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ABSTRACT

Although the majority of studies on battery materials have focused on enhancing their electrochemical performance, the understanding of
their magnetic and atomic structures as well as the intimate connections between these structures and properties is significant. Muon spin
relaxation (uSR) spectroscopy and neutron scattering techniques at low temperature have been used to explore the nature of the magnetic
state of Li(Nip4Mng4Cog,)O, cathode materials. Interestingly, the uSR experiment reveals that the spins of Ni/Mn/Co ions turn glassy at a
low temperature of 19 K, while the unprecedented spin dynamics survives until the base temperature of 5.6 K. Moreover, the complementary
neutron scattering measurements show magnetic diffuse scattering signals in the form of a broad peak at Q=1.6 A™" attributed to short-
range spin correlation which establishes below ~120K. Upon cooling to as low as 480 mK, long-range magnetic order still could not be
established. The inelastic neutron scattering intensities demonstrate clearly the existence of dynamic spin fluctuations. In contrast to the
conventional spin glass system, the coexistence of both dynamic and static components in the ground state suggests an unconventional spin
glass state in magnetically frustrated Li(Nip 4Mn, 4Co,,)O, cathode materials for Li-ion batteries.
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Lithium-ion batteries (LIBs) have been widely used in mobile
electronic devices and have been recently playing the lead role in
power electric vehicles." * Among the well-known cathode materials,
layered lithium transition metal oxides (TMOs) LiNiMn,Co,O,
(NMC, x+y+z=1) are considered promising candidates owing
to their two-dimensional ion-channel and high-energy density.
The high performance of NMC can be attributed to the synergistic
effect of the three individual transition metals (TMs) since each
individual TM can strengthen the performance of NMC materials
in certain aspects.” "'

Despite the fact that numerous research activities on NMC aim
at improving their electrochemical performance, some basic physical
properties such as magnetism in NMC are overlooked. Given that the
transition metal ions in NMC play a dominant role in determining the

energy density of layered cathode materials and they are all magnetic
in nature, it is of particular interest to explore the magnetism in
NMC.">"* Moreover, in our previous work on the relationship
between structures and properties of NMC materials, it was found that
the magnetic frustration and superexchange interaction play an
important role in tuning the Li/Ni exchange ratio in layered NMC
materials. '

All NMC compounds are isostructural and crystallized in the
rhombohedral structure with space group R-3m in an ambient envi-
ronment, as illustrated in Fig. 1(a). The alternating planes of Li and
TM oxide slabs built up of edge-sharing octahedra in NMC and TM
spins form a two-dimensional triangular lattice [Fig. 1(b)]. As it is not
possible to minimize the interaction energy simultaneously for all pairs
of nearest-neighbor spins in the magnetic triangular lattice, the
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FIG. 1. (a) Schematic view of the crystal structure of NMC cathode materials. (b)
Spin states of TM ions and top view of the frustrated triangular layer of TMs. (c)
Temperature dependence of the magnetization and inverse magnetic susceptibility
%" of NMC442 measured in the zero-field-cooling (ZFC) and field-cooling (FC)
mode under a magnetic field of 1000 Oe. The solid straight line indicates the Curie-
Weiss fit to inverse susceptibility in the high temperature region from 200 to 390 K
as described in the text.

manifolds of possible ground states in the two-dimensional triangular
lattice could be established, leading to the frustration of the whole sys-
tem and resulting in an exotic ground state. Many special ground
states have been proposed to describe the magnetic ground states of
the frustrated system, such as spin liquid, spin ice, two-dimensional
Ising ferromagnets, or magnetic Coulomb phases.'*""” For instance, it
was found that the ground state structure of LiNiO, is not homoge-
neous and the unconventional magnetism observed in LiNiO, may be
explained in the context of the interplay between Ni*" 3d orbitals,
trimer units, and domains under a triangular symmetry.”’ As for the
LiCoO, counterpart, perfectly stoichiometric LiCoO, will show no
local moment because its Co> " is in a low-spin dg, whereas the mate-
rial will show a magnetic moment if a nonstoichiometric amount of Li
is incorporated.”’ Nevertheless, the nature of the magnetic state and
spin correlation in the NMC system is still under debate and has not
yet been understood in spite of the extensive research work.

Figure 1(c) shows the temperature dependence of the magnetiza-
tion of NMC442 under a magnetic field of 1000 Oe. With decreasing
temperature, the magnetizations obtained from both zero-field-cooling
(ZEC) and field-cooling (FC) modes increase gradually from 390 to
120 since the sample is still in the high temperature paramagnetic
state, while the magnetization increases rapidly below 120 K because
of the formation of magnetic correlations and static moments. It is
also observed that the ZFC and FC curves start bifurcating at around
19K, indicating the existence of a severe history dependence, which is
a characteristic feature of the spin glass system. The temperature
dependence of the inverse susceptibility 7 ' of NMC442 is also exhib-
ited in Fig. 1(c). It is known that the magnetic susceptibility of local-
ized noninteracting magnetic ions in the high temperature region can
be written as: y(f) = C/(T — Ocw). The susceptibility strictly follows
the Curie-Weiss behavior above 200 K, while the inverse susceptibility
%" deviated from the Curie-Weiss estimation below 120 K, indicating

ARTICLE scitation.org/journal/apl

the onset of considerable magnetic correlations. The effective para-
magnetic moment is deduced to be 3.09 up/f.u. and the Curie-Weiss
temperature is —96.2 K, indicating that the dominant magnetic inter-
actions are antiferromagnetic in NMC442.

The zero-field muon spin relaxation (1SR) spectra contain signif-
icant contributions from relaxations induced by the nuclear dipolar
field. By applying a weak longitudinal magnetic field (LF) of 100 Oe,
we could eliminate the effect of the nuclear dipolar field without
disturbing the relaxations from the magnetic field of Ni/Mn/Co spins
[see Fig. S1(a) in the supplementary material]. The observed initial
asymmetry (corrected asymmetry at t=0) of spectra of 100 Oe as
shown in Fig. 2(a), the same as that of zero-field uSR spectra, abruptly
decreases upon cooling at low temperatures, indicating that the relaxa-
tion rate of the spectra rises beyond the time resolution of the pulsed
muon source. The sudden increase in the relaxation rate generally
arises from the critical slowing down of magnetic moments, ie., the
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FIG. 2. Muon spin relaxation (uSR) measurements of Li(Nig4Mng4C0g2)0,. (a)
1SR spectra under a longitudinal field (LF) of 100 Oe at various temperatures. The
observed initial asymmetry (corrected asymmetry at t=0) does not vary upon
changing LF from the zero-field to 100 Oe. (b) SR spectra at 5.6 K under various
LFs. (c) Muon spin depolarization rate 14 as a function of LF. (d) Observed initial
asymmetry as a function of temperature obtained from the spectra under
LF =1000e. (e) Index 8 as a function of temperature obtained from fitting the
spectra under LF =100 Oe to Eq. (2) (above Tg). /5 was fixed to '/ in the analysis
below Ty (f) Muon spin depolarization rate /4 as a function of temperature obtained
fitting the spectra under LF = 100 Oe to Eq. (2) (above Tg) and Eq. (4) (below Ty).
The solid lines are the fits to Eq. (4).
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formation of static moments. Corroborating evidence for the static
moments comes from the increase in the observed initial asymmetry
upon applying LFs at 5.6K [see Fig. 2(b)]. The temperature depen-
dence of the observed initial asymmetry [Figs. 2(d) and S1(b) in the
supplementary material] suggests that the static components initiate at
about 19 K with decreasing temperatures.

To understand the nature of this static component, we performed
quantitative analysis using “musrfit””” on the spectra with various
models. As shown in Fig. S1(c) in the supplementary material, the
spectra close to (above) 19K cannot be fitted to a simple exponential
function

AsGy(t) = Agexp(—2at) + A, 1)

where A, denotes the intrinsic initial muon-decay asymmetry, A, the
initial asymmetry of the exponential term, and Apg the background,
Ag+ Ay = A, The constant background Ay, extracted from zero-
field spectra at 5.6 K, was applied in fitting at all temperatures and LFs
hereafter. G,(t) represents the polarization of muon spins in the sam-
ple. The parameter /, is the dynamic depolarization rate (relaxation
rate), and the corresponding exponential term describes typical
dynamic spin fluctuations above magnetic ordering temperature.
Instead, we found that the spectra can be characterized by a stretched-
exponential function

Ast(t) = Agexp [(—idt)ﬁ} + Abg~ 2)

As shown in Fig. 2(e), the obtained index f decreases from 1 (simple
exponential function) to 1/2 when approaching 19K upon cooling,
suggesting that the spin dynamics cannot be characterized by a single
spin correlation time 1, i.e., the spins turn glassy at low temperatures.
According to the spin glass model,”””" the f8 value is predicted to be
1/2, which is consistent with our observations. Therefore, the charac-
teristic temperature 19 K should be defined as the freezing temperature
T, of spin glass.

Below Ty, in addition to the static magnetic moment, unprece-
dented spin dynamics was observed down to the base temperature of
5.6 K. As shown in Fig. 2(b), by applying LF of 4000 Oe at 5.6 K, the
static component of spin glass is fully polarized parallel to the muon
spin orientation so that the remaining damping of the spectra unam-
biguously indicates the dynamic spin fluctuations. For the coexistence
of static and dynamic components of spin glass, the zero-field (or
weak LF) uSR spectra are generally described by the following
function:***

1 1 2
ASGZ(t) = gAsluw exp [(_}th)z] + gAfast

e
(Aat + asztz)%
x exp| (= 7at)?] + Aug, ®

where a, and 1, correspond to the static and dynamic components,
respectively. Equation (3) consists of a slow relaxation term (1/3 term)
and a fast relaxation term (2/3 term). In our uSR experiment, the fast
relaxation term manifests itself as the decrease in the observed initial
asymmetry below T, due to the limitation of time resolution so that
only the slow relaxation term as shown in Eq. (4) is needed to describe
the uSR spectra under LF of 100 Oe

1 1
Ascz(t) = gAslaw exp |:(7/1dt)2:| + Abg~ (4)

scitation.org/journal/apl

The dynamic depolarization rate /,; obtained from fitting to Eq.
(2) (above Tg) and Eq. (4) (below Ty) is plotted in Fig. 2(f), which
shows a distinctly unusual temperature dependence below T, with
respect to conventional spin glass systems.” > Specifically, the 1,
value of typical spin glass systems decays steeply to zero (or close to
zero) upon cooling down to ~0.5T, whereas the A; value of
Li(NizMn,Co,)O, remains over 1 MHz at base temperature (below
0.5 Ty), indicating the anomalous strong spin fluctuations in the
ground state of NMC442.

As show in Fig. 2(b), the uSR spectra under stronger LFs at base
temperature were also fitted to Eq. (4) since the effect of LFs on the
fast damping term only presents in terms of the increase in the
observed initial asymmetry and can be accounted by Ag,,,. According
to the Redfield theory, the field dependence of 7, is formulated as
follows:

2
PR 5)

v+ (v,H)
where y,, is the muon gyromagnetic ratio (2 x 0.01355342 MHz/Oe),
H the longitudinal magnetic field, v the spin fluctuation rate (the recip-
rocal of spin correlation time 7), and a4 = /1 — Qa with Q being the
Edward-Anderson order parameter (Q= 0 above T) and a the aver-
age amplitude of the magnetic field. The fitting to Eq. (5) as shown in
Fig. 2(c) gives v = 6(1) x 10°Hz and Az = 1.3(1) x 10’ Hz at base
temperature.

As a special magnetic phenomenon, spin glass behavior can be
considered as an intrinsic effect of competition of magnetic interac-
tions. Thus, neutron scattering measurements could further contribute
to our understanding of spin glass behavior since it can assert not only
static magnetic order but also spin excitations. Different from the uSR
technique, which broadly averages over all momentum space, neutron
scattering possesses the ability to probe the signal for various wave
vectors. Thus, the polarized neutron scattering measurements were
carried out on the NMC442 powder sample, and the details of the
experimental methodology are provided in the supplementary
material.

In contrast to the nuclear coherent scattering pattern (see Fig. S2
in the supplementary material), the magnetic signal did not exhibit
any sharp reflection instead of the broad magnetic diffuse scattering
peak, as shown in Fig. 3(a). The absence of the prominent magnetic
peak indicates that long-range magnetic order does not exist with tem-
perature as low as 480 mK. Nevertheless, strong magnetic diffuse scat-
tering is revealed in NMC442 even down to the base temperature. The
evolution of the integrated intensity of the magnetic diffuse scattering
signal at various temperatures is plotted in Fig. 3(b). Clear magnetic
diffuse scattering has emerged in the large temperature range from the
base temperature to around 90 K, and they can be described properly
by a Lorentzian function. Moreover, it is located at the position of
Q=16 A~" and most pronounced at around T, = 19 K. Although the
diffuse peak becomes subdued upon further cooling from Tg, the
prominent signal demonstrates that the spin motion is still not yet fro-
zen. As shown in Fig. 3(c), the full-width-half-maximum (FWHM)
exhibits a similar trend to integrated intensity. Generally, the inverse
full-width at half-maximum (FWHM) of the broad magnetic diffuse
scattering peak can be taken as a measure of the spin correlation length
(6),” ie, & = 2n/FWHM. At the base temperature of 480 mK, the
FWHM is about 0.9 A~" and the correlation length is estimated to be
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FIG. 3. Polarized neutron diffraction pattern for NMC442 at different temperatures.
(a) Magnetic diffuse scattering signals are observed well above T, and disappear at
T, indicating strong spin correlations. The integrated intensities (b) and FWHM (c)
as a function of temperature can be deduced by fitting the diffused neutron scatter-
ing signal by a simple Lorentzian.

about 6.98 A. The diffuse scattering signal in NMC442 is most likely
due to the short-range order that originates from the exchange cou-
pling and magnetic frustration in the triangular lattice of TM planes.

As a powerful spectroscopic technique, inelastic neutron scatter-
ing can be used for probing the collective spin excitations in a mag-
netic system. Spin dynamics properties such as magnetic correlations
can be obtained from the neutron dynamic structure factor as a func-
tion of both energy and momentum transfers, over the reciprocal
space. Figures 4(a) and 4(b) show the Bose-factor-corrected S(Q, w)
plots for NMC442 at temperatures of 480 mK and 38 K. The strip
around zero energy transfer is mainly attributed to nuclear Bragg
reflections, while the magnetic scattering intensities distributed over
the negative and positive sides of the energy transfer correspond to the
dynamic structure factors of neutron energy gain and energy loss
processes, respectively. As shown in Fig. 4(a), the magnetic excitation
contribution at 480 mK is mainly located at the energy loss side of the
neutron spectra (positive energies), whereas the quasi-elastic compo-
nent increases significantly as shown in Fig. 4(b).

In order to analyze the magnetic components of the dynamic
structure factor S(Q, w) in detail, we have examined the line shape of
S(Q, w) for constant Q values. The energy cuts of S(Q, w) at 480 mK
and 38K are plotted in Figs. 4(c) and 4(d), respectively. The central
elastic peak is fitted with a single Gaussian function, whose width cor-
responds to the instrumental resolution. As shown in Fig. 4(c), the line
shape of S(Q, w) at 480 mK can be properly fitted by one Lorentzian
shaped quasi-elastic peak nearby the elastic line (as described in the
experimental methodology in the supplementary material), together
with two Gaussian peaks located at the neutron energy loss side. Upon
heating to 38 K, the quasi-elastic scattering dominates the S(Q, @) pro-
file. The magnetic correlations persist and thereby also lead to an
inelastic response. Figure 4(d) presents the best fit results obtained by
using both quasi-elastic and inelastic components for the measured
data at 38 K. These two inelastic neutron scattering components with a
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FIG. 4. Inelastic neutron scattering signal is observed at 480 mK (a) and 38K (b),
exhibiting strong dynamic components of the spin glass state. (c) and (d) The
dynamic structure factor S(Q, w) emanating from Q=0.6-2.0A~" of NMC442 at
480 mK (c) and 38K (d). The quasi-elastic components are indicated by magenta
dashed-lines. The red and blue dashed-lines denote the inelastic components from
spin excitations. The green dashed-lines correspond to the instrumental resolution.
The black solid lines represent the sum of both quasi-elastic and inelastic
components.

Gaussian peak shape are due to spurious scattering as they do not
show any temperature dependence. The quasi-elastic intensity can be
described by a single Lorentzian with its width determined by thermal
fluctuations. According to the fitting results, the width I" decreases
from 0.62meV at 38K to 0.12meV at 480 mK, indicating a remark-
able slowing down of the spin fluctuations. Nevertheless, the existence
of the quasi-elastic neutron scattering signal at both 480 mK and 38 K
reveals robust dynamic components of the spin glass state.

Generally, a collective freezing of individual spin motion accom-
panied by no periodic long-range order occurs at low temperature in
the spin glass system.”” > Actually, the spin glass state of NMC442
has been proposed and identified by performing frequency dependen-
ces of the ac magnetic susceptibilities.”"””" However, although these
studies have probed spin glass transitions, they have not elucidated the
remnant dynamic components in the magnetic ground state of
NMC442. In the present work, it was found that the dynamic spin
fluctuations persist even at low temperature in NMC442 although
the spins of transition metals turn glassy at low temperature, which
differs from traditional spin glass behavior, suggesting an uncon-
ventional spin glass state. It is fair to presume that the strong mag-
netic frustration is the main driving force for the emergence of the
unconventional spin glass phase in NMC442. The observed uncon-
ventional spin glass state might be related to topological glassy
states as revived recently, i.e., a spin jam state induced by quantum
fluctuations in the strongly frustrated system.”””” Nevertheless,
although our study has revealed the unconventional spin glass
phase in the layered cathode material, a further theoretical study of
the formation of this unconventional spin glass state would clearly
be of future interest.

See the supplementary material for more experimental details,
device characterization, and the numerical value of all the parameters
determined in this work.
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