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Abstract. The effect of oxygen deficiency on a phase transition from cubic to tetragonal
phase has been investigated for the L@y _; spinels withs = 0-0.1 by measurements

of differential scanning calorimetry (DSC), magnetic susceptibiljty, (Li nuclear magnetic
resonance’(i NMR) and electronic resistivity ). According to the DSC measurements, the
transition temperature for a stoichiometric compoufig)(is determined to be 24% 1 K. As

§ increases from zero to 0.066, the magnitudelefis found to decrease by about 4 K; then,
the magnitude offc increases by about 41 K with further increasesafip to 0.10; thus, the
Tc-versuss curve exhibits a broad minimum at aroudié= 0.05. This relationship betwe€eh:

ands is also observed by the measurementg pfLi NMR and p. The dependence @ on

§ is considered to be a result of a competition between a decrease in the average valence of
Mn ions and a dilution of the nearest-neighbour interaction between Mn ions. Both effects are
caused by the oxygen deficiency; the former raifgswhereas the latter reduces it.

1. Introduction

The spinel compound LiMiO, has attracted much attention as a cathode material for
rechargeable lithium batteries [1-3] due to a reversible intercalation of Li ions intoJOiin
[4,5]. At ambient temperature, the crystal structure of L¥@p belongs to theFd3m

space group [6] of a cubic system; the oxygen ions form a cubic closed-packed lattice
with the Li and Mn ions occupying the tetrahedrally and octahedrally coordinate interstices,
respectively. According to recent reports [7, 8], Lip@y undergoes a structural phase
transition from the cubic phase to a tetragohdd /amd phase with lowering temperature.
The transition temperature) was reported at around 280 K by a differential scanning
calorimetry (DSC) analysis [7] and at around 230 K by an elastic measurement [8]. Since
the transition occurs in the vicinity of ambient temperature, the performance of the lithium
batteries using LiMpO, would strongly depend on temperature. Actually, the capacity of
the lithium battery, in which LiMaO, was used as a cathode and Li metal as an anode, is
known to reduce with lowering temperature [9]. Nevertheless, to the authors’ knowledge,
there is a limited data concerning the changes in physical properties during the phase
transition for LiMnpO4; at present, even the magnitude Bf is not clear, as mentioned
above.
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Furthermore, LiMaO,4 has been found to release oxygen in a reducing atmosphere at
temperatures above 873 K [10-12]. For the oxygen deficient k{Mn; spinels, electronic
and magnetic structures are expected to be altered due to a change in a valence state of Mn
ions and/or a dilution of an superexchange interaction between Mn ions through intervening
oxygen. Additionally, for LiMnO,4_s, asd increases from zero, the cubic phase changes
into the tetragonal4,/amd phase at around = 0.07 even at ambient temperature [12].
Therefore, not only electronic and magnetic properties but also the magnitd@eveduld
depend ons. As a result, the performance of the lithium batteries is considered to be a
function of both temperature arid

Here, we report the effect ¢f on the structural phase transition and the electronic and
magnetic properties for LiMiO,_;5. Also, we report the dependence of the magnitude of
Tc on § and discuss the origin of this dependence using the model proposed for mixed
spinels containing Jahn-Teller ions at the octahedral site.

2. Experimental details

Powder samples of LiMiD,_s with § < 0.1 were synthesized by a solid state reaction
technique using reagent-grade,Ci0; and MnQ powders. The powders were thoroughly
mixed by a planetary ball mill using ethanol as solvent. After drying, the mixture was
pressed into a pellet with 30 mm diameter ard5 mm thick. The pellet was calcined
three times at 1073 K fo8 h in air. In order to control the oxygen content of the sample,
the calcined powder was annealed at temperatures between 873 and 1023 K for 24 h in
an QJ/Ar gas mixture flow. Then, the annealed powder was cooled to 273 K in a few
seconds. Oxygen nonstoichiomettywas measured using a thermogravimetric technique
and an inductively coupled plasma spectrometry together with a chemical titration analysis.
The measurement accuracy &fwas estimated to be-0.005. Powder x-ray diffraction
analyses indicated that the samples wiitki 0.079 were of single phase of a cubic spinel
structure with the lattice parameter~ 0.824 nm, while the sample with = 0.10 consisted

of the cubic spinel phase and a tetragonal spinel phase. The preparation and characterization
of the LiMn,O,_s; samples are reported in detail elsewhere [12].

A differential scanning calorimetry (DSC) analysis was carried out using a power
compensation method (Perkin—Elmer, DSC-7). Magnetic susceptibjlityvas measured
using a superconducting quantum interference device (SQUID) magnetometer (Quantum
Design, MPMS). The data were measured in a field-cool mode with a magnetic field of
H = 1 T. A nuclear magnetic resonance (NMR) measurement was performed in a spin
echo pulse sequence mode using a Fourier-transform NMR spectrometer (Bruker, MSL-
300) under a magnetic field af = 7 T. Static powder was used for the measurement
to control the temperature of the sample accurately. The resonance frequency fari free
nuclei was determined from tH&i-NMR line of 1 mol dn2 LiOH aqueous solution. Each
measurement accuracy of the shift and the full width at half maximum oflthBMR line
was estimated to b&-4 ppm.

Electrical resistivity p) of the sample was measured by a dc four-probe method using
a sintered disc of the LiMiO,_; sample; the calcined powder was pressed into a disc with
10 mm diameter and~ 2 mm thick, and then the disc was annealed at 1023 K in air.
The oxygen content of the disc-shaped sample was controlled and checked using a similar
method as described for the powder samples of Li®ln;.
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Figure 1. DSC curves for LiMpO4_s with § = 0, 0.026, 0.066, 0.079 and 0.10 in the
temperature range between 175 and 375 K: data obtained (a) on heating with febritenin—t
and (b) on cooling with a ratef& K min~1.

3. Results

3.1. DSC analysis

Figure 1 shows the DSC curves for the LipDy_s samples with§ = 0, 0.026, 0.066,
0.079 and 0.10 in the temperature range between 175 and 375 K. For theQ4dample,

as temperature rises from 113 K with a rate50K min~2, the DSC curve exhibits an
endothermic peak at 24% 1 K (see figure 1(a)). In contrast, an exothermic peak was
observed at 2420.8 K in the DSC curve measured on cooling with a réité & min—! (see
figure 1(b)). Both peaks are attributed to the phase transition between cubic and tetragonal
phases; thus, the magnitude of the transition temperafgief¢r LiMn ,O4 was determined

to be 245+ 1 K; since the difference between the magnitudeg@fobserved on cooling
and on heatingAT¢) was 5+ 2 K, this phase transition was thought to be discontinuous,
as had been reported [7]. For the samples with 0.026-0.10, the magnitudes @f and
ATc were estimated to be 241 and 6+ 2 K for LiMNn,03 974, 242+ 2 and 3+ 3 K for
LiMN 2053 934, 249+ 2 and 83 K for LiMn ;03921 and 286+ 1 and 14+ 1 K for LiMn ;03 9o,
respectively. Figure 2(a) shows the relationship between the magnitufie aid§. As §
increased from 0 to 0.066, the magnitudeTefwas found to decrease by about 4 K; then,
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the magnitude off increased rapidly with further increase &fup to 0.10. As a result,
the T¢-versusé curve seems to exhibit a broad minimum at arodnd 0.05. In addition,
asé increased from 0 to 0.079, the intensity and the width of the DSC peak decreased and
extended, while, for the LiMgD3 99 Sample, the DSC peak &t looked sharp compared
with those for the other samples (see figure 1). Figure 2(b) shows the latenh heatf

the phase transition & as a function ofs; here, AH was estimated from the area of
the DSC peak, and the error bars represent the difference bethvEeobtained on heating
and on cooling. AS} increased from 0 to 0.079% H seemed to decrease slightly, and
then A H increased rapidly with further increase®fThe values oA H were considerably
smaller than those for the spinels, which have*Mions at the octahedral sites and undergo
a structural phase transition from cubic to tetragonal phasesAE+ 21 kJ mot? for
Mnz0,4 and 14.7 kJ mol* for MgMn,O, [13]. This is probably due to a small distortion
of the tetragonal phasef(a) of LiMn,0, compared with those of Mi®, and MgMrnpOy;
that is, the value ot/a of LiMn,0O4 was 1.011 [7] neaffc, while those were 1.13 and
1.16 for MrsO4 and MgMnOy [13], respectively.
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Figure 2. (a) The relationship between the phase transition temperdfdreand oxygen
nonstoichiometnys, in which open circles represent data obtained on cooling and solid circles
twice on heating; and (b) the relationship between the latenthé&atnds; error bars represent
the difference between the values & estimated using the data obtained on cooling and on
heating.

3.2. Magnetic susceptibility

Figure 3(a) and (b) shows the temperature dependences of magnetic susceptibifity
1/x respectively for the LiMpO,_s samples with§ = 0-0.10. For the samples with
8§ = 0-0.079, as the temperature was lowered from 400 Kof every sample increased
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Figure 3. The temperature dependences of (a) magnetic susceptikilignd (b) ¥ x for
LiMn204_5 with § = 0-0.10; x was measured in a field-cool mode under a magnetic field of
H=1T.

monotonically down to around 100 K and then seemed to diverge below 100 K. For the
LiMn,0399 sample, as the temperature was lowergdncreased monotonically down to
around 10 K, though the slope ¢f changed at around 70 K. In addition, the value of
x was found to decrease with increasifidor the samples with§ = 0-1.0. As seen in
figure 3(b), for each of the samples, an approximately linear relationship betwgeantl
temperature was observed in the temperature range between 150 and 400 K. However, at
temperatures below 150 K, for the samples witk 0.079, 1/x of every sample began to
deviate from the linear relationship; that is, the slope 6f ht temperatures below 150 K
was steeper than that above 150 K. This is due to an antiferromagnetic ordering of Mn
moments at temperatures below 40 K [14]. On the other hand, for the JOWya sample,
the deviation of Yx from the linear relationship was found to be positive in the temperature
range between 4.2 and 150 K.

Figure 4(a) and (b) shows the temperature dependencgsanid 1/ x respectively in
the vicinity of Tc. For the LiMrn,O, sample, a clear change in the slope was observed at
around 250 K in bothy-versus? and ¥ x-versus? curves. On the other hand, for the
LiMn 0399 sample, as temperature lowered, a small increase amd a small decrease in
1/x were observed at around 282 K. Although, for the samples $vith0.026—0.079,x
of every sample appeared to change slope at around 250 K, it was difficult to determine the
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Figure 4. A magnification of the temperature dependences of yaand (b) ¥y for the
LiMn 204_5 samples with = 0-0.10.

magnitude off¢ precisely based only on this result. Such small anomaligs aff 7 have
been also reported for Th\j&and DyV(Q, [15], which undergo a structural phase transition
caused by the cooperative Jahn-Teller effects.

It should be noted that, for the samples with= 0-0.10, the 1x-versus? curve of
every sample seems to be approximately linear in the temperature range between 150 and
400 K, though the slope of/} changes slightly af. In particular, for the samples with
8 < 0.079, they-versus? curves of every sample seem to be parallel to each other; thus,
this indicates that the macroscopic magnetic structure of the sample remains during the

phase transition afc.

3.3.7Li NMR

For the samples witli = 0, 0.026, 0.079 and 0.10, tH&i NMR lines at temperatures
above T, appeared symmetrical, with no indications of peak split. Figure 5(a)—(d) show
the temperature dependence of the shkf) ©f the 'Li NMR line for the samples with

8 =0, 0.026, 0.079 and 0.10 respectively. The value&oat ambient temperature for the
LiMn,0, sample was comparable with the results of the previous NMR studies [16, 17].
At temperatures abové:, K of every sample increased monotonically with decreasing
temperature. Therefore, the local magnetic field at the Li ion increased with decreasing
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Figure 5. The temperature dependence of the skifof the ’Li NMR line for (a) LiMn,Oy,
(b) LiMn203.974, () LiMN203.921 and (d) LiMmpO3.90; Open circles represent data obtained on
cooling and solid circles on heating.

temperature. This is in good agreement with the measyredrsus? curves. Indeed, a
linear relationship betweek and x was obtained at temperatures abde as seen in
figure 6(a). Assuming that the temperature dependenck @ responsible for the Mn
moment, we can estimate the hyperfine field at the Li ion to .3& £ 0.04, 093+ 0.04,
0.95+ 0.07 and 112+ 0.03 kOe up for the samples witd = 0, 0.026, 0.079 and 0.10,
respectively. Thus, the hyperfine field at the Li ion increases with increasin@his
suggests that the microscopic magnetic interaction between the Mn moments would be
altered by the oxygen deficiency, probably due to a change in a superexchange interaction
between Mn ions through intervening oxygen.

As the temperature was lowered frdfg, for the LiMn,O4 and LiMn,Oz g9 samples,
K seemed to roughly level off to a constant value, though the accuracy of the me&sured
at temperatures belo® was lower than that abovE-. Additionally, for the LiMrn;O3.g0
sample, the magnitude &7 was estimated to be 20—-30 K. For the samples with0.026
and 0.079K values of both samples changed the sign of the slope from negative to positive
at Tc; that is, there existed a peak At in the K-versus? curve.

Figures 7(a)—(d) shows the full width at half maximum (FWHM) of fhé NMR line
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Figure 6. The relationship (a) betweeki and x and (b) between the full width at half maximum
(FWHM) and x for LiMn204_s with § = 0-0.10; the four dotted lines in (a) were obtained by
fitting the experimental data measured at temperatures dhove

as a function of temperature. For the samples wite: 0-0.10, as the temperature was
lowered from 400 K, FWHM of every sample increased monotonically dowfitoand
then FWHM increased rapidly with further lowering of the temperature. This is because, as
the temperature was lowered frdfp, a shoulder of the resonance peak on the low-magnetic
field side appeared for every sample; the intensity of the shoulder increased with decreasing
temperature. Since the FWHM of every sample increases approximately proportionally to
x at temperatures abovi (see figure 6(b)), FWHM is attributed to the coupling between
the Li nuclear magnetic moments and the Mn moments. The difference between the data
obtained on heating and on cooling was observed only for the samplewtl®.10; the
magnitude ofAT. was about 20 K.

According to the x-ray diffraction analysis [7], LiM@, was found to be a mixture of
the cubic spinel and the tetragonal spinel phases at temperatures fyelovhile LiMn,O,4
was assigned to be a single phase of the cubic spinel structure at temperatureg@above
Hence, the change in the slope of FWHMTat suggests that there is a marked difference
between the dipole fields at the Li sites in the cubic phase (Li(c) site) and in the tetragonal
phase (Li(t) site). Furthermore, this result indicates that the temperature dependence of the
dipole field at the Li(c) site is different from that at the Li(t) site.
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Figure 7. The temperature dependence of FWHM of fhé NMR line for (a) LiMn20Oa, (b)
LiMn 203974, () LiMn203921 and (d) LiMmnOs90; Open circles represent data obtained on
cooling and solid circles on heating.

3.4. Resistivity

Figure 8 shows the relationship between resistivitydnd reciprocal temperature/(T) for

the samples witld = 0—0.101 in the temperature range between 295 and 225 K obtained on
heating. The samples used for theneasurement were a different set from those used for
the DSC, NMR andy measurements. As the temperature was raised from 225 Ik, ddg
every sample decreased in proportion f@"lup to 7, decreased by one order of magnitude
aroundT¢, and then decreased monotonically with decreasifif. 1IThe optimal value of

8, at which T exhibits the lowest value, was estimated to be about 0.03. Although the two
sets of samples were used for the present work, the relationships befweerl s for both

sets of samples were consistent with each other.

Finally, figure 9 shows the relationship between(jogr*®) and 1/ T for the LiMn,O,
sample in the temperature range between 1243 and 225 K. A sudden increage iiTfoy)
around 1200 K is due to a loss of oxygen from the sample. A linear relationship between
log(p/TY%) and YT is observed in the temperature range betw&enand 1200 K, as
expected for small polaron formation. The activation energy for electron trarsfem@s
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Figure 8. The relationship between resistivityand reciprocal temperatuf@e? for LiMn20,4_s
with § = 0-0.101.

estimated to be 0.39 eV. This value is comparable with those for the various kinds of
spinel-type compound which contain Fe ions (Mn ferrites, Ni ferrites and Zn ferrites), i.e.,
E, = 0.1-0.5 eV [18], and that for the tetragonal Dy spinel, i.e.,E, = 0.4 eV [19].

4. Discussion

Now, we discuss the origin of the relationship betw&grands for the LiMn,O,_s; samples

with § < 0.1. The average valence of the Mn ions in Lip@y_; is expressed by.8 — §;

the ratio of the amounts of Mf ions and Mrit* ions, [M**])/[Mn**], is represented as
(14-28)/(1—28). This means that [Mit] > [Mn**] in the oxygen deficient spinels, though
[Mn3*] = [Mn**] in the stoichiometric compound. The electron configurations ofMn

and Mrf+ are represented a@ﬁelg and tzgSeg, respectively. Since the former configuration

is in a high-spin state, MiT ions at the octahedral site give tetragonal distortions due to a
Jahn—Teller effect. At that time, it is favourable to distort the nearest-neighbouringg MnO
octahedra in the same fashion; that is, the directions of elongation and shrinkage of one
MnOg octahedron coincide with those of adjacent Mn@2tahedron [20]. This is because

the Jahn—Teller distortions do not interfere with each other in such a configuration of the
MnOs octahedra. Therefore, the increase in the amount oftNns in LiMn,O,_; induces

a cooperative Jahn-Teller distortion between the MoCtahedra; as a result, LiMO,_;
undergoes the phase transition from cubic to tetragonal phase. Indeed, the tetragonal phase
is stable in LiMnOs g9 even at ambient temperature [12]. Consequently, one may expect
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that the magnitude of- increases with increasing up to 0.1. Nevertheless, as seen in
figure 2, theT--againsts curve was found to exhibit a broad minimum at aroung 0.05.

In order to solve this puzzle, we have to look for the effect which reddgeghat is, we
assume that the dependencdgfon § is explained using a competition between two effects;
one raised and another reduceég:. Here, we employ the following two mechanisms for
reducingTc; (i) dilution of the nearest-neighbour interaction and (ii) delocalization of the
e, electron.

4.1. Dilution of the nearest-neighbour interaction

For the oxygen deficient spinels LiM@,_s, two neighbouring Mn ions cannot overlap
without the intervening O; in consequence, the interaction between two neighbouring Mn
ions is expected to weaken with increasifig In order to estimate the effect of oxygen
deficiency on the magnitude df-, we employ the model for the spinels proposed by
Wojtowicz [20]. According to his work, for the spinels having the formula A[BC,],04,

where the B ions give Jahn-Teller distortions in the octahedral sites, while the C ions remain
the regular octahedra, the relationship betw&grandx is simply given by

Te(x) = (1= 0)Tc(0) @

where T (0) is the temperature of the transition from cubic to tetragonal phases for the
pure material. In the A[B_,C,]>04 spinels, the C ions act to dilute the nearest-neighbour
interaction between the B ions. Assuming that the oxygen deficiency plays a similar role
to that of the C ions, we obtaific ... (0.026) = 239 K for LiMn,0O3 974 Using the value of
Tc(0) = 245 K andx = § = 0.026. This value is comparable with the magnitudeTef
measured for LiMpO3 974, i.€., Tc(0.026) = 241+ 1 K; the discrepancy between the two
values is explained as follows.
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(i) Making a comparison with the case of the A[BC,].O,4 spinels, the interaction
between the B ions is not so affected by the oxygen deficiency. Since the connection of the
BOg octahedra is characterized as edge sharing, there are two intervening O ions between
two neighbouring Mn ions. Thus, the effect &fon T could be roughly estimated to be
half of that of the C ions; if so, we obtaific .(0.026) = 242 K, and this value seems to
be in good agreement with the experimental result.

(i) As mentioned above, [MH] increases with increasingjin LiMn,0,_s; hence, the
magnitude of7¢ also increases with increasiig As a result, the decrease T is rather
small compared with the value obtained by (1).

In order to further understand the mechanism of the phase transition in,OMp
precise structural analyses for Li@,_; should be carried out with respect to temperature
and$ at temperatures above and bel@.

4.2. Delocalization of the, electron

The La_,Sr,MnO;3 perovskites are known to be an antiferromagnetic insulators, associated
with the cooperative Jahn—Teller distortions due to®Mions in a high-spin state. However,
for Lay_,Sr,MnO3 with x > 0.2, metallic conductivity occurs and the cooperative Jahn—
Teller distortion disappears. This is because thelectron is delocalized due to a doping
of SP* ions [21]. In LiMn,O, spinel, the oxygen forms a 9Mridge between two Mn
ions, while the oxygen forms a 18®ridge between two Mn ions in LaMnCperovskite.
Therefore, two neighbouring Mn ions in LiM®, cannot overlap with the same p orbital
of their binding O [22]. As a result, the interaction between Mn ions is considered to be too
weak to give an itinerant-electron bandwidth [23]; thus, L§®g is known to be a small
polaron semiconductor, as seen in figure 9.

Nevertheless, we may assume that the delocalizedlectron is also generated due
to the oxygen deficiency of LiMiD,_ 5. Indeed, as seen in figure 8, resistivity of
LiMn 03 g99 decreases by about one order of magnitude compared with that of, Ojvet
250 K. However, at ambient temperatuge of every sample appeared to be200 2 m.
Furthermore, the oxygen deficiency induced the increapeatraround 1200 K (see figure 9).
Therefore, at present, this assumption is unlikely for the mechanism of the reducfin in

5. Summary

We have investigated the effect of oxygen deficiency on the phase transition from cubic
to tetragonal phase by measurements of differential scanning calorimetry (DSC), magnetic
susceptibility §), ’Li nuclear magnetic resonancé.{ NMR) and electronic resistivity £)

for the LiMn,O,_s spinels with§ = 0-0.1. According to the DSC analysis, the transition
temperature for a stoichiometric compouri-) is determined to be 24% 1 K with a
thermal hysteresis of & 2 K. As § increases from 0 to 0.066, the magnitude 7ef is

found to decrease by about 4 K; then, the magnitud&ofncreases rapidly with further
increasing of up to 0.10; thus, th&-versuss curve seems to exhibit a broad minimum at
arounds = 0.05. This result is supported by the measurementg,oiLi NMR and p. As

8 increases from zero, the average valence of the Mn ions reducesH8dsnn proportion

to §; on the other hand, the interaction between two neighbouring Mn ions is diluted. The
former effect raisedc, whereas the latter reduces it. Therefore, the dependerite @ §

is explained qualitatively using competition between the two effects. For the samples with
3 = 0.026, we can obtairf¢ ... (0.026) = 242 K using a modified model as proposed by
Wojtowicz; this value seems to be in good agreement with the experimental result.
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