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Low-temperature magnetic properties and high-temperature diffusive behavior of LiNiO,

investigated by muon-spin spectroscopy
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In order to elucidate the effect of Ni ions in the Li layer on magnetism and Li diffusion of LiNiO,, we have
measured muon-spin rotation and muon-spin relaxation (u*SR) spectra for the polycrystalline Li;_,Ni;,, O,
samples with x=0.02, 0.03, and 0.15. Weak transverse-field-u*SR measurements demonstrated the existence of
a bulk ferromagnetic transition at 7,,=48(6) K for the x=0.03 sample and 161(7) K for x=0.15 while the
x=0.02 sample exhibited an antiferromagnetic transition at 18(4) K. Zero-magnetic-field-(ZF) u*SR measure-
ments below Ty, clarified the formation of static ferromagnetic (FM) order for the x=0.03 and 0.15 samples but
only a highly disordered antiferromagnetic (AF) order for the x=0.02 sample. Therefore, the variation in the
low-T magnetism with x is most unlikely due to the change in the concentration of an AF NiO-type domain or
an FM Ni-rich cluster but likely due to a homogeneous change in the whole system. In the paramagnetic state,
ZF- and longitudinal-field-u*SR spectra exhibited a dynamic nuclear field relaxation. From the temperature
dependence of the field fluctuation rate, a diffusion coefficient of Li* ions (Dy;) at 300 K was estimated about
0.39(3) X 10711 c¢m?/s for the x=0.02 sample and 0.12(7) X 10~!" c¢m?/s for x=0.15. On the other hand, the
related compound, LiCrO,, did not show any diffusive behavior even at the highest temperature measured
(=475 K). Considering the hindrance of diffusion by Ni in the Li* diffusion plane and the fact that LiCrO, is
electrochemically inactive, the estimated Dy ; is thought to be very reasonable for the positive electrode mate-
rial of Li-ion batteries. Furthermore, at low temperatures where the Li* ions are static, the internal magnetic
field was still found to be fluctuating, due to a dynamic local Jahn-Teller distortion of the Ni** ions in a

low-spin state with S= 1/2(tgge;,).
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I. INTRODUCTION

Diffusion of Li* ions in solids is a basic principle behind
the operation of Li-ion batteries. Such diffusive behavior is
represented by the diffusion equation (Fick’s law), J=-D
X d¢/ dx, where J is the diffusion flux, D is the diffusion
coefficient, ¢ is the concentration, and x is the position. Al-
though D of Li* ions (Dy;) in solids is usually evaluated by
"Li-NMR, difficulties arise for materials that contain mag-
netic ions. This is because the magnetic ions contribute ad-
ditional spin-lattice relaxation processes that is considerably
larger than the 1/7T; expected from only Li diffusion.’? In
fact, D;; estimated by "Li-NMR for LiCoO, and LiNiO,
(Ref. 3) is known to be three or four order of magnitude
smaller than the D;; predicted by first-principles
calculations.* This implies that 'Li-NMR provides a very
rough estimate of Dy; for the positive electrode materials of
Li-ion batteries, which include transition-metal ions in order
to compensate charge neutrality during a Li* intercalation/
deintercaltion reaction. This is a highly unsatisfactory situa-
tion since Dy; is one of the primary parameters that govern
the charge/discharge rate of a Li-ion battery, particularly a
future solid-state battery.
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We have, therefore, attempted to measure Dy ; for lithium
transition-metal oxides with muon-spin relaxation (u*SR)
since 2005,> although there were a few u*SR reports on
lithium transition-metal oxides, i.e., LiMn,O, spinel®® and
LioTi0,.'° Muons do not feel fluctuating magnetic moments
at high 7 but instead sense the change in nuclear dipole field
due to Li diffusion. Even if magnetic moments still affect the
muon-spin depolarization rate, such an effect is, in principle,
distinguishable from that of nuclear dipole fields. In particu-
lar, a weak longitudinal field can be applied that decouples
the magnetic and nuclear dipole interactions.'!!? (Here, “lon-
gitudinal field” means a magnetic field is applied parallel to
the initial muon-spin polarization.)

In Li,Co0,, as T increases from 50 K, the field fluctuation
rate (v) is initially constant (eventually 0), but starts to in-
crease above 160 K,” around which the "Li-NMR line width
suddenly decreases due to a motional narrowing.'3 Further-
more, the T dependence of v was well explained by a thermal
activation process in the 7 range between 160 and 250 K.
Assuming a random-walk jump of the Li* ions between the
neighboring sites, D;;(300 K) for Liy 13C00, is estimated as
about 13.3 X 107!" cm?/s,” which is comparable to the pre-
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diction from first-principles calculations.* In order to further
confirm the unique power of u*SR for detecting Dy; in sol-
ids, it is definitely necessary to measure Dy; for other mate-
rials by means of u*SR.

In this paper, we select LiNiO, and related materials as a
target because they have been heavily investigated as a posi-
tive electrode material for the next-generation Li-ion
batteries.!#2% In the rhombohedral LiNiO, lattice with space

group R3m, the NiO, plane and the Li layers form alternat-
ing stacks along the ¢y axis in the hexagonal setting.”! In the
NiO, planes, Ni ions form a two-dimensional triangular lat-
tice (2DTL) by a network of edge-sharing NiOg octahedra.
Since the Ni** ions are in a low-spin state with S=1/2,
LiNiO, was proposed to be an ideal half-filled 2DTL.?? In
contrast to LiCoO,, stoichiometric LiNiO, has never been
prepared so far.”3?* That is, the excess Ni is usually present
in the Li layer of the LiNiO, samples due to the similarity in
ionic radii between Li* and Ni**.?>-?7 The ionic distribution
of the Ni-excess LiNiO, is, thus, given by
(Lit_ Ni2*)3,[Ni2*Nij* 15,0,,%° where 3b and 3a are the Li
and Ni site in the regular LiNiO, lattice. Since the (Ni**)s,
ions introduce an additional ferromagnetic (FM) interaction
between the adjacent NiO, planes,”® the magnetic nature of
Li,_,Ni,,,O, strongly depends on x.2-272% In fact, the reason
why long-range AF order does not exist for nearly stoichio-
metric LiNiO, (Refs. 30-32) was clearly explained by the
effect of the (Ni**)s, ions by recent u*SR study of the x
=0.03 compound.’*3* More correctly, the magnetic ground
state of nearly stoichiometric LiNiO, is found to be a “static
but short range.” A-type antiferromagnetic (AF) ordered sys-
tem, in which the Ni** moments align ferromagnetically
along the cy axis in the NiO, plane with an incommensurate
modulation due to canting of the Ni** moments but align
antiferromagnetically between adjacent NiO, planes. How-
ever, the x dependence of microscopic magnetism of
Li,_,Ni;, O, was not investigated by u*SR so far, although
the change with x is thought to occur very locally.

Besides the interesting change in the low-7 magnetism of
Li,_,Ni,, O, with x, the (Ni**), ions are naturally expected
to reduce Dy; at high T,'%2%3 because of the hindrance of
diffusion by (Ni?*),, in the Li* diffusion plane, in which Li*
ions move relatively easily. Nevertheless, there is less sys-
tematic work on the relationship between Dy ; and x while the
charge/discharge performance was studied as a function of
x.1935 The u*SR experiment on Li;_,Ni;,, 0, with x=0,
therefore, provides crucial information on the effect of x on
both magnetism and Dy ;, resulting in clear insight regarding
how to improve cathode materials.

II. EXPERIMENT

A powder sample of LiNiO, was prepared by a solid-state
reaction technique using reagent grade LiNOs and Ni(NOs),
powders as starting materials. A mixture of the two powders
was well mixed with a mortar and pestle, then pressed into a
pellet of 23 mm diameter and 5 mm thickness. The pellet
was heated at 650 °C for 12 h in an air flow, and then ground
and pressed into a pellet again. Then, the pellet was annealed
for 12 h in an oxygen flow at 750 °C. In order to increase x
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TABLE I. Structural, compositional, and magnetic properties of
the three LiNiO, samples prepared with different annealing tem-
peratures; (top) lattice parameters obtained by the analysis of the
synchrotron XRD data using a Rietveld technique (upper middle)
chemical compositions determined by an ICP-AES analysis (lower
middle) Curie-Weiss parameters obtained by susceptibility mea-
surements, and (bottom) a bulk magnetic transition temperature
detected by weak transverse field "SR measurements. Here, the
lattice parameters were calculated for the hexagonal unit cell. xxrp
was evaluated from the occupancies of Li and Ni at the 3b site,
while x;cp is converted from the Li/Ni ratio by the relation
x=(1-y)/(y+1), where y=Li/Ni. Due to the presence of the
Li,COj phase in the three samples, xjcp is naturally smaller than the
amount of Ni ions at the 3b site for both samples. Thus, xygp is
used for the composition of the present Li;_,Ni;, O, phase.

Annealing T (°C) 750 850 950

ay (nm) 0.28784(1)  0.28831(1)  0.28955(1)
¢y (nm) 1.41963(2) 1.42037(2) 1.42309(2)
XxXRD 0.019 0.027 0.154
Li/Ni 1.01(1) 0.93(1) 0.87(1)
Xicp ~0.005(5)  0.036(5) 0.070(6)
Ocw (K) 40.8(5) 90.8(1.4) 166(6)
et (ig) 2.14(1) 1.91(1) 1.50(4)
T, (K) 18(4) 48(6) 161(7)

in Li;_,Ni;,,0,, the pellet heated at 650 °C was also an-
nealed for 12 h in an oxygen flow at 850 or 950 °C.
Powder x-ray diffraction (XRD) patterns for the three
samples were measured on BL0O2B2 of SPring-8 in Japan
with wavelength N, ,,=1.00081(1) A. According to a Ri-
etveld analysis using a computer program RIETAN2000,%¢ the
three samples were assigned as almost a single phase of a

rhombohedral symmetry with space group R3m together
with a small amount of Li,CO, phase, as already reported.®
The composition of the samples were checked by an induc-
tively coupled plasma-atomic emission spectral (ICP-AES)
(CIROS 120, Rigaku Co. Ltd., Japan) analysis. The results of
the XRD and ICP-AES analyses were summarized in Table I.

In order to estimate the excess Ni in the Li plane, y was
measured below 400 K under a H=10 k Oe field with a
superconducting quantum interference device magnetometer
(MPMS, Quantum Design). The Weiss temperature (Ocyw)
and effective magnetic moment (u.g) were determined from
the T dependence of susceptibility (y) by fitting to a Curie-
Weiss (CW) law, y=C/(T-Ocy) and C=(Ng>us/3kg)ul:
in the T range between 80 and 400 K. Here, N is the number
density of Ni spins, g is the Landé g factor, up is the Bohr
magneton, and kg is Boltzmann’s constant. As a result, we
obtained Ocw=40.8+0.5 K and p.;=2.14+0.01 ug, re-
spectively [see Figs. 1(a) and 1(b)], assuming that g=2.37 In
addition, the x(7) curve obtained with H=100 Oe exhibits a
clear cusp at 11 K (=T,,), as seen in Fig. 3(c). Since these
values are in good agreement with those reported for
Li;_Ni;,, 0, with x=0.02 (Refs. 23, 25, 29, and 37) and our
previous result,® x for the sample annealed at 750 °C is
determined as ~0.02. The composition of the samples an-
nealed at 850 °C and 950 °C are determined as x=0.03 and
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x=0.15, respectively, based on the XRD analysis.

The u*SR spectra were measured at the surface muon
beam lines using the LAMPF spectrometer of TRIUMF in
Canada, the ARGUS spectrometer of ISIS/Riken-RAL in
U.K., and the D-OMEGAI1 spectrometer of MUSE/MLF/J-
PARC in Japan. In TRIUMEF, the approximately 500 mg
powder sample was placed in an envelope with 1 X1 cm?
area, which is made of very thin Al-coated Mylar tape, and
then the envelope was attached to a low-background (BG)
sample holder in a liquid-He flow-type cryostat in the T
range between 1.8 and 250 K. In Riken-RAL and J-PARC,
on the other hand, a ~2 g powder sample was pressed into a
disk with 27 mm diameter and 1 mm thickness, and packed
into an Au-O ring sealed titanium cell. The window of the
cell was made of a Kapton film with 50 um thickness. The
cell was mounted onto the Cu plate of a liquid-He flow-type
cryostat in the 7 range between 10 and 500 K. The experi-
mental techniques are described in more detail elsewhere.'?

III. RESULTS
A. Magnetization below 400 K

Prior to the u*SR results, we at first show the results of
the magnetization measurements. Figure 1(a) shows the T
dependence of y for the x=0.02, 0.03, and 0.15 samples. As
T decreases from 400 K, the x(7) curve exhibits a sudden
increase below ~60 K for the x=0.02 sample, below
~100 K for x=0.03 and below ~200 K for x=0.15. Ac-
cording to the x~'(7) curve [Fig. 1(b)], these samples are a
CW paramagnet at high temperatures. In fact, a CW fit in the
T range between 200 and 400 K for the x=0.03 sample (be-
tween 320 and 400 K for x=0.15) yielded Ocyw
=90.8+14 K and pu=191%20.01 ug (1666 K and
1.500.04 wg). This means that FM interaction increases
with x, being consistent with the fact that the (Ni**);, ions
introduce an additional FM interaction between the adjacent
NiO, planes, regardless with the sign of the interaction be-
tween (Ni%*);, and (Ni);,.?® This is confirmed by the rela-
tionship between magnetization (M) and H for the x=0.03
samples [Fig. 1(c)]. The M(H) curve shows an FM behavior
for the x=0.03 and 0.15 samples at 5 K, being consistent
with the past work.?’>3® Note that, the value of M at the
highest H measured (=55 k Oe) for the x=0.15 sample is
almost the same to those for the x=0.03 and even for x
=0.02 samples, despite the increase in © with x.

On the other hand, . is found to decrease with x, as
reported in the past work.?” However, it is difficult to explain
this behavior using the assumption that the Ni** ions are in
an S= l(tggeg) state. This is because, since the Ni** ions are
inan S=1/ 2(tgge;) state,> .5 is expected to increase with x.
This discrepancy could be explained by the hypothesis that
the highest 7' measured (=400 K) is too low to obtain a pure
CW behavior.®

B. Low-temperature magnetic properties
1. Weak transverse field p*SR

In order to study the effect of x on the microscopic mag-
netic nature of Li,_,Ni;, O,, we initially measured pu*SR
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spectra in a weak transverse field (wTF=50 Oe). Here,
“weak” means that the applied field is significantly less than
any possible spontaneous internal fields (H;,) in the ordered
state. The wTF- "SR technique is sensitive to local magnetic
order via the decrease in the amplitude (asymmetry) of the
ut spin precession signal and the enhanced u* spin relax-
ation. Figure 2 shows the variation in the wTF time spectra
of LiygsNi; 150, at different temperatures. When 7 decreases
below ~160 K, the oscillation amplitude due to WTF rap-
idly decreases, indicating the appearance of additional strong
H;,.. At 130 K, the wTF oscillation eventually disappears and
the spectrum consists of a fast relaxing signal in an early
time domain and a slowly relaxing tail signal. The
wTF-u*SR spectrum was consequently fitted using a combi-
nation of a slowly relaxing precessing signal and two expo-
nentially relaxing nonoscillatory signals. The first component
is due to the externally applied magnetic field (wTF
=50 Oe) and the second and third are due to Hjy,.

AgPrr() = Aqp cos(@fgt + drp)expl— (\gt)”]
+Afasl exp(_ )\fastt) + Aslow eXP(— )\slowt)’ (1)

where A, is the initial (r=0) asymmetry, Pyg(7) is the muon-
spin-polarization function, wf{p is the muon Larmor fre-
quency corresponding to the applied WTF, ¢ is the initial
phase of the precessing signal, Atg, A and A, are the
exponential relaxation rates, and Atp, Ap,g, and Ag,,, are the
asymmetries of the three components of the «*SR spectrum.

By plotting Aqp versus T [see Fig. 3(a)], we can clearly
see that the x=0.15 sample has a bulk magnetic transition at
T,=161*7 K, where the normalized ATF(:ATF/AO:NATF)
=0.5. This is because the normalized Ay corresponds to the
volume fraction of paramagnetic (PM) phases in a sample.
For the x=0.03 (x=0.02) sample, T, is estimated as
48+6 K(18 =4 K). As T decreases from 250 K, the Ap(T)
curve exhibits a critical behavior toward 7,, for the three
samples [Fig. 3(b)], as expected. Moreover, since the nor-
malized Apg reaches O below the vicinity of T, for the three
samples, the volume fraction of the Li,CO; phase in the
samples is negligibly small, i.e., below a few percent. The
Agow component is the “1/3 tail” due to the quasistatic inter-
nal fields, as discussed later for the zero-magnetic field (ZF)
data.

On the other hand, the x(7) curve shows the appearance
of a spontaneous magnetization for the x=0.03 and 0.15
samples at T, due to an FM transition while that of
Lij 9sNi; o0, shows a cusp at 11 K. Here, the #*SR and y
results on LijggNij 00O, are reproducible to our previous
work.?3 Note that it is difficult to judge whether the whole
volume of the sample enters into a magnetic phase, based
only on the x(7T) curve. We, therefore, wish to emphasize
that the present wTF-u*SR measurements clearly demon-
strates the existence of a bulk FM transition at 7, for
Li;_,Ni;, O, with x=0.03 and 0.15. It is also very interesting
that only 3% Ni ions in the Li layer [(Ni**), ions] is suffi-
cient to induce an FM transition in the whole sample. Such a
(Ni%*),, ion was previously believed to produce a localized
magnetic ordered region in its vicinity. The present result,
therefore, suggests that the (Ni**), ion not only mediates the
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FIG. 1. (Color online) T dependence of (a) susceptibility (y) and
(b) 1/x, and (c) the relationship between magnetization (M) and
magnetic field (H) at 5 K for Li;_Ni;,,O, with x=0.02, 0.03, and
0.15. The y data were obtained in field cooling (FC) mode with
H=10 kOe. Solid lines in (b) represent a linear fit in the 7 range
between 80 and 400 K for the x=0 sample (between 200 and 400 K
for x=0.03 and between 320 and 400 K for x=0.15) using a Curie-
Weiss formula.

local FM order between the adjacent NiO, planes but also
strongly reduces the AF coupling between them. This is con-
sistent with the fact that long-range A-type AF order was not
detected so far even for the most stoichiometric LiNiO,

sample prepared.?32*
— T T T T T T
0.2f% Lio.gsNi1.1502
CAIS ‘ &
o oF-4
< 04} -
R %W  WTF-uSR]
02F M 000"
. |24.0K| P H—Eﬁo Qe
0 1 2 3 4 5

TIME (us)

FIG. 2. (Color online) T dependences of the weak transverse
field spectrum for LiygsNij ;50,. These spectra were obtained in
TRIUMF.
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FIG. 3. (Color online) T dependences of (a) normalized weak
transverse field asymmetry (Atp/Ag), (b) relaxation rate (Atp), and
(c) susceptibility (y) obtained in FC mode with H=100 Oe for
Li,_,Ni,,,0, with x=0.02, 0.03, and 0.15.

Figure 3(d) shows the relationship between T, and x for
Li;_Ni;,,O,. Since the other end compound with x=1, i.e.,
NiO, is known to be an antiferromagnet with Ty=523 K,*
the magnetic phase diagram of the Li;_Ni;, O, system is
likely very complex. Furthermore, we wish to point out that
the present u*SR results excludes the scenario, in which the
amount of the NiO-type domain increases with x.*! This is
because, if such scenario is correct, the volume fraction of
the magnetic phase is expected to increase with x but 7,
should not change with x. For the same reason, the FM-
cluster model, in which the amount of an FM Ni-rich cluster
increases with x,3337 is also most unlikely correct. The varia-
tion in the magnetic nature for Li;_Ni;, O, with x is, on the
contrary, considered to be caused by a homogeneous change
in the whole system.

2. Zero field p*SR

In order to further elucidate the nature of the magnetic
phase, we measured the u*SR spectra in ZF for the three
samples. The ZF u*SR technique is uniquely sensitive to
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FIG. 4. (Color online) The ZF-u*SR time spectra at the lowest
T measured for the three Li;_,Ni;,,O, samples; (a) only for the x
=0.02 sample in the time window between 0 and 0.1 us, and (b)
for the x=0.02, 0.03, and 0.15 samples from top in the time window
between 0 and 0.04 us. Solid lines represent the fitting result using
Egs. (2) and (3). Each spectrum is offset by 0.1 for clarity of dis-
play. These spectra were obtained in TRIUMF.

local magnetic [dis]order in samples exhibiting quasistatic
paramagnetic moments. Figure 4 shows their ZF spectra in
an early time domain at the lowest 7 measured (=1.8 K).
For the x=0.02 sample, the ZF spectrum shows only a first
broad minimum around 0.2 us. The spectrum was well fitted
by a combination of the Bessel function [Jy(wf)] and two
exponentially relaxing nonoscillatory signals

AoPzr(1) = AprJo(wapt)exp(— Nagt) + Ay €XP(— Npage?)
+Aslow CXP(— )\slowt) . (2)

The former corresponds to the signal that muons “see” the
incommensurate or widely distributed magnetic field'?*?
caused by a small amount of the (Ni**), ions and the latter
two nonoscillatory signals correspond to the 1/3 “tail” signal.
These behavior are the same to those for the x<<0.03 com-
pound, previously reported.3* Although J,(wt) is widely used
for fitting the ZF-u*SR spectrum in an incommensurate AF
ordered state, it should be noted that J(wt) only provides a
wide distribution of an internal magnetic field. Even for a
commensurate AF ordered state, the ZF spectrum would be
fitted by J,(wt), when the spectrum consists of multiple sig-
nals with different muon-spin precession frequencies.*?

On the other hand, the ZF spectra for the x=0.03 and 0.15
samples show a clear oscillation, although they are rapidly
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relaxing. The ZF spectra for the both samples were well
fitted by a combination of the Gaussian relaxing cosine os-
cillation for the static internal field and two exponentially

relaxing signals
UIZTMt2>
2
+ Afast exp(_ )\fastt)

+ Aslow exp(— )\slowt)v (3)

AgPzr(1) = Apy cos(wfyt + ¢FM)GXP<—

where A is the initial asymmetry and Apy, A, and Agoy
are the asymmetries associated with the three signals.
oy (=27f) is the muon Larmor frequency corresponding to
the static internal FM field, ¢y is the initial phase of the
precessing signal, gy, Mg @and Ny, are the Gaussian and
exponential relaxation rates of the three signals. Here, the
total asymmetry is fixed as 0.24, i.e., 2A;=A,=0.24, which
was determined by the wTF measurements above T,,.

Figure 5 shows the T dependences of the ZF-u*SR pa-
rameters for the three samples. Here, the data for the x
=0.02 sample is the same to those in Ref. 33, i.e., the wTF
result and the ZF spectrum at 1.8 K for the present x=0.02
sample are the same to those for the previous sample. The fit
for the ZF spectrum at 1.8 K using Eq. (3) yields ¢py
=7.120.4°(11.5%=0.1°) for the x=0.03(0.15) sample, i.e.,
eventually ¢py=0. This indicates that the spin structure of
the x=0.03 and 0.15 samples is commensurate to the lattice,
in contrast to LiyogNij 00O5.

The f(T) curve [Fig. 5(a)] exhibits an order-parameterlike
T dependence. That is, as T decreases from T,,, which is
indicated by the arrow on the horizontal axis, f increases
monotonically down to the lowest 7" measured with decreas-
ing the slope (df/dT). Furthermore, as expected from Fig. 4,
J(T—0) for the x=0.15 sample is almost the same to that for
the x=0.03 sample (~90 MHz). This means that the internal
FM field at the muon site does not vary with x for the
samples with x=0.03, although T}, clearly depends on x.
This behavior is consistent with the results of the magneti-
zation measurements. That is, according to the M(H) curve
[Fig. 1(c)], the saturated magnetization per Ni ions for the
x=0.03 sample is comparable to that for the x=0.15, indicat-
ing that the FM internal field of each domain, which muons
sense, does not depend on x for samples with x=0.03.

The relaxation rate opy also increases with decreasing 7,
and then levels off around 60X 10° s~1(100x 10° s~!) be-
low 140 K (35 K) for the x=0.15 (0.03) sample, although the
data for the x=0.03 sample is scattering. However, opy is
likely to decrease with x, as clearly seen in Fig. 4. Finally, as
T decreases from T,,, the normalized FM asymmetry
(Apm/A,) increases, and then levels off around 0.7 below 120
K (35 K) for the x=0.15 (0.03) sample. Considering the 1/3
tail component, this indicates that the whole volume of the
sample enters into an FM ordered phase.

For the x=0.15 sample, A, /Ao is almost T independent
(~1/3) in the whole T range below T,, while Ag/Ag is
nonzero only below the vicinity of T, [Fig. 5(d)]. Consider-
ing the magnitude of Apy/Ag(~2/3) below T,, and a very
small magnitude of Ay, and A, compared with oy, both
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FIG. 5. (Color online) T dependences of ZF-u*SR parameters
for the Li;_Ni;,, O, samples with x=0.02, 0.03, and 0.15; (a)
muon-spin precession frequency (f=wfy/2), (b) the relaxation
rate (opy and Nap), (c) the normalized asymmetry for the oscilla-
tory signal (Apy/Ag and Axg/Ag), (d) the normalized asymmetry for
the nonoscillatory signals (A;/A), and (e) their relaxation rates (\;).
The data were obtained by fitting the ZF spectra using Eqgs. (2) and
(3). Arrows on the top horizontal axis of (a) show T, determined by
the wTF measurements. Symbols in (e) are the same to those in (d).

Agow and Ay, signals are assigned as the 1/3 tail signal. For
the other two samples, although Ay, /Ay poses a nonzero
value even at the lowest 7 measured, the overall behavior of
the nonoscillatory signals is reasonable for the 1/3 tail signal,
as well as that for the x=0.15 sample.

C. High-temperature diffusive behavior

1. Zero- and longitudinal-field p*SR

In the paramagnetic state above Ty, the ZF-u*SR spec-
trum exhibits a slow relaxation due to a nuclear magnetic
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FIG. 6. (Color online) ZF- and two LF-u*"SR spectra for [(a)
and (b)] Lig ogNi 0,05, [(c) and (d)] Liog5Ni; 150,, and [(e) and (f)]
LiCrO,. (a), (c), and (e) were obtained at 300 K while (b), (d), and
(f) at 350 K. Solid lines represent the fit result using Eq. (4). These
spectra were obtained in J-PARC.

field (HY,) mainly caused by °Li and "Li. Figure 6 shows the
ZF- and longitudinal-field-(LF) u*SR spectrum for the x
=0.02 and 0.15 samples obtained at 300 K (left) and 350 K

(right), together with those for LiCrO,. Here, LiCrO, poses

the same R3m crystal structure as LiNiO, but is electro-
chemically inactive,*** i.e., Li* ions are not removed from
the lattice by a usual electrochemical reaction. Preparation
and characterization including x*SR measurements at low T
for the LiCrO, sample were described in detail elsewhere.*3

At 300 K, the ZF-spectrum exhibits a Kubo-Toyabe (KT)
behavior with the change in the slope [dP,:(r)/dt] around
t~Tus for Li;_,Ni;, O, and a clear minimum around ¢
~Tus for LiCrO,. The applied LF clearly reduces the relax-
ation rate, i.e., the time slope, by decoupling Hifn. For
Li;_Ni;,,O,, although the ZF spectrum still shows KT be-
havior at 350 K, the relaxation rate is smaller than at 300 K,
indicating the increase in the field fluctuation rate (v) with 7.
On the other hand, for LiCrO,, the ZF and LF spectra at 350
K are eventually the same to those at 300 K. This means that
HY s static even at 350 K.

In order to estimate the KT parameters precisely, the ZF
and LF spectra were fitted simultaneously by a combination
of a dynamic Gaussian KT function [GPKT(A,v,t,H )]
(Ref. 11) and an offset BG signal from the fraction of muons
stopped mainly in the sample cell, which is made of high-
purity titanium

AgPyp(t) = AgrGPT(A, v 1, Hy ) + Aggs (4)

where A, is the initial (r=0) asymmetry and Agr and Agg are
the asymmetries associated with the two signals. A is the
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static width of the local-field distribution at the disordered
sites and v is the field fluctuation rate. When v=0 and Hp
=0, GP9KT(t,A,v,H;p) is the static Gaussian KT function
GX'(t,A) in ZF. We fitted all the ZF and LF spectra using
common Akt and Apg in the whole T range and common,
i.e., Hip independent, A and v at each T in Eq. (4). The
obtained Agty and Apg were 0.1518*=0.0001 and
0.0550£0.0001 for LijogNij n0,, 0.1664£0.0001 and
0.0398 = 0.0002 for LiggsNij 150, and 0.1602 %+ 0.0005 and
0.0397 £0.0007 for LiCrO,.

Note that there is no longer a 1/3 tail term in Eq. (4)
because the samples are in a paramagnetic state. In fact, the
ZF and LF spectra above T, for the three samples without
the titanium cell were well fitted only by the KT signal. Also,
it was confirmed that the ZF spectrum for the empty titanium
cell exhibits a negligibly small relaxation, i.e., its exponen-
tial relaxation rate is (0.0083 £ 0.0004) X 10¢ s~ at 2 K and
(0.00066+0.0014) X 10% s~! at 150 K.

Figure 7 shows the T dependences of both A and » for
Li;_,Ni;;,O, and LiCrO,. As T increases from 75 K, A for
the x=0.02 sample decreases monotonically up to around
175 K, and then decrease slowly with 7 up to 400 K. The
relatively rapid decrease in A with 7 in the 7 range between
75 and 175 K is most likely caused by electronic magnetism,
as T,,=18 K for Lig9gNi; 1,O,. In order to estimate the con-
tribution of electron magnetism, we also attempted to fit the
ZF and LF spectra by the exponentially relaxing dynamic KT
function®

AgPLp(t) = AcrGPXT(A, v,t, Hy p)exp(= \t) + Agg.  (5)

Here, the exp(—\f) term comes from the electronic fluctua-
tions in the high-T regime, i.e., far above T,,,. However, since
<107t s eventually 0, even at 75 K, such effect on A is
too small to be distinguishable by a simple model for
Li9gNij 020,.

Above 175 K, the magnitude of A and its T dependence
for the x=0.02 sample is very similar to those for the x
=0.15 sample and LiCrO,. This means that muons locate in
the vicinity of the oxygen anions in both Li;_Ni;, O, and
LiCrO, lattice, as predicted by electrostatic potential calcu-
lations. Furthermore, this indicates that A is determined
mainly by Li, being consistent with the fact that the natural
abundance for the NMR-active °'Ni is 1.14%, that for 3Cris
9.5%, and that for "0 is 0.038%, respectively. Although
such A should, in principle, be T independent, the measured
A slightly decreases with T, probably due to thermal expan-
sion of the lattice—i.e., the increase in the distance between
u and Li. However, the A(T) curve only for the x=0.02
sample shows a sudden decrease above 400 K, indicating a
motional narrowing by muon/Li diffusion.

In contrast to A, the v(7T) curve exhibits a clear sample
dependence. That is, for LijggNi; 0O,, as T increases from
150 K, v is almost 7 independent (~0.2 X 10° s~!) until 250
K, then, increases with 7" up to ~380 K, and then suddenly
decreases with further increasing T. The »(T) curve for
LiggsNij 150, also exhibits a rapid increase with 7" above
~325 K. For LiCrO,, on the other hand, v is found to be
almost 7 independent from 275 K to the highest T measured
(475 K). This demonstrates that both w*s and Li* ions are
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FIG. 7. (Color online) T dependences of (a) A and (b) v for
Li;_,Ni;,, O, with x=0.02 and 0.15, and LiCrO,. (c) the relation-
ship between v and 1/7. The data were obtained by global fitting
the ZF and LF spectra using Eq. (4). The straight lines in (c) show
the thermally activated behavior discussed in the text.

static in the LiCrO, lattice at least until 475 K. Since the
muons are electrostatically bound to the oxygen anions, the
implanted u*s in the LiNiO, lattice are also expected to be
static up to around 475 K. Therefore, the origin of the in-
crease in v above 300 K (325 K) for LijogNi; 10,
(LiggsNi; 150,) is reasonably assigned as Li diffusion. This is
also consistent with our original assumption that Dy; de-
creases with x in Li;_,Ni;, O, due to the hindrance of diffu-
sion by the (Ni)3;, ions in the Li* diffusion plane. Further-
more, only for Lij ¢gNi; 0,05, the ¥(T) curve exhibits a clear
maximum around 400 K, above which A suddenly decreases
with 7. This suggests that muons start to diffuse above
~400 K, resulting in the motional narrowing, as in the case
for Li0.73C002 above ~300 K.33
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TABLE II. D;; and an activation energy (E,) of v estimated from the present w*SR measurements for

PHYSICAL REVIEW B 82, 224412 (2010)

Li;_,Ni;, O, and LiCrO,. The data for Lij;3C00, and Li( 53C00, are also listed for comparison.

Material Lio_gsNi 1 A0202 LiOASSNi 1 A1502 LICI'Oz LiOA73C002 Li0_53C002
Dy, at 400 K (cm?/s) 4.70(3)x 107" 2.00(8) x 10~'"!

Dy; at 350 K (cm?/s)  3.24(4)x 107" 0.63(8) x 107!

Dy, at 300 K (cm?/s) 0.39(3)x 107" 0.12(7) x 1071 13.3%x 10712 783x107'12
E, (eV) 0.124 0.115 0.019 0.093% 0.098%

4See Ref. 7, but due to a numerical estimation error, the above Dy; values are correct.

2. Estimation of diffusion coefficient

In fact, the increase in v for the Li;_Ni;, O, samples are
well explained by a thermal activation process, v
cexp(E,/kgT) [see Fig. 7(c)], as expected for the Li* diffu-
sion. Here, E,, is the activation energy. Furthermore, since E,,
for LiCrO, is about 1/10 of E, for Li;_,Ni,,,O,, the increase
in v for LiCrO, is likely caused by another mechanism, such
as, an electron contribution. Assuming that » corresponds to
the jump rate of the Li* ions between the neighboring sites,
Dy ; is given by

"1
Dy;= E ]Vizv,isizv’ (6)

where N; is the number of Li sites in the ith path, Z, ; is the
vacancy fraction, and s; is the jump distance. Here, the regu-
lar Li site is fully occupied by Li or Ni, we naturally consider
only the jump to an interstitial site in the center of the oxy-
gen tetrahedron.*” Therefore, i=1, N=3, s=ay/\3, and Z
=1. Moreover, we assume that » below 300 K is caused by
the fluctuation of 3d electrons probably due to a dynamic
Jahn-Teller (JT) effect of the Ni** ions in a low-spin state, as
discussed later. Therefore, we estimated the average v (v,,.)
using the data at 7=275 K at first, and then v, ., was sub-
tracted from the measured v to calculate Dy; using Eq. (6).
Here, 1,,,=0.201(6) X 10% s™' for LiyogNi; 00, and
0.183(9) X 10° s~! for LigsNi; 1sO,. The obtained D;; and
other parameters are summarized in Table II.

Based on Li-NMR measurements, it was reported that
DIMR=6x 10715 cm?/s for LiNiO, even at 500 K.> This
value is clearly too small for cathode materials, and is prob-
ably because the NMR signal, i.e., spin-lattice relaxation
rate, is artificially enhanced by the 3d electrons, as in the
case for Li,CoO, discussed earlier. On the other hand, DEC
was estimated as ~1.2X 10712 cm?/s for Li_;NiO, at 298 K

(Ref. 47) from the chemical diffusion coefficient (Dy;),
which was obtained by electrochemical measurements. Con-
sidering the difficulty of the estimation for the thermody-

namic factor (@=Dy;/Dy;), the reliability of DEC would be
questionable. Unfortunately, there is no theoretical prediction
for Dy; (D{¥) of LiNiO,. However since D{1°(300 K) for
LiCoO, (Ref. 4) agrees with DS for Li_;NiO,, Dy; for
LiNiO, is most likely on the order of 1012 cm?/s at 300 K.
It is, therefore, reconfirmed that u*SR provides reasonable
Dy; even for Li;_Ni,O,. Here, we also wish to mention
that the increase in x strongly reduces Dy ;, as expected.

The mass difference between u* and Li* leads to the pos-
sibility that muons might diffuse with Li* at high 7.'© How-
ever, the estimated Dy; by u*SR is found to be comparable to
DEC, as mentioned above. This means that the contribution of
muon diffusion on Dy; is not predominant at least for the
layered LiMO, (M=Cr, Co, and Ni) until a certain tempera-
ture, below which vecexp(1/7).

IV. DISCUSSION
A. Susceptibility anomaly around 300 K

For the x=0.15 sample, the x"'(7) curve deviates down-
wards from the linear relationship below ~300 K [see Fig.
1(b)]. This behavior was also reported by several groups by
magnetization and electron-spin-resonance
measurements.?2242537.41.48 Eyrthermore, such behavior was
reported even for LiyogNi; ,0, under H=10 Oe.?” In order
to know the change in the microscopic magnetism for
Lig g5Nij 150,, Fig. 8 shows the T dependence of the wTF
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FIG. 8. (Color online) T dependences of orp/T for (a)
Lio‘ggNil_ozoz and (b) Lio_gsNi1'1502. OTg Was obtained by ﬁttiﬂg the
wTF spectra using a function, Aqp cos(wht+ drp)exp(—ompt®/2).
Solid circles represent the data obtained in J-PARC while open
circles in ISIS/RAL. Broken lines were obtained by linear fitting the
data (a) between 225 and 400 K and (b) between 300 and 475 K.
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Gaussian relaxation rate (o) divided by T. The data were
obtained with wTF=20 Oe, which is the nuclear field (see
Fig. 6).

A clear change in the slope around 200 K (250 K) can be
seen more clearly in the plot of op/T vs T for the x=0 (x
=0.15) sample. This indicates the change in the magnetic
nature below 200 K (250 K) because op comes from the
dipole interaction, In other words, since u*SR is a local
probe and is not sensitive to magnetic impurities, the change
observed in the x~'(7) curve around 300 K is found to be an
intrinsic behavior for Liy gsNij 150,. The fact that the y~'(T)
curve depends on H, in particular, at low H, usually suggests
either the formation of ferromagnetic/ferrimagnetic order or
the freezing of localized spins below 300 K. The former
possibility was already excluded, because A levels off at its
maximum value above T, [see Fig. 3(a)], demonstrating the
absence of any kind of magnetic order, neither long ranged
nor short ranged, above T, for Li;_,Ni;,,O,. For the latter
case, a fast relaxation and/or a KT behavior due to 3d elec-
tron spins are expected to be observed in the ZF-u*SR spec-
tra. Therefore, the latter possibility, i.e., a simple spin-
glasslike freezing, is also eliminated by w"SR. We, thus,
wish to propose that such an anomaly is induced by a dy-
namic Jahn-Teller distortion, as discussed in the next section.

B. Field fluctuation above T,

One of the significant features of the Li,_,Ni;,, O, system
above T,, is that v~0.2X 10° cm?/s and is T independent
until ~300 K(=T%)), at which the diffusion of the Li* ions is
detectable [see Fig. 7(b)]. This behavior is very different
from those for LiCrO, and Li,CoO, (Refs. 5-7) for which
»<0.1X10° cm?/s below T%', despite the similarity of their
crystal structures. Therefore, the origin of the large v below
Tlgl is definitely thought to be caused by the Ni ions.

The related compound, NaNiO,, is known to exhibit a
structural phase transition from a high-7 rhombohedral phase
to a low-T monoclinic phase at ~480 K (Ref. 49) due to a
cooperative Jahn-Teller distortion of the Ni** ions with §
=1/ 2(tgge;,). In contrast to NaNiO,, a similar structural phase
transition has never been observed for LiNiO,, while the
magnetic anomaly was reported around 480 K. This could
indicate the existence of a local JT distortion. However, a
long-range cooperative JT distortion was never developed
even at low 7, probably due to the presence of JT inactive
Ni* ions in the NiO, plane. Therefore, the observed v be-
tween T,, and TdLl is most likely caused by the local JT dis-
tortion of the Ni** ions. This also indicates a dynamic nature
of the local JT distortion that was pointed out a possibility in
recent theoretical work.”® Since such local JT distortion is
coupled to the displacement of the coordinating oxygen ions,
it is reasonable that the fluctuation rate of the local JT dis-
tortion is comparable to the jump rate of the Li* ions.

On the other hand, since the long-range cooperative JT
distortion completes below 480 K for NaNiOz,49 the Ni**
ions are expected to be static. Unfortunately, past u*SR work
on NaNiO, concentrated the AF transition at Ty=20 K.3!
However, according to our preliminary u*SR experiment on
NaNiO,, v~ 0 even at 100 K. This also supports our assump-
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tion that a dynamic local JT distortion is the origin of the
relatively large v below TL? for LiNiO,. This leads to the
possibility for estimating T;' more correctly. As seen in Fig.
7(c), at 1000/ T< ~3.5, log v for LiCrO, is proportional to
T-! with a smaller slope than those for LiNiO,. Assuming
that v for LiCrO, is a typical value for the static system with

space group R3m, we can estimate a real TdLi(T(%i ) from the

,real
cross point of the two linear relationships, namely,

IOOO/TL;rea,~4(7%frf?1~250 K) for LipgNijs0, and
IOOO/Td,re ],~4'6(Td,rea]~ 217 K) for L]0498N11A0202' The es-
timated T4, agrees with the temperature, at which the

orp/ T(T) curve changes the slope (see Fig. 8). Since the Li
diffusion naturally reduces the field distribution at the muon
site(s), the estimated Tf;"real is thought to be reasonable from
the wTF measurements.

According to the theoretical work,® the dynamic JT dis-
tortion is induced by resonances between different states; for
instance, between phase C and phase C’, in which each Ni**
ion forms a dimer singlet with its nearest-neighboring (NN)
Ni** jon. In each dimer, the d;2_,2 orbital of one Ni ion is
parallel to that of the other Ni ion. Furthermore, the dimers
cover the triangular lattice. Due to the presence of Ni’* ions
and the coupling to the lattice,’>3 the system would prefer to
freeze so as to fill the triangular lattice with nonperiodic
dimers 31303455 This situation is likely to occur for LiNiO, at
T,.<T< Tf;‘, resulting in a magnetic anomaly reported by
magnetization measurements. At T=T4' (or v=,,.), how-
ever, such dimer is expected to be very unstable, and even-
tually disappears due to the Li* diffusion because the revers-
ible jump of the Li* ions reduces the local distortion of the
NiO, plane in order to keep local charge neutrality. Conse-
quently, we wish to propose that the dynamic local JT dis-
tortion is the origin of the magnetic anomaly at T{;‘ but the
effect of such distortion on the magnetism is suppressed by
Li* diffusion above T4,

C. Li diffusion in lithium transition-metal dioxides

Based on our "SR measurements on LiMO, with M
=Cr, Co, and Ni, their Tl(freal were found to be 150 K for
Li,CoO, (x=0.73 and 0.53), 217-250 K for Li,_,Ni;,, O,
(x=0.02 and 0.15), and above 475 K for LiCrO,, respec-
tively. Interestingly, the order of Tﬁfreal looks to correlate with
their electron-transport properties. That is, Li,CoO, shows a
metallic behavior,®*® LiNiO, is reported to show a semicon-
ducting behavior,’”%® and LiCrO, is an insulator.’® Since the
Li* ions are strongly bound to the NN oxygen anions in
insulating materials, the Li* ions should be very stable even
at high T—i.e., the Li* ions are not mobile. On the other
hand, in metallic materials, 3d electrons no longer localized
at the M ions but delocalized in the MO, plane. Hence, the
binding energy between Li* and oxygen anions are weaker
than that in insulating materials, resulting in mobile Li* in
solids. This is a qualitative explanation on the order of T](freal
in LiMO,. In other words, in order to predict the Li* diffu-
sive behavior, we need precise calculations using a delocal-
ized electron model plus electron-electron correlations, par-

ticularly to search for materials with high Dy;.
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From the viewpoint of application of LiNiO, for Li-ion
batteries, x is known to increase with the number of charge/
discharge cycles. Such increase in x is thought to be one of
the predominant reasons for capacity fading.>> The present
uSR measurements have clarified that a small increase in x
strongly reduces D;;. For example, Dy; at 300 K for the x
=0.15 sample is about a quarter of that for x=0.02 (see Table
II). This unambiguously evidences the effect of x on the
battery performance. Furthermore, wTF u*SR measurements
provide information on the volume fraction of the phase with
x=0.02 through the normalized Ape(T) curve. This is be-
cause the normalized A+ is roughly proportional to the vol-
ume fraction of paramagnetic phases in a sample, and 7, is
sensitively dependent on x [see Fig. 3(d)]. Therefore, we
believe that w*SR is a unique tool for developing positive
electrode materials and investigating the capacity fading
mechanism.

V. SUMMARY

We have investigated the low-7 magnetism and high-T
diffusive behavior of Li;_Ni;, O, with x=0.02, 0.03, and
0.15 by means of w"SR. From the low-T measurements, we
have found: (1) a bulk FM transition for the x=0.03 and 0.15
samples while an AF transition for x=0.02 at 18 =4 K. (2)
A clear increase in the FM transition temperature with x,
namely, 48 =6 K for x=0.03 and 161 =7 K for x=0.15. (3)
These results suggest a homogeneous change in the magnetic
nature with x of the whole system rather than the formation
of AF NiO-type domains or FM Ni-rich clusters.

Then, following upon the u*SR work on LiCoO, (Ref. 7)
to determine its diffusion coefficient of Li* ions (Dy;), we
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have attempted to evaluate D;; of Li;_Ni;, O, with x
=0.02 and 0.15 together with LiCrO,. The former material is
heavily investigated as a positive electrode material of Li-ion
batteries while the latter is electrochemically inactive. From
the high-T" measurements, we have found: (1) D;;(300 K)
""039(3) X 10_11 sz/s for Lio_ggNil.ozoz and 012(7)
X 107! ¢cm?/s for LijgsNi; 150, but no diffusive behavior
until at least 475 K for LiCrO,. (2) These results are very
consistent with the crystallographic nature and electrochemi-
cal properties of Li;_,Ni;, O, and LiCrO,. (3) A dynamic
local Jahn-Teller distortion of the Ni** ions in a paramag-
netic state of Li;_Ni;,,O,. Such distortion was detectable
only at low temperatures, where Li* ions are static.

Finally, we emphasized the unique power of ©*SR for the
research of Li-ion batteries through D;; measurements and
paramagnetic volume fraction measurements.
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