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The magnetic nature of the spinel antiferromagnet Li[Li,Mn,_,]O, with x=0-0.15 has been studied with
muon-spin rotation and relaxation (u*SR) spectroscopy. Both weak-transverse-field and zero-field "SR mea-
surements indicate that the whole sample enters into a static disordered magnetic phase below Ty for all the
samples measured; Ty=61 K for LiMn,0y, but 27-23 K for the x=0.05-0.15 samples. It was also clarified
that both the field distribution width and the field fluctuation rate show a clear change at the Jahn-Teller (JT)
transition temperature (7;r=280 K) for LiMn,Oy,, and a short-range cooperative JT distortion appears below

280 K even for Li[LiO']5Mn]'35]O4.
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I. INTRODUCTION

In the cubic (A)g,[B5],6404 spinel lattice with space group

Fd3m (see Fig. 1), where A ions are located in the tetrahedral
8a sites and B ions in the octahedral 16d sites, four B ions
form a tetrahedron, indicating the existence of three-
dimensional geometrical frustration for magnetic B ions with
an  antiferromagnetic ~ (AF) interaction. For  the
(Li)g [Li,Mn,_,];6404 (LMO) spinels, which are heavily in-
vestigated as a positive electrode material for rechargeable
lithium batteries,! magnetic Mn** ions with §=2 (tgge;) and
Mn** ions with §=3/2 (tgg) sit only at the 16d site, while the
8a sites are occupied by nonmagnetic Li* ions. The excess
Li* ions located at the 16d site not only dilute the magnetic
interaction but also increase the average valence of the Mn
ions (Vyy,). That is, Vy,=3.5 for LiMn,0,, and as x in-
creases from 0, V), increases in proportion to x, and reaches
4 for Li[Li;;3Mns;3]0,.

The stoichiometric compound (LMO with x=0) exhibits
two phase transitions; one is a structural transition from a
high-T cubic phase to a low-T orthorhombic phase at Ty
~280 K induced by a cooperative Jahn-Teller (JT) distortion
of Mn?* ions,>* and the other is an AF transition with Ty
~60 K, which was found by "Li—NMR, and then con-
firmed by neutron diffraction experiments.®® Since both
neutron and electron diffraction analyses indicated charge
ordering of Mn** and Mn** below T}y that is probably stabi-
lized by the cooperative JT distortion,” the AF order is also
considered to be strongly coupled with charge ordering.

For LMO with x>0, T} was reported to decrease with
increasing x down to 214 K at x=0.035 and then to disap-
pear with further increasing x by a differential scanning calo-
rimetry (DSC) analysis, due to the decrease in the amount of
JT-active Mn>* ions,!? while the recent elastic-anelastic mea-
surements on LMO with 0 =x=0.08 indicated the existence
of the JT transition even for the x=0.08 sample (T
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~210 K).'"! On the other hand, neutron diffraction measure-
ments indicated that the Mn** ions in LMO with x=0.04 are
in a low-spin state (t‘z‘g), meaning the absence of the JT dis-
tortion or transition.!2 Moreover, since the Li* ions at the 16d
site cause deviation of the ratio of Mn®** to Mn** from 1,
charge ordering is expected to be hindered because of mis-
match in the period between lattice and charge order. Actu-
ally, LMO with x=0.04 lacks charge ordering down to 4 K,
although Li[Liy04Mn 4]O,4 exhibited a spin-glass-like tran-
sition at Ty~ 25 K.'> For LMO with x=0.1, T} is reported to
decrease from 23 K for x=0.1 to 10 K for x=0.33 by sus-
ceptibility measurements.'?

Coherent precession of muon spins signals the appearance
of magnetically ordered states even if the order is not long
range, provided it is (quasi) static on the microsecond time
scale. A positive muon-spin rotation and relaxation (u*SR)
technique is thus very suitable for detecting short-range mag-
netic order, which often appears in frustrated systems. Past

FIG. 1. (Color online) Crystal structure of cubic LiMn,O, spi-
nel. Li ions locate at the 8a site (center of the LiO, tetrahedron),
while Mn ions at the 16d site (center of the MnOg octahedron).
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u*SR experiments on powder LMO samples were, however,
mainly concentrated on the u* diffusion behavior above
100 K, to study the relationship between u* and Li*
diffusion.!'®13

In order to elucidate the change in magnetism of LMO by
x, we measured u*SR spectra down to 1.8 K using powder
samples of LMO with x=0, 0.05, 0.1, and 0.15. We clearly
demonstrated that all samples exhibited a magnetic transition
below 61 K (T or T)), and, moreover, the whole sample
enters into the magnetic phase below Ty or 7. Furthermore,
the detailed analysis of zero-field (ZF) and longitudinal-field
(LF)-u*SR spectra shows that a short-range cooperative JT
distortion still exists even in LMO with x=0.15, and the
onset of the transition temperature (T3x;r~ 280 K) is almost
independent of x and the same as Typ. This result suggests
that «*SR is the only technique that is able to provide crucial
information on Tgg;r in these technologically relevant sys-
tems.

II. EXPERIMENT

Powder samples of LMO with x=0, 0.05, 0.1, and 0.15
were prepared at OCU from LiOH-H,0 and MnOOH. The
mixture was pressed into a pellet of 23 mm diameter and
~5 mm thickness, and heated at 1000 °C for 12 h in air to
develop crystallites. The obtained powder was crushed, re-
pressed into a pellet, and then oxidized at 700, 650, 600, and
575 °C for 24 h in air for LMO with x=0, 0.05, 0.1, and
0.15, respectively.

The particle morphology of all the samples was an octa-
hedral shape with smooth (111) facets. Powder x-ray diffrac-
tion (XRD) studies indicated that the four samples were

single phase of a cubic structure with space group Fd3m.
The lattice parameters of the x=0, 0.05, 0.1, and 0.15
samples were calculated as «=0.8240(5), 0.8223(7),
0.8207(3), and 0.8193(4) nm, respectively. According to an
inductively coupled plasma—atomic emission spectrometry
analysis, the Li to Mn ratios of the four samples were
1.00:2.00, 1.04:1.96, 1.09:1.91, and 1.15:1.85, respectively.
The samples were then examined by an electrochemical
charge-discharge test using a Li|LiPFs—ethylene carbonate—
dimethyl carbonate |Li[Li,Mn,_,]O, cell. All the samples
showed electrochemical reactivity in the nonaqueous lithium
cell.'® We restrict our studies to LMO with x=0.15 because
of Li,MnO; contamination when x=0.2.'6

The susceptibility (y) was measured using a supercon-
ducting quantum interference device magnetometer (MPMS,
Quantum Design) in the T range between 5 and 400 K under
magnetic field H=55 kOe. For the u*SR experiments, the
powder was pressed into a disk of about 20 mm diameter and
1 mm thickness, and subsequently placed on a silver sample
holder or in a muon-veto sample holder. The u*SR spectra
were measured in the surface muon beamline at the ARGUS
surface muon beam line of the RIKEN-RAL Muon Facility
at the ISIS and the M20 surface muon beam line at TRIUMF.
The experimental setup and techniques are described in more
detail elsewhere.!’
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FIG. 2. (Color online) ZF-u*SR spectrum for LMO with x=0,
0.05, 0.1, and 0.15 at 1.8 K obtained at TRIUMF. Each spectrum is
offset by 0.15 for clarity of the display. The first minimum around
0.01 us is a characteristic feature of a Kubo-Toyabe-type relax-
ation, indicating the existence of randomly oriented magnetic
moments.

II1. RESULTS AND DISCUSSION
A. Magnetic transition below ~60 K

We have measured ZF-u*SR spectra in LiMn,0,4 below
320 K to know the change in magnetism at Ty. Here, ZF-
MSR is sensitive to weak local magnetic (dis)order in
samples exhibiting quasistatic paramagnetic moments. The
ZF-u*SR spectrum, however, lacks any oscillatory signal
even at 1.8 K, although the first minimum is observed
around 0.01 us (see Fig. 2). The spectra were hence fitted by
a combination of two dynamic Gaussian Kubo-Toyabe
(DGKT) signals and a fast- and slow-relaxing nonoscillatory
signal (below Ty). One of the two DGKT signals appears
only below Ty, while the other only above Ty. The former
signal and the two nonoscillatory signals are thus due to the
internal fluctuating fields and the latter due to the nuclear
magnetic field of 'Li and *Mn:

AgPz(t) = AgriGPT (A1, 1)) exp(= Ngri?)
+ AKTzGDGKT(f,Az, V2) exp(— )\KTZt)

+ Afast eXP(— )\faslt) + Atail eXP(— )\tailt) > (1)

where A is the empirical maximum muon decay asymmetry,
Axr1s AkT2s Afgs and Ay are the asymmetries associated
with the four signals. Agri, Ak, Mase @nd Ay are their
relaxation rates, A; and A, are the static widths of the local
frequencies at the disordered sites, and v; and v, are the field
fluctuation rates. Here, Agxr;=0 above Ty, whereas Agt,=0
below Ty. When v=0, GP9KT(¢,A,v) is the static Gaussian
Kubo-Toyabe function G?ZT(t,A) given by
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FIG. 3. (Color online) Weak transverse field (wTF)-u*SR
spectrum for LiMn,O, obtained at 70, 63, and 60 K with H
=71 Oe at TRIUMF. Here, AoPrg(r)=Arpexp(-Npt)? cos(w,t
+ @)+ Agyg €Xp(—Npueit)- The first term corresponds to the oscillation
due to wTF, whereas the second term corresponds to the fast relax-
ation due to the disordered moments.

1 2 A2t2
szT(t’A) =3 + 5(1 - A%’ exp(— T) (2)

Since the Ay, signal appears below Ty and in the vicinity of
Tx, the Ay, signal is essentially the same as the Agr; signal.
This is because, in the fast-fluctuation limit (v>>A) in zero
field, GP9XT(r, A, v) ~exp(=\1)."7

The other three samples, i.e., LMO with x=0.05, 0.1, and
0.15, all clearly exhibit a KT-type relaxation at 1.8 K that is
similar to the sample with x=0, as shown in Fig. 2. This
suggests that LMO with x>0 undergoes a magnetic transi-
tion at low T; and their magnetic structures are most likely
identical to that for LiMn,O,, although V), increases with
increasing x. It should be noted that the DGKT-type behavior
due to randomly oriented magnetic moments is different
from that of a typical dilute spin glass, for which the ZF
spectrum is well explained by a Lorentzian KT function.'®!°

Figure 3 shows the weak transverse field (WTF)-u*SR
spectrum for LiMn,0, obtained at H=71 Oe to demonstrate
a drastic change at Ty. Here, “weak” means relative to the
spontaneous internal fields (Hj,) in the ordered state. A wTF-
#*SR technique is sensitive to local magnetic order via the
shift of the u* spin precession frequency and the enhanced
u* spin relaxation. As T decreases from 70 K, the oscillation
amplitude due to a WTF decreases rapidly, indicating the
appearance of H,,,.

Figure 4 shows the T dependence of A together with the
normalized wTF asymmetry (NATF)’ which roughly corre-
sponds to the volume fraction of paramagnetic phases in the
sample, and y for the four LMO samples. The N, ATF(T) curve
indicates that all the samples exhibit the magnetic transition
with T~61 K for x=0, ~27 K for x=0.05, ~26 K for
x=0.1, and ~23 K for x=0.15, where T‘I{}‘d is defined as T at
which Ny =0.5.

The N ATF(T) curve is quite consistent with the x(7) curve;
that is, the y(7) curve measured under ZFC mode starts to
deviate from that measured in the FC mode below Ty, sug-
gesting the development of a freezing component. Since
Ny, .~ 0 below Ty, the four samples are assigned to be
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~100% magnetic below Ty. The results also indicate that Ty
for the samples with x>0 is most likely the 7 of disordered
moments. The substitution of Mn by Li decreases the amount
of JT-active Mn®*, stabilizes the cubic phase at low 7,'? and
annihilates charge ordering. As a result, a small amount of x
(~0.05) is thought to reduce Ty=61 K drastically down to
T;=27 K, as reported for (Li,Zn;_,)V,0,.%

Figure 5 shows a tentative phase diagram of LMO using
the present u*SR and y measurements together with previ-
ous y data.'3 Although the phase boundary between the AF
and SG phases is still ambiguous at present, it is clearly
understood that Ty is very sensitive to x. This is presumably
the main reason for the discrepancy of Ty and the magnetic
structure of LiMn,O, in past reports.>® We wish to empha-
size that the present "SR experiment confirms the existence
of the magnetic transition for LMO with x>0, because,
based only on the y measurements, it is difficult to judge
whether the origin of Ty and/or T} is intrinsic.

As seen in Fig. 4(a), A has a finite value below Ty or T,
and, as T decreases, A| increases with decreasing slope; that
is, an order-parameter-like behavior as expected for H;,.. The
four A{(T) curves are very similar each other, although the
magnitude of A, at 1.8 K decreases with increasing x, con-
sistent with the fact that both the number of Mn ions and
their effective magnetic moment (u.y) decreases with in-
creasing x. In spite of the several neutron studies,®® the AF-
ordered moment for LiMn,0, is still unknown. Assuming
that the ordered moment is comparable to u.s(=4.52ug),
and the w*’s experiencing H,, are bound to oxygen—the
center of the four nearest neighboring Mn ions and 0.191 nm
away from the Mn ions,* a simple dipolar field calculation
provides that the highest Hj, is 32 kOe (=600 MHz) for a
ferromagnetic arrangement. The magnitude of A;(1.8 K)
(~200 X 10° s7!) is therefore reasonable for H,, due to Mn**
and Mn*" moments. It should be noted that, v, at low T in
LiMn,0, are almost static on the u* lifetime, as evidenced
by our observation that »,=0.5X10°s™! and Agr =0.3
X 10% s7! below 40 K, i.e., negligibly small compared with
A,

B. Jahn-Teller transition around 280 K

In order to elucidate the magnetic behavior near Ty
=280 K, we have measured ZF and two LF-u*SR spectra at
each T point up to 320 K to determine A, and v, precisely by
a DGKT function [by the second and fourth terms in Eq. (1)]
(see Fig. 6). This is because the change in the u*SR param-
eters at 7y is expected to be very small, as it is not magnetic
in origin.

Figure 7 shows the T dependences of v,, A,, and xy~' for
the four LMO samples. For the LiMn,0, sample, as T in-
creases from 50 K, v, decreases monotonically up to 100 K,
then increases with increasing the slope, finally reaches the
maximum at ~270 K, and then decreases with further in-
creasing T. The A,(T) curve exhibits a sudden decrease at
~270 K accompanying the maximum in v,. Since the x(7)
curve shows a small cusp at 275 K due to orbital ordering of
Mn?** at T)r.° the peak of the v,(7) curve and the sudden
decrease in A, are naturally assigned to be caused by the JT
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FIG. 4. (Color) T dependences of (a) the field distribution width
Ay, (b) the normalized wTF asymmetry [N, =Are/A7p(300 K)],
and (c) x for LMO. y was measured in both field-cooling (FC) and
zero-field-cooling (ZFC) modes with H=100 Oe. Crossed open
circles in (a) show the A, (T) curve for LiMn,0O,, which continue
to the A(T) curve with decreasing 7. Red arrows in (c) show Ty
determined by y.

transition. During the JT transition, elastic softening was
clearly observed.> The maximum in the v,(T) curve is there-
fore most likely a consequence of a critical slowing down
toward Ty due to the spin-phonon interaction, as reported
recently for DyVO,.?! Additionally, it is reasonable that A,
in the high-7 cubic phase is smaller than that in the low-7
orthorhombic phase.

For the samples with x=0.05-0.15, although there are no
anomalies in the x~'(7) curve, the v,(7) curve still exhibits a
maximum at ~270 K, and A, decreases with increasing 7'
above ~270 K, while both changes are suppressed with in-
creasing x. The wTF-u*SR measurements clearly confirm
the absence of any x=0 contaminant phase in the samples
with x=0.05 [see Fig. 4(b)]. More precisely, the A,(T) curve
below ~320 K shows that the transition occurs over a wider
T range for the x>0 sample. That is, as T decreases from
320 K, A, for the x=0.05-0.15 samples starts to increase
below 290 K with decreasing slope, and seems to level off to
its maximum value below ~200 K—i.e., the transition width
(8Ty7) is ~90 K, whereas 6Tyr~ 30 K for LiMn,0O, (see Fig.
3).

Therefore, u*SR detects the appearance of a short-range
cooperative JT distortion (T3x;r) even in the samples with
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FIG. 5. Magnetic phases in Li[Li,Mn,_,]O4. Ty indicates an
antiferromagnetic (AF) transition temperature, 7 a spin-freezing
temperature, x.,=1/3 the solubility limit of Li, PM a paramagnetic
phase, and SG a spin-glass-like phase. Although the phase boundary
between the AF and SG phases (broken lines) is not clear at present,
Ty is found to decrease rapidly with increasing x.

x=0.15 at ~280 K, whereas no anomalies are detected by y
and other macroscopic measurements for LMO with x
=0.05. As T decreases from Tgyyr, the short-range coopera-
tive JT distortion develops down to the end point of T}t
(TEr=Ton o~ 8Typ). It is thus found that T3g;; is unchang-
ing with x but the change in physical properties at Tgg;r
reduces with x and eventually disappears for LMO with x
=0.05. We note that a very similar A,(7) curve measured in
the T range up to 380 K (far above T;p) was reported for
LMO with x=0.04 in Ref. 14 and for x=0 in Ref. 15; in the
latter, the maximum in the »,(7T) curve was also seen. Both
authors however explained the change in the A,(7T) curve at
~280 K not by the cooperative JT distortion but by Li* dif-
fusion.
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FIG. 6. (Color) ZF and LF-u*SR spectra for LiMn,O, at 265 K
obtained at ISIS. The solid lines represent the global fitting result
using the second and fourth terms of Eq. (1). A slowly exponential
relaxation signal (A~ 0) comes from the muons stopped outside
the sample, mainly in the silver holder. Since A ;/Axr
~0.03/0.21 in the whole T range measured, 88% of the muons stop
in the sample while the remainder stop in the silver.
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FIG. 7. (Color online) T dependences of (a) the field fluctuation
rate (v,), (b) the field distribution width (A,), and (c) 1/ for LMO
with x=0, 0.05, 0.1, and 0.15. The data were obtained by fitting the
ZF and LF-u*SR spectrum (see Fig. 6) using Eq. (1). The spectra
were measured in at Riken-RAL of ISIS in the time domain up to
20 us. x was measured in FC mode with H=10 kOe. \kt, ranges
from 0.02X10° to 0.05X10°s™' and is almost T independent
above 100 K.

The present result is also consistent with that of the recent
elastic—anelastic measurements on LMO with x=0.08.!" The
structural transition temperature determined by the 7 depen-
dence of Young’s modulus (75;) was reported to decrease
from 280 to 240 K with increasing x from 0 to 0.02, and then
T?T was almost x independent (~210 K) for LMO with x
=0.04-0.08. Since Teo;~200K for the x=0.05-0.15
samples, the macroscopic elastic anomaly is found to be de-
tected at T . This is thought to be very reasonable, since
the long-range order detectable by macroscopic measure-
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FIG. 8. (Color online) T dependences of the reduced A, of Fig.
7(b) for LMO with x=0, 0.05, 0.1, and 0.15.

ments often appears below the temperature at which the de-
velopment of short-range order is completed, as in the case
for several cobalt oxides.?>>*

IV. CONCLUSION

The present result impacts research on rechargeable
lithium batteries. In order to improve the performance of
such batteries, the cubic phase is stabilized by substitution of
Mn with other elements.!?? The effects of such substitution
on the lattice stability are usually examined by XRD and/or
DSC measurements. However, the fact that u*SR is able to
provide information on the appearance of the short-range co-
operative JT distortion, the only technique to our knowledge
that is able to do so, suggests that substitution effects in
LMO should be reexamined by combining u*SR and elec-
trochemical analyses. Furthermore, such studies should prob-
ably be carried out not only for LMO, but also for related
battery materials such as LiCoO, and LiNiO,.
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