by delithiation of
monoclinic phase LiMnO,, which also irreversibly trans-
forms to the spinel structure during electrochemical cycling
[5,54-56].

4. Conclusions

Bulk magnetic characterization was performed on
orthorhombic LiMnO, and delithiated Lig30MnQO, that has
partially transformed to the spinel structure. In LiMnO,,
evidence of short-range magnetic correlations below
~360 K and long-range antiferromagnetic ordering below
262 K were observed, consistent with previous reports [6].
However, the magnetic behavior of LiMnO, is further
complicated by spin-glass behavior occurring within the
temperature regime of long-range antiferromagnetic order-
ing. In Lig 30MnO., it is found that the short-range and long-
range magnetic orderings are lost, while spin-glass behavior
remains. The fraction of Mn ions occupying tetrahedral sites
in the partially transformed spinel has been quantitatively
determined for the first time, using magnetic susceptibility
data in the paramagnetic temperature regime. Furthermore,
an unusual site occupancy of low-spin Mn ions on
tetrahedral sites is proposed. A comparison of the spin-
glass behavior in Lip30MnO, with conventional spinel
LiMn,O, suggests that Liy30MnO, has a lower degree of
frustration, which is attributed to incomplete spinel order-
ing, providing less geometrical frustration than in the
ordered spinel structure. Magnetic characterization is shown
to be an effective tool for probing the spinel transformation
of orthorhombic and monoclinic LiMnO,.
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