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Abstract

X-band and high-frequency EPR spectroscopy were used for studying the manganese environment in layered LiiMg,Nig 5_.Mn s]O5,
0<x<0.5. Both layered LiMg, sMn, sO, and monoclinic Li[Li;;3Mn;/3]O, oxides (containing Mn*"* jons only) were used as EPR
standards. The EPR study was extended to the Ni-substituted analogues, where both Ni*" and Mn*" are paramagnetic. For
LiMgg s Ni,Mng 5O, and Li[Li¢;_2,)3Ni,Mn@_,)3]O>, an EPR response from Mn*" ions only was detected, while the Ni*" ions
remained EPR silent in the frequency range of 9.23-285GHz. For the diamagnetically diluted oxides, LiMgg,5Nig,sMng 5O, and
Li[Lig.19Nig3sMng 55]0,, two types of Mn*" ions located in a mixed (Mn—Ni-Li)-environment and in a Ni-Mn environment,
respectively, were registered by high-field experiments. In the X-band, comparative analysis of the EPR line width of Mn*" ions permits
to extract the composition of the first coordination sphere of Mn in layered LiMggs_Ni,MngsO, (0<x<0.5) and Li[Lij_2y)3
Ni,Mn_ 3]0, (x>0.2). It was shown that a fraction of Mn** are in an environment resembling the ordered “o,’-type arrangement in
Li; 51 Nigi[Lig1—2x)3+ 51Ni2y3-51)(Mn_y3Niy3)]O2 (Where x = % and d; = 0.06 were calculated), while the rest of Mn*" are in the
Ni,Mn-environment corresponding to the Li;_s>Nisy[Ni;_,Mn,]O, (y<%) composition with a statistical Ni,Mn distribution. For
Li[Li¢; —24)3NiyMn_ 3]0, with x<0.2, IR spectroscopy indicated that the ordered o,f-type arrangement is retained upon Ni

introduction into monoclinic Li[Li;;3Mn535]O5.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Lithium—nickel-manganese oxides with layered crystal
structure were recently considered as alternative electrode
materials for lithium-ion batteries [1-6]. As to well-known
layered LiCoO,, X-ray powder diffraction patterns of
LiNiy sMng 5O, were indexed as a trigonal layered struc-
ture with space group R-3m [7]. In addition, up to 10% of
Li/Ni mixing was found to proceed between the layers
[3,5-7]. However, the structure of lithium—nickel-manga-
nese oxides is still unclear. Based on the careful X-ray
diffraction analysis, Dahn et al. have suggested that layered
LiNiO, and monoclinic Li,MnO; oxides form solid
solution phases, Li[Li(;_sy)3Ni,Mnp_,3]0, at 0<x<0.5
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[8]. Analysis of the MAS-NMR spectra and lattice imag-
ing by TEM have been interpreted in terms of the struc-
ture integration of monoclinic Li,MnO; into layered
LiNiO, leading to complex domain structure of “LiNiO,—
Li,MnO5” oxides [9].

Recently, computational and spectroscopic techniques
have been demonstrated to provide information on local
Ni/Mn distribution in the transition metal layers of
LiNig sMng 50, [10-14]. Using first principle calculations
of stoichiometric Li[Niy_sMny s]O», three types of cationic
arrangement with close energies were predicted, the “zig-
zag” Ni/Mn ordering being the most stable layer config-
uration (Fig. 1) [10]. °Li-MAS-NMR analysis clearly shows
that Li ions in transition metal layers are preferentially
surrounded by Mn, Li-Mng and Li—MnsNi; being most
favourable configurations [10]. TEM analysis of Li[Nig s
Mn, 5]O, with 9% cationic mixing between the layers
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Fig. 1. Schematic presentation of the cationic ordering in LiNij sMng 505:
“zig-zag” Ni,Mn ordering (upper right corner), o, cationic arrangement
(down right corner) and ““flower”-like cationic configuration (left corner).
Small, medium and large balls correspond to manganese, nickel and
lithium ions. o,f-sites are denoted by large and small circles.

indicates that Li/Ni and Mn are ordered in the transition
metal layer in a way that creates two distinct o- and f-sites
forming a 3'%a x 3'%a unit cell (Fig. 1) [12]. This type of
ordering mimics the cationic distribution of Li/Mn in
monoclinic layered Li[Li;;3sMn,;3]O3 (C2/m space group).
In order to make the results from TEM and NMR self-
consistent, a new type of cationic arrangement (denoted as
a “flower”-like pattern) has been suggested by using first-
principle electronic structure calculations (Fig. 1) [13]. In
this arrangement, each Li is surrounded by a hexagon
consisting of Mn, which in its turn is surrounded by a
larger hexagon consisting of Ni. Analysis of the local
cationic structure in the transition metal oxides by joint
NMR and pair distribution function (PDF) [14] have
provided evidence that Mn atoms are surrounded mainly
by Li and Ni in the first coordination, while Ni atoms tend
to be surrounded by more Mn atoms.

The charge compensation in LiNiy sMng sO, was found
to proceed via Ni*" and Mn*" in the transition metal
layers [15]. Magnetic susceptibility measurements of
layered LiNiysMnjsO, have shown a Curie-Weiss beha-
viour between 180 and 300K with a paramagnetic Weiss
constant of —92 K [6,16]. No long-range magnetic ordering
is achieved at these oxides. The charge distribution and the
magnetic properties of LiNiysMng 50O, allow examination
of the local cationic distribution in the transition metal
layers by EPR spectroscopy. Both Ni?" and Mn** are
paramagnetic ions with integer and half-integer spin states,
respectively (S=1 and S :%). The conventional EPR
spectroscopy (X-band) is best suited for studying the
electronic structure of ions with half-integer spin ground
states. Contrary, ions with integer spin ground states are
usually not active in the X-band due to the higher
magnitude of the zero field splitting parameter, D [17]. In
this case, EPR spectroscopy at high-frequency and high-

fields provides opportunity to apply microwave frequency
higher than D and to register these ions [17]. In addition, it
is worth to mention that the EPR spectrum of systems
containing more than one paramagnetic ion is significantly
complicated both at lower- and high-field experiments.
However, it has been shown that analysis of the EPR line
width (determined at X-band EPR) of Mn*" in ordered
LiMg,Nijps_.Mn; 504 (0<x<0.5) spinels allows differen-
tiating between the contributions of the density of
paramagnetic species and the strength of the exchange
interactions [18]. Moreover, lithium-transition metal oxides
containing more than one paramagnetic ions have been
studied by EPR: non-stoichiometric Li;_sNi; 4 50, [19-22],
layered LiNi;_,Co,0, solid solutions [23], Li;_,Mn,_, Oy,
LiCOXan_XO4 and LngXNi0A5_an1.504 Spil’lels [24*29]

The aim of this paper is to study the manganese
environment in layered LiNiy sMn 5O, using conventional
and high-frequency EPR spectroscopy (9.203 GHz
(X-band), 95 GHz (W-band) and 285 GHz). To rationalize
the EPR spectrum of magnetically concentrated systems,
we investigate as EPR standards layered oxides where
paramagnetic Ni** ions are replaced by diamagnetic ions.
Two kinds of diamagnetic ions are chosen: Li* and Mg>*.
While the replacement of Ni*" by Li* have been reported
to yleld Li[Li(]_2x)/3Nile’1(2_X)/3]02 solid solutions in
whole concentration range [8], there are no data on the
isovalent replacement of Ni** by Mg?". Amine et al. have
reported the preparation of layered Mg-doped oxides,
Li[Nig 475sMng 475sMgg 05]O», where Mg substitutes for both
Ni and Mn [30]. Following the aim of our investigation, we
focused on the preparation of layered LiMgys_ Ni,
Mn, 50, oxides where Mg substitutes for Ni only in a
whole concentration range. Taking into account that in
mixed oxides the Mg>"/Mn** and Ni**/Mn*" cations
tend to be arranged in a similar way (for example,
IM?":3Mn** ordering in the octahedral spinel sites of
LiMiiMn{t0, M?*"=Mg?>*, Ni** [31]), the newly
prepared LiMg, sMng 50, composition can be used as an
EPR standard for monitoring the local structure of Mn*"
in LiNiy sMng sO,. In addition, it has been shown that Mg
dopants have a favourable effect on the stabilization of
layered hexagonal structure of LiMnO, [32,33]. Finally,
information on the cationic distribution in LiNiy sMng 50,
was extracted by comparative analysis of the EPR line
width (determined in the X-band) and that of LiMggs
Mn, 5O, and Li[Li, 3Mn,/3]O5 containing Mn** ions only.
For the sake of convenience, Mn* " spin probes in layered
LiCoO, were also used as EPR standards. Complimentary
to EPR, IR spectra were also recorded.

2. Experimental

2.1. Synthesis and characterization of
LiNiy s Mg Mny 50,

Li[Li(; —2x)3NixMn_ /3]0, compositions were prepared
by a solid state reaction between LiOH-H,O and
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coprecipitated nickel-manganese double hydroxides. The
mixture was heated at 480 °C (the temperature of LiOH-
melting) for 12h. The solid residue was homogenized,
pelleted and heated at 900°C for 12h in air. The same
preparation route was used for the synthesis of LiMg,
Nig 5 Mng 50, compositions, except for the lower synth-
esis temperature (600 °C) in order to avoid the decomposi-
tion of LiMg,Niys_MnysO, into MgO and layered
Li-Ni-Mn oxides. The lithium content in the samples
was determined by atomic absorption analysis. The total
content of manganese and nickel was established complex-
ometrically and by atomic absorption analysis. The mean
oxidation state of manganese and nickel was determined by
iodometric titration.

The X-ray phase analysis was made by a Philips
diffractometer with CuKa radiation. Step-scan recording
for structure refinement by the Rietveld method were
carried out by using 0.03° 20 steps of 6s duration. The
computer program FULLPROF was used in the calcula-
tions [34]. The diffractometer point zero, Lorentzian/
Gaussian fraction of the pseudo-Voigt peak function, scale
factor, lattice constants (¢ and c¢), oxygen parameter (z),
thermal factors for 3a, 3b and 6c¢ positions, half-width
parameters, preferred orientation and asymmetry para-
meters were refined. The Li/(Mn+Ni) and Li/
(Mn+Ni+Mg) ratios were imposed by the chemical
composition of the oxides. The structural model used
comprised Li in 3b sites (000.5), Ni/Mg and Mn in 3a sites
(000) and oxygen in 6¢ sites (00z). The improvement of the
fitting procedure was obtained when Li and Ni/Mg were
allowed to exchange their positions, J. The structural
model used was in agreement with the previous structural
characterization of Lij_sNig[LisNig s_sMng 5]O, oxides [7].

The infrared spectra were recorded on a NICOLET
AVATAR-320 spectrometer in KBr pellets.

The EPR spectra were recorded as a first derivative of
the absorption signal of an ERS-220/Q (ex-GDR) spectro-
meter within the temperature range of 90—400K. The g-
factors were determined with respect to a Mn’"/ZnS
standard. The signal intensity was established by double
integration of the experimental EPR spectrum. The high-
frequency EPR spectra were recorded at a single-pass
transmission EPR spectrometer built in the High-Magnetic
Filed Laboratory, Grenoble, France. The frequencies were
changed from 95 to 475 GHz using Gunn diodes and their
multipliers. Absorption were detected with an bolometer.
The recording temperatures were varied between 5 and
300K using a variable temperature insert (Oxford Instru-
ments).

2.2. Analysis of the EPR line width in magnetically
concentrated systems

In magnetically concentrated systems, dipole—dipole,
M3q4, and exchange interactions, H,., between “allied”
paramagnetic spins contribute additionally to the EPR line
width as compared to the line width of isolated spins

[35-37], which are expressed by

2
dd

AH, = const
€

g*S(S+ 1) X(1 — 3cos® @) /r¢,
= const ik > (1)

V/ES(S + 1)z7

where z, r;; and 0;; denote the number of paramagnetic
nearest neighbours particles, the distance between them
and the angle of the radius vector between two spins with
the magnetic field, respectively; J corresponds to the
strength of exchange interactions. In the case of poly-
crystalline samples, the average angular term is %. For a
trigonal layer, the first, second and third metal neighbours
will contribute by 95.0%, 3.5% and 1.5%, respectively, to
the line width. As a first approximation, this allows
restriction of the dipole—dipole contribution up to the first
neighbours. In order to rationalize this formula, the
exchange term can be replaced the experimentally acces-
sible Weiss constant, @ = 2S(S + 1)zJ /k

S(S + 1 3/2.3/2
LSS+ P o

It is important to mention that the Weiss constant
represents the average sum of exchange interactions on an
atomic site @ = %S(S + 1)z>_J;/k. Therefore, Eq. (2) can
be used experimentally when antiferro- or ferromagnetic
interactions on atomic site are dominant [18]. The
comparative analysis of the EPR line with respect to a
composition with already known EPR parameters (which
will be denoted further on as “EPR standard”) allows
estimating the mean number of paramagnetic species
around the EPR active center:

) 2/3
= 22 (AHp0) <g> N 3)
! (AHpp0)g \ ¢ r

Contrary to the effect of the ““allied” paramagnetic ions,
the effect of “‘alien” paramagnetic spins on the EPR line
width is theoretically not well described. However, it has
been demonstrated for ordered LiMg,Niys_ . Mn; Oy
spinels that Eq. (1) becomes also valid in the case of alien
paramagnetic species, when a term, F(alien), taking into
account the dipole—dipole and exchange interactions is
included [18]:

AH,, = constg*f

M ﬁd (allied) + F(alien)
H(allied)

AH, = const (4)
3. Results and discussion
3.1. XRD and IR characterization of LiNiys_.Mg,.Mng 50,

The hydroxide synthesis procedure yields “XRD pure”
LiMg, s_.Ni,Mng sO, phases in the whole concentration
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range of x, 0<x<0.5 (Fig. 2). Analysis of the XRD
patterns shows that the layered crystal structure is
preserved upon Mg substitution. Fig. 3 gives the concen-
tration dependence of the unit cell parameters. For the sake
of comparison, the same figure presents the variation of the
unit cell parameters for Li[Li¢_2,)3Ni,Mng_ 3]0, com-
positions. (To compare the effect of Li and Mg substituents
on the unit cell dimensions, the XRD patterns of
Li[Li(l_2x)/3Nian(2_x)/3]02, 0.2>x>0, and monoclinic
Li[Li;3Mn;/3]O, are indexed in the R-3m space group.)
The replacement of Ni by Mg leads to an expansion of the
unit cell dimensions, whereas an unit cell contraction is
observed with Li substitution. Rietveld analysis of the
XRD patterns of LiMg,s_.Ni,MngsO, shows that the
replacement of Ni by Mg favours the cationic mixing
between the layers, which is contrary to that observed for
Li substituted oxides (Fig. 3). In addition, the peak widths
for LiMg, sMn, 50O, are higher as comparison with that for

001

LilLi,;Mn,,]O,

LiMg, Mn, IO,

Intensity, a.u.

=1 b3
=] =

101
008 012

20 30 40 50 60 70 80 20
Two theta,”

Fig. 2. XRD patterns of Li[Li;;3sMn,;3]O,, LiMgysMnysO, and
LiNipsMng sO, compositions. The indexing of the most intensive
reflections for R-3m and C2/m space group are also given.
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Fig. 3. Unit cell dimensions (¢ and ¢) and the amount of Ni,Mg ions
residing in the lithium layers (cationic mixing) Versus the Ni content in
Lng0,5,XNian0_502 and Li[Li(l,2X)//3NiXMl'l(2,X)//3]02.

LiNig sMng 50, (Fig. 2). However, there is no seclective
broadening of the XRD diffraction lines. This means that
particle sizes contribute to the XRD diffraction lines of
LiMgysMnjsO,. It is worth to mention that pure
LiMg, sMng 50, phase can be obtained at 600 °C only,
while 900 °C is needed for the preparation of LiNig s
Mny 50,.

IR spectroscopy has been shown to be an effective
experimental tool for studying the cationic ordering in
complex compositions, even in cases when it is not
accessible by XRD techniques [31,38]. Fig. 4 compares
the IR spectra of Li[Mgg s_Ni,Mng s]O, and Li[Lij_2y)3
Ni,Mn_ 3]0, compositions in the 400-850 cm ™! region,
where only the vibrations of [Mgjs_.Ni,Mnjs]O, and
[Li(l_2X)/3Nian(5_X)/3]02 are visible. Between 400 and
800cm ™!, the IR spectrum of Li[Li,3Mn;;3]O5 displays a
broad band with fine structure, which reflects the Li/Mn
ordering in the (LiMn,)-layers also detected by XRD
technique (Fig. 4A). The fine structure of the IR band is
preserved upon Ni substitution for Li up to Li/Ni=1,
Li[Lig,Nig»,Mng ]O,. This result means that o,f-arrange-
ment is retained upon Ni introduction in monoclinic Li[Li, ;5
Mn,;3]O,. Further increase in the Ni content leads to a
broadening of the fine structure lines, culminating for the
LiNig sMng 50, composition in two intense modes at 585
and 520 cm ™' with a shoulder at 475cm™'. The broadening
of the IR modes, as well as the loss of the fine structure can
be related to the increased amount of Li and Ni ions
exchanged between the layers in the Ni-rich compositions,
Li1,(sNi(;[Li(;NiO'5,5Mn0'5]02 (Flg 4A) The effect of the
cationic mixing on the IR profile is well demonstrated with
non-stoichiometric Li;_sNi; 50, compositions: by in-
creasing the Ni amount in the Li site the two characteristic
IR modes merge into one featureless band [39]. Therefore,
the cationic mixing between the layers creates difficulties in
the interpretation of the Ni/Mn distribution in [Lis
Nij s_sMng 5]O-layers using IR spectroscopy only.

The mutual effect of the cationic ordering in the layers
and the cationic mixing between the layers can be followed
in the IR spectra of Mg substituted Li[Niy sMng 5]O, (Fig.
4B).When Mg substitutes for Ni, the number of the IR
modes increases, culminating with the end composition
LiMgy sMng 50, in a resolved IR band structure. It is
important to mention that LiMg, sMng 50,, characterized
also with a higher degree of cationic mixing between layers,
displays the structured IR profile. Close inspection of the
diffuse and structured IR spectra of Ni- and Mg-rich
compositions shows similar IR profiles, thus indicating a
similar Ni/Mn and Mg/Mn distribution in the layer.

3.2. EPR spectroscopy of Li[Niys_ Mg, Mngs]O>

Fig. 5 compares the EPR spectra of Li[Li;;3Mn,;3]O,
and Li[Mg, sMn, s]O, compositions. For ordered Li[Li, 3
Mn,3]O,, it has been found that the antiferromagnetically
coupled Mn*" jons account for the appearance of an EPR
signal with Lorentzian line shape and g = 1.9955 [40,41]. In
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Fig. 4. IR spectra of Li[Lij_2.)3Ni.Mnx_)3]O> (A) and LiMgg s_Ni,Mng 5O, (B).
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Fig. 5. X-band EPR spectra of LiMg, sMng sO,, Li[Li;;3sMn;;3]O, and
LiNij sMng 5O, compositions.

comparison with ordered Li[Li;;3sMn,/3]O,, the EPR
spectrum of the new Li[Mg, sMnq s]O, phase also consists
of a Lorentzian line with g = 1.989, which allows one to
assign this signal to exchange coupled Mn** ions again.
The temperature variation in the signal intensity follows
the Curie—Weiss behaviour with a Weiss constant
® = 425K, indicating ferromagnetic interactions between
the Mn*" ions. For ordered Li[Li;sMn,3]O,, the Weiss
constant determined from the temperature variation of the
EPR signal intensity is —44 K. The observed ferro- and
antiferromagnetic interactions in Li[MggsMng5]O, and
Li[Li; ;3Mn;/3]O,, respectively, can be explamed if we take
into account the distance between the Mn** ions. For
Mn** -containing spinel oxides, it is well known that the
ferromagnetic interactions are dominant at a distance, r,
between the Mn*" ions exceeding 2.87 A, while the
antiferromagnetic interactions are more stronger at
r<2.87A [42-44]. This is what we observe for Li[Lij;3
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Fig. 6. Temperature variation in the g-factor of Mn*" ions in Li[Li—2y3
Ni,Mny_,y3]0, and LiMgys_NiMnysO,. The EPR spectra were
recorded at 9.23 GHz (X-band).

Mn, 3]0, and Li[Mgg sNigs]O,: r=2.843 and 2.891 A,
respectively.

Following the classical EPR notation, there will be no
EPR response from magnetically concentrated oxides
containing more than one kind of paramagnetic species.
However, after replacing diamagnetic Mg®* or Li* by
paramagnetic Ni>", a single line with Lorentzian shape is
still observable in the X-band EPR spectra of Li[Li;_sy3
Nian(zfx)/j,]Oz and Li[Mg0_5,xNian0A5]Oz CompOSitiOHS
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Fig. 7. EPR spectra at 95 GHz (left) and 285 GHz (right) of LiNiy sMng sO,. The apparent g, g, and average g.y. (corresponding to the resonance field By,
By, Baye), as well as the low-magnetic field absorption, By, are indicated. The inset shows the EPR spectrum at 285 GHz of Mn** spin probes in LiCoO,.

(Fig. 5). The g-factor depends on both Ni-content and
registration temperature (Fig. 6). At 413K, the g-factor
increases slightly with the Ni-content. On cooling from 413
to 103K, there is a decrease in the g-factor (Fig. 6). The
observed variation in the g-factor with the Ni-content is
not sensitive towards the appearance of Li* or Mg”>" in
the oxide compositions.

In order to gain insight into the signal origin at
LiNiy sMng 505, high-frequency EPR spectroscopy (at 95
and 285 GHz) was carried out. It is worth to mention that,
for ions with half-integer spin states, high-field experiments
allow resolving small g-tensor anisotropies which is not
accessible by X-band experiments [45]. Fig. 7 shows the
high-frequency EPR spectra of LiNigsMngsO, in the
temperature range of 5-100K. At 100K, the high-
frequency EPR spectrum of LiNigysMng 5O, consists of a
signal with tetragonal symmetry, while the single Lorent-
zian line is observed in the X-band (Fig. 7). Between 100
and 60 K, the apparent g, and ¢, factors of high-frequency
EPR signal are slightly dependent on whether 95 or
285GHz is used. It is important that the average g-value
(gave = 2/39; + 1/3g,) tends to the isotropic g-factor
determined in X-band (Fig. 8). This result indicates that
EPR response from LiNiysMng 50, detected at lower and
higher magnetic fields has one and the same origin. For the
sake of comparison, Fig. 7 shows the EPR spectrum of
Mn*" spin probes in LiCoO,. It is worth mentioning that
the perpendicular component determined at 95 and
285GHz, ¢g;, has the value close to the perpendicular
component of Mn*" in LiCoO,, while the parallel
component is different (Table 1). Below 60 K, there are a
line broadening and a strong resonance shift. In this
temperature range, low- and high-magnetic field resonance
absorptions are superimposed on the main resonance
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26 _ g/ow k
2
24+ ®©
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Fig. 8. Temperature variation in the apparent ¢;, ¢» and ¢, factors of
LiNij sMng sO,. The EPR spectra are registered at 95 GHz.

signal, indicating the transition from localized to magne-
tically correlated spins (Fig. 7). At 285 GHz, the changes in
low- and high-magnetic field resonance absorptions are
suppressed as compared to that at 95 GHz. This can be
related with the saturation of the magnetization in high-
fields applied at 285GHz. The transition of the EPR
spectrum from localized to magnetically correlated spins
have already been reported for non-stoichiometric Lij_g
Ni, ; 505, where Ni’" in the Li-site (created strong 180°-
magnetic interactions with Ni ions in the nickel layers) were
responsible for observed EPR changes below 210K
[19-22]. For LiNiysMngs0O,, the EPR spectrum from
magnetically correlated spins can therefore be associated
with the effect of Ni*" residing the Li-site in LiNij s
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Table 1

The g-factor of single Lorentzian line detected at X-band (gsingie), g-factor of the symmetrical line detected at 95 GHz (gsym) and apparent g, and g,
detected at 95 and 285 GHz for LiNiotle’lO.st, LiLiolloNi0.35Mn0.5502 and LngolzsNio_stno_soz

Samples X-band 95GHZ 285GHz
Gsingle (£0.008) gsym (£0.004) g1 (£0.004) g2 (£0.004) g1 (£0.001) g2 (£0.001)
LiNijp sMng 50, 1.945 Not observed 1.975 1.916 1.999 1.927
LiLig 10Nig 35Mng 5505 1.992 2.044 1.962 1.908 2.011 1.932
LiMgg »5Nig»sMng 5O, 2.025 2.053 1.979 1.949
Mn**-LiCo0,* 1.9778 1.9972 1.9778 1.9972
For the sake of comparison, the g-tensor (g, and g;) for Mn** spin probes in LiCoO, is also given.
“The accuracy in the determination of the g-tensor is 0.0002.
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Fig. 9. High-frequency EPR spectra at 100 and 5K of LiNijsMng sO; (a), Li[Liy oNip35Mng s5]O, (b) and LiMgg»5Nig>sMng sO, (c¢). Temperature
variation in the apparent g, g, and g, factors for Li[Lig 10Nig35Mng 55]0> and LiMgg »5Nig>5Mng sO,.

Mny 50,. In addition, the EPR experiments demonstrate
that long magnetic order is not achieve at LiNiysMng 5O,
even at 5K.

At 100K, the anisotropic EPR response was also
detected for the Li and Mg-substituted oxides, Li[Lig
Nip.3sMng.55]0> and Li[Mgg »5Nip.2sMngs]O, (Fig. 9A).
The temperature variation of the apparent g, and g; factors
are given in Fig. 9B. While the perpendicular component
observed for Li[LiO.INiO.:;SMn()_SS]Oz and Li[MgO.ZS
Nio_stl’lO.S]Oz match with that for LiNi0_5Mn0_502, the
parallel component is different (Table 1). Contrary to
LiNig sMng 50,, the average g-value does not agree with
the isotropic g-factor determined in the X-band.

In addition, Mg-substituted oxide displays at 100 K an
additional symmetrical signal with ¢g =2.053 and line
width of 200mT. The same signal with lower intensity
was also observed in the EPR spectrum of Li[Lig 1Nig3s
Mny 55]O,. Between 100 and 60K, the g-factor remains
the same, while, below 60K, ¢ increases. The g-factor of
the symmetrical signal is not consistent with the g-factor of
the isotropic signal detected at X-band. However, the
g-factor determined in the X-band is close to the average
value calculated from the g-factors of the main aniso-
tropic and additional symmetrical signals determined at

95 GHz. This means that high-fields experiments lead to
the splitting of the isotropic signal detected at lower
magnetic fields.

Comparison of the high-frequency EPR spectra
of Li[Lig.1Nig.35Mng 55|02, Li[Mgg25Nig25sMng 5|0, and
LiNig sMng 50, compositions with the EPR spectrum of
Mn*" spin probes in LiCoO, permits to attribute the
anisotropic EPR signal to Mn*" ions. The close value of
the perpendicular component shows similar Mn* " -envir-
onment in Li[Lig.;Nig 35sMng 55]02, Li[Mgg25Nig25sMng s]
O, and LiNiysMn, 50, compositions. It appears that the
paramagnetic Ni>" ions are not EPR active even in the
higher frequency used. This fact can be understood if we
consider the spin—spin relaxation of Ni*>" and Mn**. Due
to the different electronic configuration, the Ni** ions have
a shorter spin—spin relaxation time as compared to that of
Mn*". The fast fluctuating field created by the Ni*" spins
promotes an effective interaction of the Mn*" spins with
the lattice, thus leading to the possibility of registering an
EPR signal from Mn**. However, the presence of Ni** in
the proximity of Mn*" can be related both with an
inhomogeneous broadening of the EPR signal detected at
high-magnetic fields (95 and 285 GHz) and a homogeneous
broadening in lower magnetic fields (9.23 GHz).
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For diamagnetically diluted Li[Liy ;Nig 35Mn3q 55]O, and
Li[Mg»5Nig»sMng 5]O,, the g-factor of the additional
symmetrical signal detected at higher magnetic fields is not
consistent with that typical for Ni*>* or Ni*" ions [17,19].
The positive deviation of the g-factor of the additional
symmetrical signal from the g-factor of the free electron
can tentatively be associated Mn** ions located in
paramagnetic Ni-rich environment. The broadening of
the EPR signal of LiNigsMngsO, does not permit to
observe the additional symmetrical signal. At lower
magnetic fields (9.23 GHz), all EPR signals are merged
into one signal.

3.2.1. EPR study of the distribution  in
Li[Niy s Mg..Mny 5] O,

To determine the local cationic distribution in Mn*"-
containing layered oxides, comparative analysis of the EPR
line width of exchange coupled Mn** ions in X-band EPR
was carried out according to Eq. (3). For both Li[Li;
Mn,;5]0, and Li[Mg;sMngs]O,, the EPR line width
increases weakly on cooling from 413 K (Fig. 10). The line
width of Li[Mgy sMn 5]O,, determined at 413 K, is slightly
higher than that for ordered Li[Li;;Mn;;]O5: 29.8 and
21.3mT, respectively. The Weiss constant change from
—44 to +25K when changing from Li[Li;;3Mn;;5]O, to
Li[Mg, sMn, 5]O,. Having in mind that the first metal shell
of Mn*" in Li[Li,;3Mn,/3]O, consists of 3 Mn*" and 3 Li "
[46], we have calculated from Eq. (3) the mean number of
paramagnetic ions around Mn** in Li[Mgy sMny 5]O;:
z = 2.6. This value will be lower if we suppose a random
Mg and Mn distribution in the layer: z = 3.

cationic
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Fig. 10. Temperature variation in the EPR line width of Mn** ions in
Li[Li(l,2,\.)‘,3Ni,\.Mn(2,x>‘,3]02 and Lngo_S,xNian()_soz. The EPR spectra
were recorded at 9.23 GHz (X-band).

As already mentioned in the Introduction, three types of
cationic arrangements are considered for Li[Niy sMng 5]O»,
which can be distinguished in respect of the composition of
the first metal shell of Mn** (Fig. 1). In the “zig-zag”
configuration, each Mn** has 2 Mn** and 4 Ni*" as first
metal neighbours [10]. In the ““a,f’-arrangement, each
Mn*" is surrounded by 3 f-site ions (Mn** and Ni**) and
3 o-site ions (Ni*" and Li") with Mn*" mean number of
2.25 in the first metal shell [12]. The “flower”-like cationic
configuration is identical with the ‘zig-zag” one with
respect to the amount of Mn*" ions acting as first metal
neighbours: each Mn* " has 1 Li", 3Ni*" and 2 Mn*" ions
in the first metal shell [14]. Since LiiMgysMn,s]O, and
Li[Nig sMng 5]O, are isostructural, the same cationic
ordering can be supposed for both compositions. As one
can see, the experimentally determined value of the mean
number of paramagnetic neighbours of Mn*" in
Li[Mg, sMn, 5]O, approximates to that of “o,f’-arrange-
ment. This indicates that “o,f”’-type cationic arrangement
with some extent of local disorder describes the Li*, Mg**
and Mn*" distribution in [LisMgg s_sMng 5]O,-layers.

Therefore, we propose another model for Li, Mg and
Mn-distribution in the [LisMgy s_sMng 5]O,-layers. This
model is based on several experimental observations: (i)
“o,B”’-type cationic arrangement is valid in the concentra-
tion range of 0<x<0.35 for Li[Li(l_2X)/3NiXMn(2_x)/3]02
(IR spectroscopy); (ii) appearance of cationic disorder in
the “o,f”-type cationic arrangement for x>0.35 (EPR);
(iii) detection in the HF-EPR spectrum of two types of
Mn*" ions in diamagnetically diluted layered oxides, and
(vi) Li atoms in the transition metal layers are surrounded
preferentially by five or more Mn atoms and no more 1 Ni
atom (Li NMR [10]). According to this model, one part of
Mn** ions are located in the environment which mimics
the “o,B”-type arrangement established with Li[Li;_sy3
Ni,Mn_ 3]0, (x<0.35), while the rest of Mn*" ions
occupy Ni-rich position. To evaluate the mean number of
Mn*" there is a need to determine the composition of the
environment that mimics the “o,f”-type arrangement.
Based on the solid state Li NMR analysis, the composition
can be derived from the requirements that Li will have the
equal probability to contact with 6 Mn atoms or with 5 Mn
and 1 Ni atoms. Supposing the random distribution of
ions in the a- and f-site of Li[(Li(—2y)3Nizx/3)e (MD2_y)3
Ni,/3)g]O>, the probability of Li to have (6-n) Mn and n Ni
atoms (from the f-site) can be expressed by Bernouillian
statistical distribution: P(x,n) = C% % (2 — x)/2)°"(x/2)".
For the composition with x:%, the probability of Li
atoms to have 6 Mn is equal to the probability of Li to
have 5 Mn and 1 Ni. The characteristic feature of layered
Li[Li(; _2xy3Ni,Mng_3]O5 is the cationic mixing between
layers due to the close ionic dimensions of Li* and Ni**:
0.76 and 0.69 A, respectively. Since the cationic mixing
for compositions with x =0.2 and 0.35 is 0.046 and
0.083, respectively, we include the average value for the
cationic mixing at the estimated composition with x = %:
0 = 0.06. Finally, we obtain the following composition:
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Li;_sNis[(Liz 1+ 5Nigj21—5)e(Mny221Niz21)s]O2 where 6 =
0.06 and Li/Ni =1

Using this model, the Mn*" -environments in the
Li;_sMgs[LisMgg s_sMng s]O, standard can be described
by two discrete compositions:

76

a0 Lij—s,Mgs [(Lis /o145, M4 /21-5,),(Mn5/5 Nia/21)]O,

with an ordered «,f-type arrangement, and

layers for LiMg, sMng 5O, standard has no effect on the
EPR line width of Mn*", the appearance of paramagnetic
Ni*" ions in the lithium layers (three nearest ions in up-
and down-layers, respectively) has also to be included in
the local environment of the Mn*" ions for Li[Li¢1_24y3
Ni,Mn;_ 3]0 series (0<x<0.2).

For the second series comprising Li{Mgq 5_ Ni,.Mng 5]O»
and Li[Liy 1Nig35Mng 55]O,, the local Ni to Mn ratio was
estimated by applying the same model as LiMg, sMn, 5O,

70 .
{1 - (1+751)}L11—(52Mg52 [Mgl/2+5(1—6¢51)/(1—75+75]—6551)Mn1/2—5(1—651)/(1—76+751—6551)]02

with a statistical Ni,Mn-distribution. Here 6 corresponds
to the experimentally obtained value of the cationic mixing
between the layers (6 = 0.13), d; denotes the calculated
one (0; = 0.06), and 6, is expressed by ¢ and J, as follows:
0, =0/(1 =70+ 76;). This means that 65% of the
Mn*" ions will have ¥Mn** and 3Ni*" from the B-site
and 3+ 946;) Li " and (# —96,) Ni*" from the a-site, while
35% of Mn*" will be surrounded by (3 + 64(1 —601)/
(1—=75+76, —6561)) Mg>" and (3—65(1 —63,)/(1 —
76 + 78 — 656,)) Mn*" ions. By substituting, the average
number of metal neighbours around Mn*" in Liggs
Mgy 15[Lip13Mgo37Mngs]O,  will  be:  2.32Mn*",
2.49Mg>" and 1.19Li". There is a better agreement with
the experimentally obtained value: z = 2.6.

The same model was applied for Ni containing
analogues, Li[NiOAS—ngan().S]OZ and Li[Li(l_zx)/j,NiX
Mn,_)3]0,. Fig. 10 gives the effect of Ni*" ions on the
EPR line width of Mn** between 413 and 103K. The
results obtained clearly reveal the broadening effect of the
Ni*" ions in whole temperature range. Adapting the
method of moments (Eq. (4)), the EPR line width of Mn*™"
for nickel-containing oxides is normalized as compared to
that of pure Mn* " -containing oxides (LiMg, sMng sO, or
Li[Li;;3Mn;/3]O; for both series of compositions):

AHp, _
AH,

F(alien)
M3 (allied)

)

Suggesting that F(alien) depends on the amount of Ni
and Mq(allied) is a function of the Mn-amount, then one
can expect the linear dependence of the normalized line
width on the [Ni]/[Mn]-ratio.

For the first series comprising Li[Lij_sy)3Niy
Mn_y)3]02 with 0<x<0.2, the local Ni to Mn ratio
was estimated in the framework of the “o,f”’-type cationic
arrangement. Thus, the first coordination sphere of Mn**
in the transition metal layers will include 1.5%(2—x)Mn and
1.5xNi from the f-site and 3% (1 —2x+35)Li and
3% (2x — 39)Ni from the a-site. Of importance is that the
cationic mixing, J, affects the occupancy of the a-site only,
while the occupancy of the ff-site remains the same. While
the cationic mixing between lithium and transition metal

standard, where the random Ni**/Mg>" distribution is
supposed. In this case two types of Mn*" ions appear in
the transition metal layers: one part of Mn*" are in the
environment resembling the o,f-type arrangement of
estimated Li;_s51Nisi[(Liz/21+51Nigj21—51)e(Mn12/21Niz)21)4]
O, composition (with ; = 0.06 and Li/Ni = %) and rest of
Mn** are in Ni,Mn-environment such as Li;_sNig
[Ni;_,Mn,]O, (y<%). For LiNi sMng sO, with § = 0.099,
the local environment is as follow: 49% of Mn*" will have
2.57 Mn*", 1.63 Ni*" and 1.80 Li" ions, while 51% of
Mn*" will be surrounded by 3.42 Ni*" and 2.58 Mn*"
ions. The average Mn*"-environment will include 2.52
Mn, 2.59 Ni and 0.89 Li. As was at Li/Ni-series, the Ni ions
residing the Li-sites are also included in the calculation of
local Ni to Mn-ratio. For the sake of comparison, the
composition of the first coordination sphere of Mn** in
LiNig sMng 50, has been determined by Breger et al. using
joint NMR and PDF analysis [14]: 2.36 Mn, 3.11 Ni, 0.53
Li. As one can see, there is a satisfactory agreement. The

4.0 _ . Li[Mgo.s-xNiano.s]Oz n
F e LilLi,,,,NiMn, 1O, x<=0.20
35 :- 4 Li[LiO.WONiO.BSMnO 55102 n
N =]
3.0p 413K= N\ e
o8 S
T [ oot
Zo2sp T e
I“ T L
< L .
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0.0 0.2 04 0.6 0.8 1.0 1.2

[Ni}/[Mn] - first coordination sphere

Fig. 11. The normalized EPR line width, AH,,/AHp,, on the local [Ni]/
[Mn]-ratio (first coordination sphere) for of Li[Li¢_sy)3Ni,Mn_y);3]0,
(0<X<020, AH;p of Ml’l4+ in Li[Li]/}MHQ,’_}]Oz), LngO.S—,\'NianO.SOZ
(O<X<050, Ang of 1\/[1'14+ in Li[Mg0.5Mn0_5]02) and Li[LiOAIONiOJS
Mny ss]0, (AHp, of Mn** in Li[MgosMngs]O,). The line width is
determined at 103 and 413 K.
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same is related to Ni-environment. Concerning Ni ions, the
model predicts three types of Ni-environment: 29% of Ni
will have 5.1Mn and 0.9Ni neighbours (a-site); 20% of Ni
— 2.57Mn, 1.63Ni and 1.80Li (f-site) and 51% of Ni —
3.52Ni’>" and 2.48Mn*" ions. In addition, some of Ni ions
occupy the Li-sites due to the cationic mixing. From the
EPR experiments both at low and high frequency, it
appears that all Ni ions are turn off and remains
unobservable by EPR. The average environment of Ni in
the transition metal layers only will be: 3.30Mn, 2.33Ni and
0.37Li. This is in agreement with the Ni-environment
determined by Bréger et al. [14]: 3.64Mn, 1.70Ni and
0.64Li.

To check the validity of the proposed model, Fig. 11
gives the experimentally derived dependence of the normal-
ized EPR line width, AH,,/AHg,, for LiMg.Nigs_Mng s
02 and Li[Li(l,zx)/3NixMIl(2,x)/3]02, on the local [Nl]/
[Mn]-ratio in the first metal shell of the Mn*" ions. As one
can expect, the experimentally obtained results display a
linear dependence at lower and higher registration tem-
perature (103 and 413 K, respectively). This supports the
proposed model for local cationic distribution in
LiMgo. s Ni,Mng 5s0O,.

4. Conclusions

It was shown that for LiMg,s_ Ni,MnysO, and
Li[Li(; _5y)3NiyMnp_y3]02 an  EPR response from
Mn*" ions is detected only, while the Ni*" ions remain
EPR silent even at the higher frequency used. For
diamagnetically diluted OXideS, Lng0.25NiOA25Mn0.502
and Li[Lig 1oNig3sMng ss]O», two types of Mn** ions
characterized with different cationic environment, are
detected by high-field experiments. In the X-band, com-
parative analysis of the EPR line width of Mn*" ions in
LiMg, s_Ni,Mng sO, compositions shows that a fract-
ion of Mn*" are in the environment resembling the or-
dered “o,”-type arrangement in Li;_s5;Nigi[Liji_2.)34 51
Nin/376l)ot(Mn(27x)/3Nix/3)/}]O2 (where X = % and 51 =0.06
were calculated), while the rest of Mn*" are in the Ni,
Mn-environment  corresponding to the Lij_sNigsp
[Ni;_,Mn,]O, (y<%) composition with a statistical Ni,Mn
distribution. This study demonstrates the applicability of
EPR spectroscopy to the structural characterization of
local cationic distributions in oxides containing more than
one paramagnetic species.
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