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Muon-spin rotation/relaxation (. +SR) samples below 10K.

Both macro- and microscopic magnetic nature of LiyNiO, (0.1 <x < 1) were studied by susceptibility
(x) and muon-spin rotation and relaxation (x«*SR) measurements in order to understand the change in
magnetism of LiyNiO, with x. The y measurements showed the presence of spin-glass-like freezing at
Tt ~ 11 K for the samples in the whole x range measured. This implies that the macroscopic magnetism
is not sensitive to x, although the crystal structure and average oxidation state of the Ni ions of LiyNiO,
alter as a function of x. On the other hand, the microscopic magnetism of LiyNiO, is found to be quite
different from the macroscopic one. That is, a static antiferromagnetic ordered phase appears at low T
for the samples with 0.6 < x < 1, while a spin-glass-like disordered phase presents for the 0.25 < x < 0.5

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

A nickel dioxide LiNiO, has a layered structure, in which the
Li plane is sandwiched by the two adjacent NiO, planes. Further-
more, the NiO, planes are formed by the network of edge-sharing
NiOg octahedra, resulting in a rigid framework of a layered struc-
ture. Since Li* ions are easily extracted and/or inserted by an
electrochemical reaction, LiNiO, has been extensively studied as
a positive electrode material of lithium-ion batteries [1,2]. In the
LiNiO,lattice, the Ni3*ions are in a low-spin state with S =1/2
(tgge;,) [3], due to a strong crystalline electric field of the NiOg
octahedral coordination. This electron configuration is naturally
expected to induce a cooperative Jahn-Teller (JT) distortion for
LiNiO,, as in the case for NaNiO;[4]. Indeed, an EXAFS study on
LiNiO, showed the presence of local distortion of the NiOg octahe-
dra; that is, among the six Ni-O bonds, two bond lengths are longer
than that for the rest four [5]. However, in contrast to NaNiO,, a
cooperative JT distortion has never been observed for LiNiO, so far.

On the other hand, the crystal structure of the Li-deintercalated
LixNiO, phase is known to depend on x at ambient temperature
(T); as x decreases from 1, a rhombohedral (R3m) phase is sta-
ble down to x = 0.75, whereas a monoclinic (C2/m) phase in the
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x range between 0.75 and ~ 0.45. Then, with further lowering x,
a rhombohedral phase appears again with 0.25 < x < 0.45, and
finally two rhombohedral phases coexist below x < 0.25 [2]. In
order to explain the phase transition between R3m and C2/m phase
with 0.45 ~ x < 0.75, two hypotheses were proposed; one is due to
a cooperative JT distortion of Ni3* ions [2] and the other is due to
ordering of Li* ions [6]. However, the driving force of this phase
transition is currently not fully understood.

In this paper, we report susceptibility (x) and muon-spin
rotation and relaxation (™ SR) study on LixNiO,in order to under-
stand the reaction scheme of LiyNiO,, because magnetic nature is
expected to be very sensitive to the crystal structure and oxidation
state of the Ni ions. Here, i SR provides a local magnetic informa-
tion and is one of the powerful techniques to detect both static and
dynamic internal magnetic fields from 0.1 Oe to 100 kOe caused by
nuclear- and electronic-magnetic moments [7,8].

2. Experimental

Three different samples of LiNiO, (Lot A, B, and C) were prepared
using the following solid state reaction. The reaction mixtures of
LiNOs3 (Li(OH)-H, O for Lot B) and NiCO3 (NiO for Lot B) were pressed
into a pellet of 23 mm diameter and ~ 5 mm thickness. Then the
pressed pellet was heated at 650°C in oxygen flow for 12 h. The
obtained powder was crushed, repressed into a pellet, and then
fired at 750°C in oxygen flow for 12 h. According to an induc-
tion coupled plasma (ICP) atomic emission spectral (AES) analysis
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(CIROS 120, Rigaku Co. Ltd., Japan), the Li/Ni ratios for Lot A, B,and C
were determined to be 1.01, 0.97, 0.99, respectively. The final prod-
ucts were characterized by a powder XRD (RINT-2200, Rigaku Co.
Ltd., Japan) analysis and an electrochemical measurement.

X measurements were carried out using a superconduct-
ing quantum interference device (SQUID) magnetometer (MPMS,
Quantum Design) in the T range between 5 and 400K under
magnetic field H < 10kOe. 1SR experiments were performed at
the Paul Scherrer Institut, Switzerland. The powder samples were
pressed into a disk of about 15 mm diameter and 1 mm thickness,
and subsequently placed into a fork-type low background sample
holder. The experimental setup and technique were described in
elsewhere [7,8].

The LixNiO,samples for the x and ™SR measurements were
prepared by an electrochemical reaction in non-aqueous Li cells.
The electrolyte was 1M LiPFg dissolved in ethylene carbonate
(EC)/diethyl carbonate (DMC) (3/7 volume ratio) solution. In order
to avoid the x and ©*SR signals from conducting additives and a
binder, the electrodes were entirely made from LiNiO, powder. The
LixNiO, powders were removed from the cells in a He filled glove-
box just before ;SR measurements. In order to know the possible
change in the LixNiO, samples during ;. SR measurement, the sam-
ples were returned to the cells after the measurement to check its
open circuit voltage vs. Li*/Li. The above procedure is essentially
the same to that of our recent £+ SR work on LixCo0,[9,10].

3. Results and discussion

In an ideal LiNiO,lattice with a space group of R3m, Li ions
occupy 3b site and Ni ions 3a site, respectively, in the cubic close-
packed oxygen array. However, the ideal stoichiometric LiNiO, has
been never prepared so far. Since the obtained samples always
include excess Ni ions at 3b site, their ionic distribution is repre-
sented by (Li;_yNiy)3,[Nij_y]3402[11]. The Ni ions at 3b site induce
an additional ferromagnetic (FM) interaction between the adjacent
two NiO;planes, whether the Niz,-Nis, coupling is antiferromag-
netic (AF) or FM [12]. As a result, it is well known that the magnetic
nature of LiNiO, significantly depends on y [11]. We, therefore,
firstly estimated y for the present LiNiO, samples by XRD and elec-
trochemical measurements. The LiNiO, samples with Lot A, B, and
C were identified as a layered structure with a space group of R3m.
The lattice parameters in the hexagonal setting were calculated to
beay =2.879A, c;, = 14.199 Afor Lot A, ay, = 2.878 A, c;, = 14.193 A
for Lot B, and a;, = 2.878A, ¢, = 14.198 A for Lot C, respectively.
According to the ratio between the intensity of an XRD peak (00 3)
and I (104) and the ICP-AES analysis, y for the three samples is
roughly estimated below 0.03 [2].

Fig. 1(a) shows the charge and discharge (C/D) curves of
Li/LiNiO, cells for the three samples operated with a rate of 0.17
mAcm—2 at 25°C. The C/D curves for all the samples exhibit three
plateaus at ~ 3.6V, 4.0V, and 4.2V. The rechargeable capacities
in the voltage range between 2.5 and 4.2V are found to be ~
166 mAhg-1, 1775mAhg-1, and 181 mAhg-! for Lot A, B, and C,
respectively. The difference in the rechargeable capacities between
lots is probably caused by the fact that the upper cutoff voltage is
very close to the third plateau at ~ 4.2 V. The structural and electro-
chemical properties for the present samples are hence consistent
with the previous result [2].

The charge curves of the cells for the y and SR experiments
are shown in Fig. 1(b). Although the amount of the LiNiO, powder in
the cell is 0.1 g for the x and 0.2 g for ;#*SR measurements, the cell
was charged slowly with a rate of ~ 0.057mAcm~2 (=0.5mAg™ 1),
due to the absence of conducting additives and a binder. Since the
charge curves for the all samples trace the curve for the conven-
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Fig. 1. The charge and discharge curves (C/D) of Li/LiNiO, cells for the samples with
Lot A, B, and C: (a) the C/D curves of the cells using the conventional electrode mix,
which consists of 88 wt% LiNiO,, 6 wt% conductive carbon, and 6 wt% binder and (b)
the charge curves of the cells for the samples of the x and SR measurements. In
order to avoid the signals from other components, the electrodes for x and ©*SR
experiments were entirely made from LiNiO, powder. The applied current density of
the cells for (a) and (b) was 0.17 and 0.057 mA cm~2, respectively. The Li/Ni ratios in
the LixNiO, samples for x (open circles) and u* SR (closed circles) were determined
by ICP-AES analysis after the measurements.

tional electrode mix, the Li-deintercalated reaction is found to be
successfully achieved for the all LixNiO, samples. After the y and
TSR measurements, the Li/Ni ratio was determined by the ICP-
AES analysis. Note that the ICP-AES result is good agreement with
the result of an electrochemical reaction (EC) (see Fig. 1(b)). Here,
the Li/Ni ratio (EC) was estimated by the comparison between the
observed charge capacity and theoretical capacity (274.5 mAhg-1),
assuming one-electron transfer per formula weight of LiNiO,. In
this paper, we use the Li/Ni ratio determined by the ICP-AES anal-
ysis. Fig. 2 shows the T dependence of x in zero field-cooling
(ZFC) and field-cooling (FC) mode with H = 100 Oe for the sam-
ples with (a) x =1 (Lot A, B, and C), (b) x =0.67 (Lot B and C),
(c) x=0.5 (Lot B), and (d) x = 0.06 (Lot A and B). For the three
x =1 samples, the x(T) curve increases rapidly with decreasing
T down to ~ 20K, and then exhibits a sharp maximum (cusp)
around 11 K. The cusp at 11K is believed to be attributed to the
spin-glass-like freezing (T¢) [13]. Although the three samples show
the magnetic anomaly at 11K, the xzrc(T) curve for Lot A (Lot
B) starts to deviate from xgc(T) curve below 50K (40 K), whereas
there is no difference between the two curves for Lot C above 11 K.
Since the weak transverse field (WTF-) u "SR experiment indicates
a paramagnetic nature for the three x = 1 samples down to ~ 20K
(described later), the difference between the xzrc(T) and xgc(T)
curve below 50K or 40K is not due to a formation of magnetic
order.

Surprisingly, the cusp is also observed for all the samples with
x < 1. According to the XRD analysis at ambient T, the x = 0.67
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Fig. 2. Temperature dependence of x in zero field-cooling (ZFC) and field-cooling
(FC) mode with H = 100 Oe for the samples with (a) x = 1, (b) x = 0.67, (c) x = 0.5,
and (d) x = 0.06. Here, open circles represent the data obtained in FC mode, while
closed circles in ZFC mode.

(0.5) sample is assigned as the monoclinic phases with ay =
4.998A, by =2.830A, cm =5.067A, B =109.8° (am = 4.946 A,
bm = 2.814A, ¢y = 5.091A, By = 109.7°), while the x = 0.1 sam-
ple as the mixture of two hexagonal phases with an; = 2.831A,
Chy = 14.418 A and ayp,, = 2.826 A, ¢, = 13.288 A. Furthermore, the
effective magnetic moment of Ni ions (uefr), which is estimated
from the x(T) curve obtained in FC mode with H = 10kOe in the
T range between 200 and 400K, monotonically decreases from
Wetr = 2.07 g for x = 1 to pegr = 0.70 up for x = 0.06, as expected
[14]. Nevertheless, Tr looks to be almost independent of x in the
whole x range (see Fig. 2). The macroscopic magnetism, particularly,
the spin-glass-like behavior of LixNiO, is, therefore, likely insensi-
tive to x, although both the crystal structure and ¢ are altered by
x. As described above, ;7SR is very sensitive to the local magnetic
environment, because the muon interacts with predominantly its
nearest neighbors [7,8]. It is, thus, sensitive to short-range magnetic
order, which sometimes appears in frustrated systems, while both
x and neutron scattering measurements mainly detect long-range
magnetic order. Here, weak (relative to the spontaneous internal
fields in the ordered state) transverse field (WTF-) u*SR is sensitive
to local magnetic order through the shift of the ™ spin preces-
sion frequency in the applied field and the enhanced muon-spin
relaxation. On the other hand, zero field (ZF-) u*SRis uniquely sen-
sitive to weak local magnetic [dis]order produced by quasi-static
paramagnetic moments. In order to know the existence/absence of
magnetic transitions, wTF- ™SR experiments were performed for
the LixNiO, samples at first.

Fig. 3 shows the T dependence of the normalized wTF asym-
metry (Ng,, ) for the LixNiO; samples with x = 1 (Lot A, B, and C),
(b) x =0.75 (Lot B), (c) x = 0.5 (Lot A and B), and (d) x = 0.1 (Lot
B) in the applied magnetic field with wTF =30 Oe. Here, Ng,
which is given by Atp(T)/ ATEmax (ATEmax ~ 0.24), roughly cor-
responds to the volume fraction of paramagnetic phases in the
sample. Except for the x = 0.1 sample, all the N4 .(T) curve exhibit
a step-like decrease from 1 to 0 below 40 K, demonstrating the exis-
tence of a sharp magnetic transition. More correctly, the transition
T is determined as TQ¢ = 16K for x = 1, Tq4 = 37K for x = 0.75,
and T4 = 4K for x = 0.5, where T4 is the temperature at which
Npyp = 0.5. Since Ny, reaches almost 0 below the vicinity of T4,
the whole volume of the sample is found to enter into an AF phase
below T,{]“id. On the contrary, for the x = 0.1 sample, Na, ~ 0.9 even
at 1.8 K. This is consistent with the fact that the majority of the

1.0r (a) 0?,<I3—=6— [ §e—o-° (C)
0.8 x=1 , _ x=0.5
06 T~ 16K | | | T,"~4K
o Jf —O—LotA —O—LotA
L 02 %/ —O—LotB —O—LotB
£ 7| —O—LotC
= 0.0b-anas l oo ‘
e et e @)
0.8;X= . / | x=0.1
06f T™=372K| ||
0-4”””—o—"”"Lai'Bf“"‘ —o—LotB
0.2 o
7
0.0} o002
0 10 20 30 40 500 10 20 30 40 50

TEMPERATURE / K

Fig. 3. Temperature dependence of the normalized wTF asymmetry [Na,, = At/
A1k, max] for the LixNiO, samples with (a) x =1, (b) x =0.75, (c) x = 0.5, and (d)
x = 0.1. The Li/Ni ratios for the ;SR samples were examined by ICP-AES analysis
after the u* SR measurements.

Ni ions is in a 4+ state with S=0 (tgg). Among the nine LixNiO,
samples with 0.06 < x < 1, the x = 0.75 sample exhibits the high-
est T4 (=37 K). We thus measured the ZF- 1+ SR spectrum for the
x = 0.75 sample in order to investigate the nature of static magnetic
order.

Fig. 4 shows the T dependence of the ZF- "SR spectrum
for the x = 0.75 sample in the time domain below 0.15 ps. As T
decreases from 45 K to 1.8K, the ZF-spectrum shows an almost
time-independent behavior at 45K, then shows a fast relaxation
at 35K, and finally a damped oscillation below 20K. This means
that the sample exhibits an AF transition from a high-T paramag-
netic phase to a low-T AF-ordered phase. The fit using a damped
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Fig. 4. Temperature dependence of the ZF- ;4 *SR spectrum for the LixNiO, samples
with x =0.75 in the time domain below 0.15 ps. The top three spectra are each
shifted upwards by 0.1 for clarity of display. Solid lines indicate the fitting results
using Eq. (1).
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Fig.5. The correlation between (a) the solid-state electrochemistry and (b) magnetic
phase diagram of LixyNiO,. Data shown in triangles and solid curve in (a) were taken
from Fig. 9 in Ref. [2]. Triangles represent open-circuit voltages vs. Li*/Li. In (b),
Ty indicates an antiferromagnetic (AF) transition temperature, PM a paramagnetic
phase, and SG a spin-glass-like phase.

cosine oscillation (exp(—At) cos(wy t + ¢)) yields a delay of the ini-
tial phase (¢) by ~ 40°, which is physically meaningless. We thus fit
the ZF- £+ SR spectrum by a zeroth-order Bessel function of the first
kind (Jo(w t)), which describes the muon polarization evolution in
an incommensurate (IC-) field distribution, and two exponentially
relaxation functions [14]:

AoPze(t) = Aic e M o(@ict) + Agase € Mastt 4 Agjgyy € Hslowt (1)

where Ag is the empirical maximum muon decay asymmetry, Ajc,
Afast, and Ao the asymmetries associated with the three signals,
and Ajc, Agase, and Agjo are their relaxation rate. As T decreases from
TI{I“id,flc (= wic/2m) increases rapidly with decreasing the slope (d
fic/dT), and finally reaches around 30 MHz at 1.8 K, as expected for
the order parameter of the AF transition. Considering the “1/3 tail”
component due to a polycrystalline sample, the normalized A;c sug-
gests that almost whole sample is in the IC state below 35K. It
should be noted here that the ZF- ;4 * SR spectrum of LiNi3 /4C01 /40,
exhibits a spin-glass-like disordered magnetism below ~ 10K [15],
altough the spin concentration in the MeO,(Me = metal) plane is the
same to that in Lig75NiOj, i.e., Ni3*ions are magnetic with S = 1/2
(tgge; ), while both Ni#* and Co3* ions non-magnetic withS = 0 (tgg ).

The oscillatory signal is also observed for the LixNiO, samples
with 0.6 < x, suggesting the formation of static AF order. Although
the AF structure is not fully clarified at present, A-type AF order—i.e.,
FM in the plane but AF between the plane, is most reasonable to
explain the results of x and ©*SR measurements, as in the case

for NaNiO,[16]. On the other hand, a spin-glass-like disordered
magnetism appears for the x < 0.5 samples at low T.

Finally, we draw a schematic magnetic phase diagram of LixNiO,
(see Fig. 5). A dome-shaped AF phase region is found to exist in
the x range between 1 and ~ 0.55, whereas the SG-like phase
appears at 0.1 < x < 0.55. Note that the x measurements provide
no information on the change in magnetic nature of LiyNiO, with x.
Although past work revealed the possibility to detect the change in
physical/structural properties of LixNiO, during the charge reaction
via. 7Li NMR and x measurements [17], the present result clearly
demonstrates that not x but ©*SR measurements are most suit-
able for such purpose. Although the correlation between solid-state
electrochemistry and magnetism of LiyNiO, is currently unclear,
we expect that further structural and physical analyses on LixNiO,
especially at low-T provide a clear insight on the magnetic nature of
lithium insertion materials in relation to electrochemical reactivity.
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