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ABSTRACT

Magnetism for the Li,Mn,0,4 samples with 0.07 <x < 1, which are prepared by a chemical reaction in
HNO; solution, is investigated by direct current susceptibility () and muon-spin rotation/relaxation
(uSR) measurements. The effective magnetic moment (i) of Mn ions decreases monotonically with
decreasing x, indicating that Mn>* ions with §=2 (t3,e3) are oxidized to Mn*~ ions with S=3/2 (t,)
with decreasing x. On the other hand, as x decreases from 1 to 0.6, the Curie-Weiss temperature (@)
increases monotonically from ~ —260 to — 100 K, and then levels off to — 100 K with further decreasing
x. This indicates that the antiferromagnetic interaction is dominant in the whole x range. For the
x=0.48 sample, the temperature dependence of y in field-cooling mode clearly deviates from that in
zero-field-cooling mode below ~63 K (=T,,). Furthermore, the hysteresis loop is observed in the
magnetization vs. field curve at 5 K. Since the zero-field uSR spectrum is well fitted by a strongly
damped oscillation function, the Mn moments for the x=0.48 sample are in a highly disordered fashion

down to the lowest temperature measured.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The lithium manganese oxide spinel Li,Mn,0, with space
group Fd3m, in which Li and Mn ions occupy the tetrahedral 8a
and octahedral 16d sites, respectively, has been intensively
studied as a positive electrode material for lithium-ion batteries
[1-3]. This is due to its high operating voltage, inexpensive
material cost, and low toxicity compared with LiCoO,, which is
currently used in commercial lithium-ion batteries. Besides an
application to lithium-ion batteries, Li,Mn,0,4 and related com-
pounds have been of great interest in magnetism. In the LiMn,0,4
lattice, the magnetic Mn ions are arranged at the corner of a
tetrahedron (see Fig. 1(a)). More specifically, the tetrahedron is
likely to consist of two Mn>* ions with S=2 (t3,e}) and two Mn**
ions with $=3/2 (tgg), because the average valence of the Mn ions
(VEe) is +3.5. This indicates the presence of three-dimensional
geometrical frustration, if the Mn-Mn interaction is antiferro-
magnetic (AF). Actually, the stoichiometric LiMn,0,4 exhibits an AF
transition with Ty~60 K [4-7], although its AF spin arrangement
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is not fully determined even by neutron scattering measurements
due to the presence of a strong diffuse scattering. In addition, the
fully delithiated phase LiogMn,04 (A-MnO-), in which the Vg
should be +4, shows AF transition with Ty=32 K [8]. There are
three different type magnetic interactions between the nearest
neighboring Mn ions in Li\Mn,04, namely, the interaction
between Mn®** and Mn3**, Mn?®* and Mn**, and Mn** and
Mn**. According to Goodenough-Kanamori rules [9], only a 90°
superexchange Mn**-0%~-Mn** coupling is ferromagnetic (FM),
whereas all other couplings such as direct Mn>*-Mn3*, direct
Mn**-Mn**, and 90° superexchange Mn**-0%"-Mn>", are AF.
Therefore, the AF interaction is thought to be dominant when half
of the corners of the tetrahedron or all four corners of the
tetrahedron are occupied by Mn*+ ions.

On the contrary, the spinel compounds having a superlattice
structure such as (LiyZngs)[LiiMnsn]0s (P2:3) [10] and
Li[Mg12Mns/2]04 (P4332) [11] undergo a ferromagnetic (FM)
transition with Tc=22 and 20K, respectively. Here, for both
compounds, Li* (Mg?*) and Mn** ions are ordered by 1:3 ratio
at the regular 16d site of the space group Fd3m [10-12]. Since Li*
and Mg2* ions are non-magnetic, the three corners of the
tetrahedron formed by four cations at the 16d site, are occupied
by magnetic Mn** ions. The difference between LiMn,0,4
()L-MHOZ) and Li1/22n1/2[Li1/2Mn3/2]04 (Li[Mg1/2Mn3/2]04), on one
hand, suggests that the occupancy of the Mn ions at the 16d site
(zi%4) plays a significant role for determining the magnetic ground
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Fig. 1. (a) Schematic illustration of the crystal structure for Li,Mn,0, having a
spinel-framework structure of space group Fd3m, in which Li and Mn ions sit the
tetrahedral 8a and octahedral 16d sites, respectively. The magnetic Mn ions form a
tetrahedron, satisfying one of the conditions for geometrical frustration. Since the
average valence of the Mn ions (V§¢) is +3.5 at (b) x=1, the tetrahedron is likely
to consist two Mn>* ions (red circle) and two Mn** ions (blue circle). The amount
of Mn** ions increases with decreasing x; three corners of the tetrahedron or all
four corners of the tetrahedron are occupied by Mn** ions at (c) x=1/2 or at (d)
x=0. Note that Li[Mg;,2Mn33]04 (P4332) and Lij;2Zny2[Li12Mn32]04 (P243), in
which three corners of the tetrahedron are occupied by Mn** ions and the rest of
the corner is occupied by non-magnetic ions (Mg?* or Li*), exhibit ferromagnetic
transition at ~Tc=20 K. When the Mn>* ijons and Mn*"* ions at the 16d site are
ordered by 1:1 ratio in the Fddd space group or ordered by 1:3 ratio in the P4332
space group, the Mn®>* (or Mn**) ions no longer form a tetrahedron. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

state of lithium manganese oxide spinels. On the other hand, the
cubic lattice parameter (a.), i.e. the distance between the Mn ions
(dmn-mn) Would also affect the magnetism on these spinels. This is
because our recent magnetic susceptibility () measurements on
Lix[Niq/2Mn3/3]04 (P4332) demonstrated that the magnetic ground
state alters from FM at x=1 to paramagnetic (PM) or AF at x=0.05
with decreasing dyn_mn from 2.882 to 2.820 A [13,14]. Here, Ni*+
and Mn*" ions in Li[Nif/EMng‘/*z]OAl are ordered by 1:3 ratio at the
regular 16d site of the space group Fd3m [15]. as in the case for
(Li1/22ﬂ1/2)[Li1/2M1’13/2]04 (dMn—Mn=2-887 A) [10] and Ll[MgVZ
Mns/»]04 (dmin-mn=2.888 A) [11]. Moreover, only the Ni®*/Ni**
redox couple is responsible for the delithiated reaction, whereas
Mn** jons remain inactive [16]. Since the Ni** ions are in a non-
magnetic low-spin state with tgg (5=0) [16,17], the arrangement
of Mn** ions in Lig[Niy2Mn32]04 is essentially the same to
those in (LiiZny)[Li;2Mns,]04 and Li[Mgq,Mns]04. Thus,
the difference in magnetism between Lig[Niq;2Mns32]04 and
(Li12Zny2)[Li12Mn3/,]04 (or Li[Mg,Mns,]04) could be explained
by the dependence of magnetic interactions on dyvn, if we
ignore the effects on the non-magnetic Li* and Zn?* ions at the
8a site [13].

During the delithiation process of LiyMn;0,4, the amount of
Mn** jons at the corners of the tetrahedron increasing with
decreasing x; two Mn*™ ions for x=1, three Mn** ions for x=0.5,
and four Mn** ions for x=0 (Fig. 1(b)-(d)). Moreover, the value of
dvn-mn for the x=1/2 compound (Liy 2[Mn35Mn35104) is
reported to be 2.88 A [2], and is almost similar to those for
(Li12Zny2)[LiyoMns2]04 (P243) [10], Li[Mgq2Mns/2]04 (P4532)
[11], and Li[Ni;2Mns3,,]04 (P4332) [13-17]. The magnetic study
on delithiated Li,Mn,04, hence, provides crucial information on
the complex magnetic properties of lithium manganese oxide
spinels. However, to our knowledge, the magnetism of Li,Mn,04
with 0 < x < 1 has never been reported, except for the results of ab
initio calculations [18]. In this paper, we report the results of y
and muon spin rotation/relaxation (u#SR) measurements for the

chemically delithiated Li,Mn,04 samples with 0.07 <x<1 and
discuss the magnetic phase diagram for Li,Mn;04.

2. Experimental section

A polycrystalline sample of LiMn,O4 was synthesized by a
conventional solid-state reaction technique using reagent grade
Li,CO3 and MnO, (Mitsui Mining & Smelting Co. Ltd., Japan)
powders. The reaction mixture was heated at 900 °C for 12 h in
air and then cooled down to room temperature (T) at 5 °C-min~ .
The obtained LiMn,04 powder was characterized by a powder
X-ray diffraction (XRD) analysis and an electrochemical charge/
discharge test in a non aqueous lithium cell. XRD measurements
were performed at a synchrotron radiation facility of SPring-8
(BL19B2) in the T range between 260 and 320 K. The delithiated
LixMn,04 sample was prepared by a chemical reaction as reported
previously [1,19]. That is, 3.6 g (~0.02 mol) of LiMn,0, powder
was immersed in 100 mL HNOs solution and stirred for 24 h at
room T. The concentration of HNOs (cy) solution was 0.05, 0.1,
0.15, 0.19, 0.20, 0.225, 0.25, 0.30, 0.35, 0.375, 0.40, and 0.50 M,
respectively. After the acid treatment, the sample was filtered and
dried at 60 °C for 24 h. The Li/Mn ratio, i.e. x in Li,Mn,04 was
determined by an inductively coupled plasma-atomic emission
spectrometer (ICP-AES, CIROS 120, Rigaku Co. Ltd., Japan). As seen
in Fig. 2, x decreases almost linearly with increasing cy; up to
0.40 M, indicating that the following disproportionation reaction
proceeds as expected:

4Li,Mn,04+8H™" —6A-MnO, +4xLi* +2Mn?* +4H,0 (1)

The crystal structure for the Li,Mn,0,4 samples was examined by
powder XRD measurements with iron Ko radiation (D8 ADVANCE,
Bruker AXS, Inc.) at room T (~25°C). In order to confirm the
existence/absence of oxygen deficiency and H™ ions in the Li,Mn,04
sample, thermogravimetric (TG, TGA-50, Shimadzu Co. Ltd., Japan)
and pyrolysis gas chromatography/mass spectroscopy (Py-GC/MS,
Py-2010D, Frontier Lab Co. Ltd., Japan) analyses were performed.

¥ (=M/H, where M is the magnetization and H is the magnetic
field) was measured using a superconducting quantum interfer-
ence device magnetometer (MPMS, Quantum Design) in the T
range between 5 and 400K under H<55kOe. y was also
measured in the T range between 5 and 100 K with H=100 Oe
in both zero-field-cooling (ZFC) and field-cooling (FC) modes.
First, the sample was cooled down to 5 K in ZF from 100 K, then a
magnetic field was applied, and finally yzrc was measured with
increasing T from 5 to 100 K (80 K for the x=1 and 0.85 samples).
Subsequently, yrc was measured with decreasing T from 100
(80 for the x=1 and 0.85 samples) to 5 K. We also performed uSR
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Fig. 2. The relationship between x in LiyMn,0,4 and the HNO5 concentration (cy)
for the chemically delithiation reaction. The delithiated Li,Mn,04 samples were
prepared by adding the LiMn,04 powder (3.6 g) to HNO3 solution in the c), range
between 0.05 and 0.5 M. The solid line indicates the calculated Li composition
based on Eq. (1).
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measurements at the GPS beamline of Paul Scherrer Institut,
Switzerland. The x=0.48 sample was pressed into a disk with
15 mm diameter and ~1 mm thickness, then the disk was packed
by an aluminized Kapton foil, and finally placed in a muon-veto
sample holder. The details of the experimental setup and techni-
que are described in elsewhere [20].

3. Results
3.1. Structural and thermal analyses

Fig. 3(a) shows the XRD patterns for the Li,Mn,04 samples
with x=1, 0.85, 0.74, 0.48, 0.20, and 0.07. All the Li,Mn,04
samples are identified as a spinel-framework structure with space
group of Fd3m, in which the tetrahedral 8a and octahedral 16d
sites are occupied by lithium and manganese ions, respectively.
For the samples with 1>x>0.07, the XRD peaks are broad
compared with those for the x=1 and 0.07 samples. Furthermore,
as seen in the enlarged XRD pattern (right side of Fig. 3(a)), an
additional XRD peak indicated by arrow is slightly observed in the
vicinity of the major XRD peak. This indicates that the sample
with 1> x> 0.07 is not a single-phase but a mixture of different
cubic phases, although the average Li composition almost agrees
with the calculated Li composition based on Eq. (1) (see Fig. 2).

Fig. 3(b)-(d) shows the results of a Rietvled analysis by
RIETAN2000 [21] for the x=1, 0.48, and 0.07 samples, respec-
tively. The structural parameters such as cubic lattice parameter
(ac), oxygen position, and isotropic atomic displacement factor
(Biso) are listed in Table 1. The Rietveld analysis for the samples
with 1>x>0.07 are performed under the assumption that the
sample is in a mixture of two different cubic phases. As seen in
Fig. 4, the a. vs. x curve of the major phase is almost consistent
with that for the electrochemically delithiated Li,Mn,04 com-
pounds [2], except for the x=0.85 and 0.74 samples. That is, as x
decreases from 1 to 0.61, a. monotonically decreases from
8.240(5) to 8.162(5) A, and then rapidly drops to ~8.03 A with
further decreasing x.

Fig. 5 shows the results of (a) TG and (b) Py-GC/MS analyses
for the x=0.07 sample. The TG curve exhibits two sudden
decreases around 820 and 1130 K. The change in the sample
weight at 1000 and 1200 K are 90.7% and 87.9%, respectively,
which agree with the calculated values of the following oxygen
evolution reactions:

MnO; — 1/2Mn,05+1/40, (weight loss from MnO,: 9.2%) (2)
Mn,03 — 2/3Mn304+1/60, (weight loss from Mn0,:12.3%) (3)

This indicates the absence of oxygen deficiency in the bulk of
the sample, although we cannot exclude the possibility of the
non-stoichiometric defects on the surface. As seen in Fig. 5(b),
there are two peaks centered around 840 and 1130K in the O3
(mass/charge=32) spectrum. The former corresponds to the
reaction described in Eq. (2), while the latter the reaction
described in Eq. (3). Two broad peaks are also observed in the
H,O" (mass/charge=18) spectrum. The peaks around 450 and
650K are attributed to the dehydration reactions of absorbed/
adsorbed water and structurally bonded/intercalated water,
respectively. Thus, the Py-GC/MS analysis shows that H" ions
exist in the crystal lattice of the x=0.07 sample, as for the
chemically delithiated Li,NiO,, more specifically H- ¢ 5Lig,01NiO2
[19,22]. However, the peak ratio of H,O" /O3 for the x=0.07
sample is significantly small (~0.02) compared with that for
H_o5Lig01NiO, (~0.25). If we assume that the peak ratio of
H,0" /O3 corresponds to the amount of H ions, the chemical
formula for the x=0.07 sample is represented as H.gggLig g7
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Fig. 3. (a) X-ray diffraction (XRD) patterns for the Li,Mn,04 samples with x=1,
0.85, 0.74, 0.48, 0.20, and 0.07. According o the enlarged XRD patterns in the 20
range between 42° and 52° (right side), a minor phase indicated by arrow is
slightly observed for the samples with 1>x>0.07. The results of Rietveld
analyses for the (b) x=1, (c) 0.48, and (d) 0.07 samples are also shown. The
observed (Iops) and calculated (I, ) intensity data are plotted as points and solid
line, respectively, in the upper field. The bar-code-type indications are the Bragg
reflections. The difference between I,,s and I, is shown in the lower field.

Mn,04. Thus, the chemically delithiation reaction of Li,Mn;04 is
almost completed, although that of Li,NiO, induced the insertion
of large amount of H* ions in the lattice [19,22].

3.2. Macroscopic magnetism by x
Fig. 6 shows the T dependence of (a) y and (b) y~! for the

Lix\Mn,04 samples with x=1, 0.85, 0.74, 0.48, 0.2, and 0.07
measured in FC mode with H=10 kOe. The y(T) curves for all
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Table 1
The structural parameters for the Li,Mn,04 samples with x=1, 0.48, and 0.07 determined by the Rietveld analysis.
Sample Space group Atom Wyckoff position Occupancy g X y z Biso/A?
x=1 Fd3m Li 8a 1.0 1/8 1/8 1/8 0.2(2)
Mn 16d 1.0 1/2 1/2 1/2 1.1(1)
o) 32e 1.0 0.262(1) 0.262(1) 0.262(1) 2.7(1)
a.=8.2404(2) A, Ryyp=3.06, R;=2.03, and S=1.50
x=0.48 Fd3m (major) Lil 8a 0.55 1/8 1/8 1/8 0.3(2)
Mn1 16d 1.0 12 12 12 1.1(1)
01 32e 1.0 0.262(1) 0.262(1) 0.262(1) 1.3(1)
Fd3m (minor)? Li2 8a 0.1 1/8 1/8 1/8 0.3(2)
Mn2 16d 1.0 12 12 12 1.1(1)
02 32e 1.0 0.262(1) 0.262(1) 0.262(1) 1.3(1)
a,1=8.1580(9) A, a,=8.0330(6) A, Ryp=3.40, Rg=2.06, and S=1.65
x=0.07 Fd3m Li 8a 0.07 1/8 1/8 1/8 0.5(2)
Mn 16d 1.0 12 12 1)2 0.9(1)
o) 32e 1.0 0.261(1) 0.261(1) 0.261(1) 2.0(1)
a.=8.0333(4) A, Ryp=3.20, Rs=2.06, and S=1.55
2 The weight fraction of the minor phase is about 16%.
8.3 " I " I " I " I a T T T T T T T T T T
I @ Major phase
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o @ O Ref[2] < I
8.2 | 0 . I
'_
—~ I A © @ % % I
= A L
e 00 e ® A o 9 F :
8.1} § = I ]
r 1 L L MnO,— 1/2Mn,O, + 1/40, ]
| 2 273 2
o — 90.8 % i
_ k¥ O O0e o S 9%F ° :
8.0 . 1 . 1 . 1 . 1 % r Mn,O;—~ 2/3Mn O, + 1/60, 1
1.0 0.8 0.6 0.4 0.2 0.0 — 87.7%
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Fig. 4. Variation of cubic lattice parameter (a.) as a function of x in Li,Mn;04. The
values of a, for the major (closed circles) and minor (closed triangles) phases were b 2x108 . ; . ; . ; . ; . ;
calculated by a Rietveld analysis with RIETAN2000. The values of a. in Ref. [2]
(open circles), which were prepared by an electrochemical reaction, are also
shown for comparison. .
I —HO |
2
L —0
the samples show a Curie-Weiss paramagnetic behavior above S) 2
~200 K, except for a small cusp at Tjr=290 K for the x=1 sample <Z( .
due to a cooperative Jahn-Teller (JT) transition of Mn3* ions with Ia) 1x10° | 7
S=2 (t3,e;) [4,23]. Actually, the XRD measurements on the x=1 %
sample confirmed the structural phase transition around 290 K m
from the high-T cubic phase (Fd3m) to low-T orthorhombic phase < - :
(Fddd). For the PM state, the Curie-Weiss law in the general form
is written as
N 2 0 _} [ a— !
A= % + %o @ 200 400 600 800 1000 1200
s(T—O)p)

where N is the number density of the Mn ions, p.¢ is the effective
magnetic moment of the Mn ions, kg is the Boltzmann’s constant,
T is the absolute temperature, @, is the paramagnetic Curie-Weiss
temperature. Using Eq. (4) in the T range between 200 and 400 K,
we obtain the values of s and @), for the Li\Mn,04 samples. As
shown in Fig. 7(a), the obtained ¢ decreases monotonically with
decreasing x, being consistent with the spin-only predicted value
of uPif. Here, bt was calculated by the assumption that Mn?*
ions are in the high-spin state with S=2 (3,e,), Mn** ions with
S=3/2 (tg’g), and the gyromagnetic ratio g=2. The monotonic
decrease in peg With x, hence, indicates that the increase in the
amount of Mn** ions is proportional to x as expected. This is very
different from the case for the chemically delithiated LiyNiO,,

TEMPERATURE (K)

Fig. 5. (a) Thermogravimetric (TG) and (b) pyrolysis gas chromatography/mass
spectroscopy (Py-GC/MS) analyses for the Li,Mn,04 samples with x=0.07. Heating
rates are 10 Kmin~! for (a) and 20 K min™! for (b).

because pefr (=1.43 ug) for the chemically delithiated LiyNiO,
is considerably large compared with the prediction for the spin-
only value (uPf ~0 pg) due to the presence of H* ions [18,19]. On
the other hand, the value of @, for the x=1 sample is estimated as
~—260K, and is almost comparable to the past results of
O,=—337 [4], —273 [24], and —266K [25] (see Fig. 5(b)). As x
decreases from 1 to 0.6, @, increases monotonically up to ~ — 100K,
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Fig. 6. Temperature dependence of the (a) magnetic susceptibility (y) and
(b) inverse magnetic susceptibility (y~') for the Li,Mn,0, samples with x=1,
0.85, 0.74, 0.48, 0.20, and 0.07 measured in field-cooling (FC) mode with
H=10 kOe. Ty is the structural phase transition temperature due to a cooperative

Jahn-Teller (JT) effect of the Mn®* ions with S=2 (t},e}).

and then levels off to ~ — 100 K with further decreasing x. This means
that the AF interaction weakens with decreasing x, particularly in the
x range below 0.6. However, the negative @, value suggests that the
AF interaction is dominant even for the x < 0.6 samples.

As seen in Fig. 6(a), x for the samples with 0.07 <x<1
increases rapidly below 100K, indicating that ferromagnetic
(FM) components appear in these samples. Furthermore, the
x=0.48 sample exhibits the highest y at 5 K. Here, the amount
of Mn** ions at the tetrahedron for the x=0.5 compound
(=Li; 2[Mn} ,Mn3]04) is similar to those for LijnZng,
[Li12Mn32]04 (P243) [10], Li[Mgi,2Mns/2]04 (P4332) [11], and
Li[NiyoMn3/,]04 (P4332) [13-17], although one corner of the
tetrahedron is occupied by magnetic Mn3* ions and Li* ions at
the 8a site are partially delithiated. In addition, the dy,_mp for the
x=0.48 sample is calculated to be 2.884 A by the value of
a/~/2a./4), and is almost comparable to those for LiinZny o
[Li12Mn3/2]04 (dmn-mn=2.896) [10], Li[Mg1,2Mn32]04 (dmn-mn
=2.898 A) [11], and Li[Ni;2Mns/2]04 (dpmn-mn=2.886 A) [13-17].
Therefore, the magnetization, y in both ZFC and FC modes, and
USR were measured in order to clarify the magnetic ground
state for the x=0.48 sample. Here, uSR is very sensitive to a
local magnetic environment and is one of the most powerful
tools to detect static magnetic order, such as FM, AF, and
ferrimagnetic [19].

Fig. 8 shows the (a) magnetization (M) as a function of H at 5 K
for the LiyMn,0O4 samples, (b) enlarged M(H) curves, and (c) x
dependence of the remanent magnetization (M,) and the coercive
field (H.). As x decreases from 1, the net magnetic moment,
i.e. M at H=55 kOe increases up to x=0.48, then decreases with
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Fig. 7. x dependence of the (a) effective magnetic moment (u.s) and (b) Curie-Weiss
temperature (@,) for the Li,Mn,0,4 samples. The solid line in (a) is the predicted
effective magnetic moment (ﬂe",'fe) for Li,Mn,0,4 under the assumption that Mn>* are
in the high-spin state with S=2 (3 e;), Mn** ions with S=3/2 (t3,), and g=2. The
negative values of @, indicate that the antiferromagnetic interaction is dominant in
the whole x range.
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Fig. 8. (a) Magnetization (M) as a function of field (H) at 5K for the Li,Mn,04
samples with x=1, 0.85, 0.74, 0.48, 0.20, and 0.07, (b) the enlarged M vs. H curve,
and (c) remanent magnetization (M;) and coercive field (H,) as a function of x in
LixMn,04.
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further decreasing x. The M(H) curve for the x=0.48 sample
shows not a FM but a ferrimagnetic-like behavior. That is, as
H increases from 0 kOe, M rapidly increases with changing its
slope up to ~20kOe, and then increases almost linearly with
further increasing H. The magnitude of M does not level off even
at H=55 kOe. As seen in Fig. 8(b), a hysteresis loop is clearly
observed at H < 10 kOe, indicating the presence of a FM compo-
nent in the x=0.48 sample. Although a small hysteresis loop is
also observed for the x=1 and 0.07 samples, the x dependence of
M, shows a maximum around x=0.5, whereas the value of H, is
almost x-independent; H.~1.5 kOe (see Fig. 8(c)). This means
that, as x decreases from 1, the amount of the FM component (the
area of hysteresis loop) caused by the x~0.5 phase increases up to
0.5, then decreases with further decreasing x.

Fig. 9 shows the y(T) curves measured in both ZFC and FC
modes for the Li,Mn,0, samples with (a) x=1, (b) x=0.85,
(c) x=0.74, (d) x=0.61, and (e) x=0.53. Fig. 10 shows those for
the Li,Mn,04 samples with (a) x=0.48, (b) x=0.41, (c) x=0.20,
(d) x=0.15, and (e) x=0.07. The stoichiometric LiMn;0O,4 is known
to exhibit the AF transition with Ty=40 K by ’Li-NMR measure-
ments [4] or Ty=60 K by neutron scattering measurements [5-7].
However, both yzrc(T) and yrc(T) curves for the x=1 sample are
different from that for a typical AF transition [9]; yrc rapidly
increases with decreasing T below 55 K, probably due to a canted
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Fig. 9. Temperature dependence of the magnetic susceptibility (y) measured in
both zero-field-cooling (ZFC) and field-cooling (FC) modes with H=100 Oe for the
LiyMn,04 samples with (a) x=1, (b) x=0.85, (c) x=0.74, (d) x=0.61, and
(e) x=0.53. Ty, is defined as the temperature at which the ygc(T) curve deviates from
the yzr(T) curve. Temperature dependence of the differentiation of yzrc (dyzrc/dT) is
also shown (red line). T,,; and T,,,, represent the first highest peak and second highest
peak in dyzrc/dT, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Temperature dependence of the magnetic susceptibility () measured in both
zero-field-cooling (ZFC) and field-cooling (FC) modes with H= 100 Oe for the Li,Mn;04
samples with (a) x=0.48, (b) x=0.41, (c) x=0.20, (d) x=0.15, and (e) x=0.07. T, is
defined as the temperature at which the yrc(T) curve deviates from the yz(T) curve.
Temperature dependence of the differentiation of yzrc (dyzrc/dT) is also shown
(red line). T,y and T,,; represent the first highest peak and second highest peak in
dyzrc/dT, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

spin structure in the sample [5]. For the x <1 samples, the yc(T)
curve also deviates from the yzrc(T) curve, suggesting the exis-
tence of a FM, ferrimagnetic, or spin-glass-like transition. Note
that the transition temperature (T,,) increases with decreasing x
down to 0.5, and then decreasing with further decreasing x. Here,
T, is defined as the temperature at which the ygc(T) curve
deviates from the yzrc(T) curve. Thus, T,,=Ty=55 K for the x=1
sample, while T,,=63 K for the x=0.48 sample. For the x=0.07
sample, the FM component is still observed in the ypc(T) curve
below ~40K, although A-MnO, is reported to exhibit the AF
transition at Ty=32 K by neutron scattering measurements [8].

3.3. Microscopic magnetism by uSR

Fig. 11(a) shows the T dependence of the ZF-uSR spectra for
the x=0.48 sample in the time below 10 ps. The comparison in
the ZF-uSR spectrum at 1.8 K (t<0.1 pus) between the x=0.48
sample and Li[Mg;,Mns,]04 (P4532) [11] is also shown in
Fig. 11(b). In the ZF-uSR spectrum for Li[Mg;/,Mn3,2]04 (P4532),
a first minimum at t~0.015pus and a second minimum at
t~0.039 ps are clearly observed, suggesting that the static mag-
netic order exists in the sample. Since the M(H) curve exhibits a
typical FM hysteresis at H <5 kOe, Li[Mg;,Mns/,]04 (P4332)
enters into FM phase below Tc=20K [11]. On the contrary, the
ZF-uSR spectrum for the x=0.48 sample lacks an oscillatory
signal but shows a fast relaxation in the time domain below
0.1 ps. Since the ZF-uSR spectrum at 1.8 K seems to have a first
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Fig. 11. (a) Temperature dependence of zero-field (ZF-) uSR spectra for the Li,Mn,04
sample with x=0.48 in the time domain below 10 ps. The solid line represents the
fitting result with Eq. (6). The top of five ZF-uSR spectra are shifted upward by +0.1
for clarity of display. Note that the full asymmetry (~0.24) is not obtained at T< 15 K,
because the relaxation rate is too fast for uSR. Comparison between x=0.48 and
Li[Mg1/2Mns/2]04 (P4332) in ZF-uSR spectrum in the time domain below 0.1 ps is also
shown in (b). The oscillatory signal in Li[Mg;»,Mns5,]04 (P4532) indicates the
formation of static magnetic order in the sample.

minimum at around 0.017 ps, we firstly attempted to fit the ZF-uSR
spectrum by a dynamic Gaussian Kubo-Toyabe [26] (DGKT) func-
tion Gpgir(t, 4, v), where 4 is the field distribution width, and v is
the field fluctuation (hopping) rate. When v=0, Gpgi(t, 4, v) is the
static Gaussian Kubo-Toyabe function GKT (¢, 4) given by [26]

A2
GKI(t,4) =1/3+2/3(1—4%t?)exp <— 2) (5)
However, in order to fit the ZF-uSR spectrum in the early domain
below 0.01 ps, we need additional fast exponential relaxation func-
tion, i.e. Gpexr(t, 4, v)+exp(— Agset) or GKI(t, A) x exp(— Agaset). This

indicates that there are at least two muon sites in the
x=0.48 lattice, or that the muon spins are depolarized by two
different processes. According to the calculated 4 values on
Lig[Lig.04Mny.96]04 [27] and LiggoMn,04 [28], muons are most
likely to sit the vacant Li (8a) site in the x=0.48 sample. We,
hence, fitted the ZF-uSR spectrum by a combination of a strongly
damped oscillation signal and two exponential relaxation func-
tions

AoPzr(t) = A1 exp(—Ait)cos(wrt+ @)+ Az exp(—Aat) +As exp(—Ast)
(6)

where Ag is the initial asymmetry, A; (i=1, 2, and 3) is the
asymmetries of the three signals, /; is their relaxation rates, w,
is the Larmor frequency due to the internal field at the muon site,
and ¢ is the initial phase of the oscillatory signal.

Fig. 12 shows the T dependence of the (a) normalized asym-
metries (A;/Ap with i=1, 2, and 3), (b) oscillation frequency f;
(=wq/2m), and (c) relaxation rates A; associated with the A; signal.
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Fig. 12. Fitting results of the weak-transverse-field (WTF-) and zero-field (ZF-) uSR
measurements for the LiyMn,0,4 sample with x=0.48: (a) normalized asymmetries
of Arg, Ay, Az, and As, (b) oscillation frequency f; (=w1/27), and (c) relaxation rate
Aqi associated with the A; signal. wTF-uSR measurements were performed in the
applied field with H,r=50 Oe. The value of Arr corresponds to the volume
fraction of the paramagnetic phases in the sample. The solid line in (b) is the
fitting result by the function f; =f;(0 K) [(Ty—T)/T]”. The internal magnetic field
(Hint) is, thus, calculated to be 2810 Oe using the muonic gyromagnetic ratio
(fi(0K)/y,=38.1/13.553 x 10%).
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As T decreases from 25 K, A; slightly increases down to 15 K, and
then keeps almost constant value (~0.74) with further lowering
T. On the other hand, both f; and /; rapidly increase with
decreasing T. Although cosine oscillation function is widely used
for fitting the ZF-uSR spectrum in magnetic ordered state,
the value of 2, reaches ~170 us~! at 1.8 K. This indicates that
the x=0.48 sample is in a highly disordered fashion. Here, the
value of A; is almost close to 2/3. In addition, A, and /3 are very
smaller than /;. Thus, both A, and As signals are most likely to be
the “1/3 tail” signal. Note that the normalized weak-transverse-
field (WTF-) asymmetry Arg, which corresponds to the volume
fraction of the PM phases in the sample, reaches 0 below ~20K
(see Fig. 12(a)). This indicates that the whole sample enters into a
magnetic phase below 20 K.

4. Discussion

As seen in Fig. 7(a), the peg(x) curve supports that the Mn3+
ions with S=2 (£3,e;) are oxidized to the Mn** jons with §=3/2
(tgg) with decreasing x in Li,Mn,04. This means that the amount
of Mn** ions at the corners of the tetrahedron increases with
decreasing x as expected. Furthermore, since the ypc(T) curve
deviates from the yzrc(T) curve below T, (<63K) for all the
samples measured, they are found to undergo a magnetic phase
below T,. The ZF-uSR spectrum for the x=0.48 sample is found to
be heavily damped even at 1.8 K. This indicates that the x=0.48
sample is in a magnetic disordered phase even at 1.8 K. Other-
wise, even if the static magnetic order exists in the x=0.48
sample, it is unlikely long range but likely short range, although
USR provides no information on the length of magnetic order.

In spite of the several neutron scattering measurements on
LiMn,O4 [5-7], its ordered moments are still unknown, whereas
the ordered moment for LigMn,04 (A-MnO,) is reported to be
2.78(9) pg/Mn**, which is very close to the expected saturation
moment (3 pg) [8]. If we assume that the ordered moment for
the x=0.48 sample is comparable to the value of 3.25 g
[=(g xSmn3z+ x 1/2+g X Svna+ x 3/2) x 1/2] and that muons are
located at the vacant 8a (Li) site, the internal magnetic field (Hj,.)
is estimated to be 795 Oe by a simple dipolar calculation. Note
that this estimation is the upper limit of H;,.. On the contrary, the
observed Hj, is calculated to be 2810 Oe using the value of f1(0 K)
(=38.1MHz) and the muonic gyromagnetic ratio (y,/2m=
13.553 kHz/Oe). As seen in Fig. 11(a), the ZF-uSR spectrum for
the x=0.48 sample exhibits a strongly damped oscillation even at
1.8 K. The wide field distribution of Hj,; would affect the large
discrepancy between the calculated and experimental Hj, values.
The other contribution would come from the distance between
the muon site and Mn ions.

Fig. 13 shows the schematic magnetic phase diagram for
Li,Mn,04 determined by y and uSR measurements. Considering
the past neutron results on LiMn,04 [5-7] and LioMn,0, [8], one
can argue that there are three distinct phases in the phase
diagram of Li,Mn,O4; namely, the AF ordered phase with
Tny=60 K for LiMn,0,4, a disordered magnetic phase with T,,=63 K
for Lig5Mn;04, and the other AF ordered phase with Ty=32 K for
LipMn,04. The samples with 1 > x> ~0.5 are most likely to be a
mixture between LiMn,O; and Li_gsMn,04 while those
with~0.5>x>0 are a mixture between Li_g5Mn,0, and
LipMn,04. This is because there are at least two peaks consisting
of the first highest peak (=T;;) and second highest peak (=T,)
in the dyzrc/dT(T) curve for the samples with 1>x>0 (Figs. 9
and 10). T;,» for the samples with 1 > x > 0.53 almost corresponds
to the AF transition (=T,;,;) of the x=1 phase, while T,,, for the
samples with 0.48 > x > 0 (T,,; for the x=0.41 and 0.15 samples)
is attributed to the AF transition (=T,,;) of the x=0 phase. As seen
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Fig. 13. Magnetic phase diagram for Li,Mn,0, determined by magnetic suscept-
ibility () measurements and muon spin rotation/relaxation (#SR) measurements.
The magnetic transition temperatures of T, Ty, and T, are obtained by the
temperature dependence of y measured in both zero-field-cooling (ZFC) and field-
cooling (FC) modes with H=100 Oe. PM and AF stand for paramagnetism and
antiferromagnetism, respectively. uSR measurements indicate that the Mn
moments for the x=0.48 sample are in a highly disordered fashion even at
1.8 K. The samples with 1> x> ~0.5 are most likely to be a mixture between the
LiMn,04 and Li.osMn,04 phases, while those with ~0.5 >x >0 are a mixture
between the Li_.qsMn,0O4 and LipMn,04 phases. The combination of neutron
scattering/heat capacity/uSR measurements would be crucial to elucidate the
whole magnetic nature of LiyMn,04.

in Fig. 3(a), this scenario is consistent with the results of XRD
measurements at room T for the samples with 1> x> 0.07.
Furthermore, wTF-uSR measurements on the x=0.48 sample also
supports that the sample is magnetically inhomogeneous in a
microscopic scale, because the T dependence of Atr shows a large
transition width (AT~60 K) as in the case for Li[Li;;3Mns;3]04 [29]
(see Fig. 12(a)). However, both pes and @, which were estimated
from the data above 200 K, change linearly with x in the x range
between 1 and 0.6 (Fig. 7(a) and (b)). This implies that the
contribution of the minor phase in the sample is negligibly small
and that a possible T-induced phase separation occurs at a certain
temperature below 200K for the samples with 1>x>0.6. In
order to confirm the above hypothesis, structural analyses espe-
cially below 60 K are crucial for Li,Mn;04.

The spinel compounds such as LiyZny»[Liv2Mny2]04 (P213)
[10] and Li[Mgq,2Mns/]04 (P4332) [11] show FM order below
Tc=22 and 20K, respectively. Furthermore, Li[Nij>Mns/;]04
(P4532) exhibits ferrimagnetic order below Tc=130K; i.e. the
spin arrangements of both Ni2*-Ni?* and Mn**-Mn*"* ions are
FM, while that of Ni2*-Mn** is AF [12-14]. As seen in Fig. 8(a),
the magnitude of M for the x=0.48 sample at 5 K is not saturated
even at H=55 kOe (~7600 emu mol ~—'). Moreover, ZF-uSR spec-
trum confirmed that the ground state of the x=0.48 sample is in a
disordered magnetism. The existence/absence of the ordering of
Mn3*/Mn** ions in Lig sMn,04 is currently unknown at low T due
to the lack of structural data below 200 K. However, the spinel
compounds which show FM order have superlattice structure
even at room T [10-12]. Since the dy,_mn for the x=0.48 sample
is almost comparable to that for Li[Niy;Mns3/]04 (P4332) [12-17],
the distribution of Mn** ions at the 16d site, in other words
superlattice structure is found to strongly correlate with the FM
order for the LiM;,Mns;04 compounds with M=Mg?*, Zn>*,
and Ni%*. Other scenario would come from the Li* ions at the 8a
site, because the x=0.48 sample is partially delithiated.

It should be noted that the magnetic phase diagram for
Li,Mn,04 is very different from that for Li[Li,Mn;_,]O4. That is,
as y increases from 0, not the AF transition but a spin-glass-like
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transition Ty rapidly drops to ~25K even at y <0.05, and then
decreases almost linearly with further increasing y [24,30]. Here,
the excess Li ions at the 16d site (y) in Li[Li,Mn,_,]O4 not only
dilute the magnetic interaction but also increase the V{¢. More-
over, the value of a. for Li[Li,Mn,_,]O0,4 decreases with increasing
y [3]. Therefore, it is most likely that the dilution effect of the Li
ions at the 164, that is, z}$¢ significantly plays an important role
for determining the magnetic phase diagram Li[Li,Mn,_,]O04. It is
also interesting to note the difference in u.¢ between Li,Mn,04
and Li[LiMn,_,]O4. In contrast to LiyMn,O4 per for the
Li[LiyMn;_,]04 compounds is significantly lower (~0.5 pg) than
ub especially at y > 0.05 [24,25], although its origin is currently
unknown.

Finally, we wish to discuss the effect of Li mobility on the
magnetism for LiyMn,04. In LiyCoO,, one of the dynamic Kubo-
Toyabe parameters 4, which is obtained by fitting the ZF-uSR
spectrum in a PM state, rapidly drops around 150K [31]. Since
’Li-NMR experiment on Li,CoO, shows a step-like decrease in the
NMR line width around 150 K [32], the change in 4 is caused by
motional narrowing due to Li* diffusion [31]. On the contrary, the
T dependence of A exhibits a rapid decrease around 250 K for
LiMn,0,4 [28] and 230K for Liy[Lig.04Mn; ¢6]04 with x=1 and 0.2
[27]. Although “Li-NMR and/or uSR data above 200 K is currently
unavailable for Li,Mn;0,, above uSR results indicates that the Li*
ions in the Li,Mn,04 lattice are static below 200 K.

5. Conclusion

We have examined the magnetic nature for the Li,Mn,04
samples by magnetic susceptibility () and muon-spin rotation/
relaxation (uSR) measurements. It is clarified that Li.s5Mn;04
enters into a disordered magnetic phase below ~63 K. Therefore,
there are three distinct phases in the magnetic phase diagram of
Lix\Mn,04; the AF ordered phase with Ty=60K for LiMn,04, a
disordered magnetic phase with T,,=63 K for Li_gsMn,04, and
the other AF ordered phase with Ty=32 K for LigMn;0,4. In order
to elucidate the magnetic nature of LiyMn,Qy, it is necessary to
perform neutron scattering/heat capacity/uSR measurements at
low temperatures. This is because y measurements below 60 K
indicate that two sets of magnetic phase region exist in
1>x>~0.5 and ~0.5>x>0, whereas x dependences of i
and @, change linearly with x in 1>x> 0.6. Furthermore, we
expect that y and uSR measurements for the delithiated
Li,[Li,Mn,_,]O4 samples provide crucial information on complex
magnetic properties of lithium manganese oxide spinels. Such
experiments are still in progress in our research group.
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