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Dimensionality crossover and frustrated spin dynamics on a triangular lattice
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Investigations of the magnetic behavior of the layered oxide, LiNi ¢5Cog25Mng 190,, through ac and time-
dependent susceptibility, dc linear and nonlinear susceptibility as well as neutron-diffraction measurements are
presented. A ferrimagneticlike spin ordering appears at 119 K with a spontaneous magnetization coexisting
with spin frustration in two dimensions (2D). At lower temperature, a cluster-glass transition is found at 17.4
K indicating a transformation to a completely frustrated state in three dimensions (3D). A dimensionality
crossover with temperature, from 2D to 3D, in a magnetically frustrated system has been demonstrated. The
observed magnetic behavior is believed to originate from a percolating system of spin clusters defined by
disordered and frustrated exchange interactions and the findings conform well with predictions of the perco-

lation cluster model.
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I. INTRODUCTION

Since the first synthesis in 1958 (Ref. 1) and prediction
that LiNiO, may be the first realization of a quantum spin
liquid,? layered transition-metal (TM) oxides of a-NaFeO,
type have been of interest from both theoretical and experi-
mental point of views. The alternating planes of alkali metals
(e.g., Li or Na) and triangular-shaped metal-oxide (MO,)
slabs built up of edge-sharing octahedras (MOg) form a two-
dimensional triangular lattice (2DTL). The 2DTL structure
offers possibilities to study the interplay between orbital and
spin degrees of freedom where much effort has been devoted
to probing the magnetic ground state of LiNiO,. A major
problem in these studies has been parasitic divalent Ni ions
(Nig;) residing in the Li plane (3a) which are introduced
during the fabrication process and thought to be the reason
for the large disparity in the reported magnetic behavior of
LiNiO,.? Efforts have been made to cancel out the interlayer
exchange interactions by minimizing the amount of Ni%; or
by increasing the interplane distances to obtain a true 2DTL
system, e.g., as in NaNiO, or Ag,NiO,.*> In more recent
years, a drive for research in LiTMO, is due to its impor-
tance in Li-ion batteries. Since the introduction of the Li-ion
battery with LiCoO, by Sony Corp. in 1990, one has strived
to replace Co with other TM elements that are more efficient,
structurally stable and environmentally more benign. Also,
the understanding of the magnetic properties is a crucial
component in determining the structural quality and even
electrochemical properties in Li-ion battery materials. Recent
investigations suggest that the true ground state of LiNiO, is
of a short-range AFM 90° type® but the observed magnetic
behavior is in most case much more complex. Despite some
controversy about the magnetic ground state, lately more
consensus about the origin of the magnetism in Ni-
containing LiTM O, has emerged where the divalent Ni ions
play a crucial role. First, in the 3a plane, Nigz enables mag-
netic coupling between the MO, slab (3b) and the 3a plane
through 180° interlayer superexchange interactions of both
ferromagnetic (FM) (e.g., Ni-Mn) and antiferromagnetic
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(AFM) (Ni-Ni) type. At low temperature, a spin-glass state
originating from frustrated superexchange interactions pro-
vided by Nig: sitting between the 3b planes in LiNiO, (Ref.
4) occurs for Ni3* concentrations as small as 1%.> Second,
the parasitic Ni3' is combined by a similar amount of Ni3;
creating both divalent and trivalent Ni ions with S=1 and
172, respectively, in the MO, slab. In this study, tetravalent
Mn (S=3/2) and trivalent Co in its low-spin state (S=0) are
also present in the MO, slab. This adds both FM (Ni-Ni,
Mn-Mn) and AFM (Ni-Mn) 90° intralayer exchange interac-
tions to the magnetic structure.” Not only are the divalent Ni
ions creating competing interactions between planes but also
both Ni3* and Ni3; couple with six other transition-metal
ions forming exchange interactions of both the 90° and the
180° type® further adding to the importance of controlling
the amount of Ni%;. The minimization of the electrostatic
energy promotes a random distribution of the 7M ions in
both the 3a and 3b planes and this together with the mixed
valency and magnetic dilution, due to the low-spin Co ions,
imply that regions of exchange-coupled magnetic ions are
formed as a percolating clusterlike pattern in the material.””
While low-temperature spin-glass behavior is well estab-
lished in LiNiO,, 2DTLs with Mn, e.g., LiNiy sMn, 50, and
Ag,MnO,, have shown evidence of long-range spin order'’
and/or an additional frustrated regime at high temperature.”-!!

In this paper, we present results evidencing both ferrimag-
neticlike behavior and frustration in LiNij ¢5Cog,5Mng 19O,.
By inducing a high concentration of divalent Ni ions in the
compound (here 12.4%), a mosaic of magnetic interactions
are present in the same material resulting in a highly unusual
reentrant behavior with a crossover from percolating ferri-
magnetic spin order coexisting with a 2D frustrated state to a
3D cluster-glass state.

II. EXPERIMENTAL

Powder of LiNij45C0g,5Mng 00, was synthesized by
mixing an aqueous solution containing 1.10 LiNO3 (99%,
Aldrich), 0.65 Ni(NO3),-6H,O (99%, Aldrich), 0.25
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TABLE 1. Structural data from Rietveld refinement of neutron-
diffraction data at different temperatures.

5K 60 K 120 K 289 K
por (R) 2.8722(3)  2.8720(3)  2.8723(3)  2.8752(3)
Chex (R) 14.191(5)  14.192(5)  14.197(5)  14.222(5)
Chex! Qhex 4.941 4.942 4.943 4.946
Vyer (A3) 101.385 101.378 101.435 101.819
Rirage 2.943 2.056 2.976 2.808
Ry 1.877 1.648 1.909 1.873

Co(NO3),-6H,0 (>98%, Aldrich), and 0.10
Mn(NOs3),-6H,0 (99%, Aldrich) with sucrose in a mole ra-
tio of sucrose/nitrate equal to 0.67. The solution was subse-
quently heated up to 120 °C for 1 h. Finally, the powder was
fired up to 1000 °C for 12 h in ambient air (with a heating
rate of 1 °C min~!) forming a light downy substance, for
further details see Ref. 12. The x-ray diffraction (XRD) pat-
terns were obtained at 298 K on a Siemens D5000 diffracto-
meter with Cu K« radiation. Neutron-diffraction experiments
were performed at the Laboratoire Léon Brillouin (CEA-
CNRS in Saclay) using the G4.1 diffractometer (wavelength
2.4226 A) in the temperature range from 5 to 289 K. ac and
dc magnetic measurements were performed in a Quantum
Design MPMS-XL system. The magnetic susceptibility was
measured following zero-field-cooled (ZFC) and field-cooled
(FC) protocols with different applied dc magnetic fields
(H ) in the range 0.5-100 Oe. Magnetization (m) versus H .
was measured between H,;.= = 10 kOe at different tempera-
tures (7) in the range 10-140 K. Nonlinear susceptibilities
were obtained by measuring the first, second, and third har-
monics of the magnetic response to an ac magnetic field (%,,)
at zero H,. in a Quantum Design PPMS system. Magnetic
relaxation and aging experiments were performed in a spe-
cially designed rf-superconducting quantum interference de-
vice magnetometer described elsewhere.!> The sample is
cooled in zero field to the measurement temperature (7,,,) and
kept at a constant T, for a wait time (z,,) before a small H,,
field is applied and the magnetic relaxation [mypc(7)] is re-
corded.

III. RESULTS AND DISCUSSION
A. Structural properties

LiNij 45C0p,sMng ;00> has a rhombohedral structure

(space group R3m) with hexagonal lattice parameters given
in Table I. Through Rietveld refinement, using the FULLPROF
program'* and powder XRD data, 12.4% of Nij’ was re-
vealed. Neutron-diffraction measurements confirm the struc-
tural data from XRD as well as show that the rhombohedral
structure is stable through the whole temperature range with
very small changes in ¢ and a axes (see Table I). The neutron
results, cf. Fig. 1 for results obtained at 5 and 289 K, also
reveal a Li deficiency with the extra Ni** in the Li plane and
an almost full MO, layer. This means that the Li layer con-
sists of 0.876 Li* and 0.124 Ni3' accompanied by an addi-
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FIG. 1. (Color online) Rietveld refinement on neutron-

diffraction data obtained at (a) 7=5 K and (b) 7=289 K. The inset
of (a) shows the a-NaFeO,-type structure with blue, gray, and red
spheres representing the Li, TM, and O ions, respectively.

tional amount of Ni3; in the MO, layer and thus yields the
following more accurate formula for the material;
[Lit_ NiZ*]5,[Nig%, Nict. ColtMng'l3,0, with x=0.124.
With decreasing temperature, a small intensity decrease is
seen in the low-angle background but no extra Bragg reflec-
tions, neither intensity increase nor any indication of diffuse
scattering are detected. Thus, no long-range translational or
orientational magnetic order could be confirmed. More on
the magnetic implication of the neutron-diffraction results
will be discussed later in the text. Both XRD and neutron
data indicate a phase pure material free from secondary
phases or precipitates.

B. Magnetic properties

The inverse susceptibility (1/y), seen in Fig. 2, shows a
linear dependence on temperature (7) in the high-T region
with a Weiss temperature (6) of 14 K obtained from a Curie-
Weiss fit, y=C/(T—-6), and an effective moment (u,s) of
2.38up as given by the Curie constant C. This indicates a
predominance of FM interactions and the measured g, cor-
responds well with the spin-only effective moment of 2.41up
from the Ni and Mn ions. On further cooling, 1/ displays a
ferrimagnetic-type behavior with a transition temperature
(T,) at 119 K. The m versus H,, curves, shown in Fig. 2(c),
reveal a magnetization comparably small in magnitude with
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FIG. 2. (Color online) (a) ZFC (open symbols) and FC (filled
symbols) susceptibility versus temperature at H=100 Oe. The in-
verse susceptibility (1/y), derived from the FC data, versus tem-
perature is also shown. (b) xgc and xzgc versus temperature (open
and filled symbols, respectively) under different applied fields
(H4=0.5, 1, 2, and 5 Oe). The inset of (b) shows xzgc for H;.=5,
10, and 50 Oe. (c) m versus Hy,. at 10, 20, 35, 60, 100, and 120 K
between *10 kOe with the coercivity (H,) decreasing with in-
creasing temperature; H.=397 Oe, 280 Oe, 190 Oe, 85 Oe, 31 Oe,
and 0 Oe, respectively.

no sign of saturation in the measured field interval
(£10 kOe) and a decreasing coercive field (H,) with in-
creasing temperature. From zero-field-cooled and field-
cooled susceptibility measurements, a divergence between
the two measurement protocols is seen at a temperature (T,
very close to 7. Below T,, the yzpc displays two cusp tem-
peratures (7,,), at 70 and 20 K while the xpc continues to
increase in magnitude down to 10 K. The field dependence
of the temperature-dependent magnetic susceptibility is
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shown in Fig. 2(b), where it is seen that both ypc and xzpc
are suppressed by even small applied dc fields. A striking
feature of the xzpc is that the field dependence at T,
=20 K is proportionally much stronger as comparing with
that at T,,,,=70 K; the cusplike feature at 20 K is almost
completely suppressed by dc fields H;. =100 Oe. The close
similarity between 7, and T, suggests that the material is a
spin-cluster system. !> This is further supported by the mono-
tonic increase in m with H,. without reaching magnetic satu-
ration which together with the H,. increase with decreasing
temperature indicate randomly distributed clusters'®® con-
sisting of exchange-coupled Ni and Mn moments with inter-
nal spin frustration. It should be noted that the clusters men-
tioned here are not aggregates of magnetic ions but rather
random percolating entities defined by magnetic exchange
interactions.

The frequency (f) dependence of the in-phase [ x'(7)] and
out-of-phase [x”(T)] components of the ac susceptibility is
shown in Figs. 3(a) and 3(b), respectively. The y’ and y”
responses show evidence, with respect to the magnetic be-
havior, of three different temperature regions. The sharp rise
at 120 K is attributed to the ferrimagneticlike ordering seen
in the dc measurements. This is followed by a broad tem-
perature region (40<7<100 K) where the magnitude of x”
increases with decreasing f in accordance with the behavior
of a 2D frustrated spin state.!” For spin systems with no
phase transition at finite temperature (7,—0) as in the case
of a 2D spin glass,'® a noncritical slowing down following a
generalized Arrhenius law, In(7/7,,) TJZ(”‘””), where 7
=1/(2mf) and T} is the spin-freezing temperature, would be
expected. Identifying the f-dependent T, in " and in the
temperature range (40<T7<80 K) as the spin-freezing tem-
peratures, scaling yields a microscopic relaxation time 7,,
=5.6X 10713 s, only slightly larger than the atomic spin-flip
time,'” and a critical exponent $v=0 suggesting thermally
activated behavior.? As the temperature is lowered, the f
dependence of x” becomes converted in the sense that the
magnitude increases with increasing frequency typical for a
3D spin glass.!” Identifying, in this case, the f-dependent
freezing temperature from the inflection point on the upturn
of the y” curve [cf. Fig. 3(b)] and assuming critical slowing
down of the spin dynamics according to 7/7,3=€ ", with €
=(T-T,,)/T,,, a dynamic critical exponent zv="7.6, a micro-
scopic relaxation time 7,;=4.6X 1077 s, and a cluster-glass
transition temperature 7,,=17.4 K are obtained. The result
for zv compares well with results obtained for 3D
spin-glass'® and reentrant compounds?! while the result for
7,3 is considerably larger than expected for a spin-glass com-
pound and instead more alike the value expected for a
cluster-glass system.?> The field dependence of the ac sus-
ceptibility (with f=170 Hz) for both different h,. and H,,
fields have also been investigated (not shown). The magni-
tude of ' and y” increases with h,. as well as with H,,
below 120 K down to 65 K. At lower temperature, the field
dependence decreases with decreasing temperature and at 20
K, the field dependence for both x’ and x” is vanishingly
small. A similar behavior has previously been observed for a
reentrant spin glass.?!

A generalized expression for the magnetization in pres-
ence of a magnetic field is given by
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FIG. 3. (Color online) (a) In-phase susceptibility, x’, and (b)
out-of-phase susceptibility, x”, versus temperature at different /,,
frequencies. (c) Second x»h,. (red squares) and third 3/4)(3hic
(black squares) order nonlinear susceptibilities versus temperature
at f=170 Hz, h,.=10 Oe, and H,;.=0 Oe.

m=moy+ xih+ xah*+ xsh* + =+, (1)

where my is the spontaneous magnetization, y; the linear
susceptibility, and y, and y; are the second- and third-order
nonlinear susceptibilities, respectively. The y, of the nonlin-
ear susceptibility exhibits two peaks, seen in Fig. 3(c), one at
113 and one at 23 K, with a broad transition in between and
an abrupt decrease to zero close to T,,. The x; displays a
similar behavior and an appearance coinciding with the be-
havior of x”(T) (the shift downward in temperature of the
onset of x; is an illusion caused by the different scales used
for the two nonlinear susceptibility components). y; vanishes
close to the peak temperature of y,, which also coincides
with the temperature where x” becomes field independent.
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FIG. 4. (Color online) (a) ZFC relaxation of the magnetization
(mypc/Hye) at Hy;.=0.40 Oe with 7,,=300 s and different 7,,=25,
30, 40, 60, 80, 100, and 120 K. (b) Relaxation rate S(¢) at 100 K
(green), 60 K (blue), and 25 K (orange). H;,=0.40 Oe and 1,
=300, 1000, and 3000 s.

The existence of a nonzero second-order nonlinear suscepti-
bility even at zero applied H,. gives clear evidence of a
magnetic state with spontaneous magnetization since the
magnetization for such a state has no inversion symmetry
with respect to the applied field.”> At the same time, the
vanishing of x, close to T, indicates that there is no spon-
taneous magnetization below T.,. The x; response appears
both for a glassy state>* and for a ferrimagnetic state; hence,
both odd and even nonlinear susceptibility terms are
expected.?

To further investigate the spin dynamics of the material,
magnetic relaxation and aging experiments were performed.
The most striking feature of mypc(f), shown in Fig. 4(a) for
1,,=300 s, is the evolution of mypc(r) with T, which is an
indication of the development and growth of disordered
magnetic clusters with decreasing 7. Spin frustration is
present at all measured temperatures and aging persists even
up to T,, indicating that clusters of frustrated spins coexist
with the ferrimagnetic behavior from the onset of spin order-
ing. The ZFC relaxation rate S(r) is given by

_ L dmzec
SO = )’ @

where 7 is the observation time and is plotted in Fig. 4(b) for
different 7,, and T,,. The behaviors in different temperature
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regions are markedly disparate. Starting from high tempera-
tures, in Fig. 4(b) exemplified by the 100 K results, the re-
laxation rate exhibits maxima (S,,,,) at t=r,. However, as
the temperature is lowered, S,,,, occurs at r>t,, a feature
previously observed for 2D spin glasses.?® Upon further tem-
perature decrease, S,,,x moves back in observation time so
that S,,,.(r=1,,), a feature which is associated with 3D spin-
glass and cluster-glass systems.?? It is also noteworthy that
the ratio defined by the magnitude of the relaxation rate at
nonequilibrium and quasiequilibrium conditions, S;,./S(z
=1 s), is in comparison to archetypal 3D spin-glass systems
very large in the intermediate and high-temperature regions.
The large S,,,/S(t=1 s) ratio is a feature previously ob-
served in reentrant systems well above Tg.27 Also, at the
lowest temperatures investigated, the S,/ S(t=1 s) ratio is
close to values observed for 3D spin-glass systems,!® which
again is an indication of a frustrated system in 3D.

The magnetic-susceptibility measurements reveal a ferri-
magneticlike spin ordering at 7.~ 119 K, a feature not sup-
ported by the neutron-diffraction results. However, suscepti-
bility measurements yield a bulk average magnetic response
that does not give any hint on a possible translational and/or
orientational spin order. The combined results imply that the
observed ferrimagnetic response descent from a percolating
spin system defined by magnetic exchange interactions of
varying sign (FM and AFM interactions) and strength. Ear-
lier investigations show that Li-deficient Li(TM)O, systems
exhibit hysteresis as well as ferrimagnetic-type behavior in
1/x measurements.”?® From experimental and theoretical
work on LiNiO,, probably the most investigated system, it is
well established that Ni%; occupies positions in the 3a plane
at random>° due to minimization of the electrostatic repul-
sion. The magnetic behavior arises predominantly from AFM
Ni-O-Ni 180° superexchange interactions between 3a and 3b
planes.?® At low temperatures, a spin-glass phase is observed
due to frustration created by having AFM superexchange in-
teractions between both 3a and 3b planes and between
neighboring 3b planes since the interaction between 3a and
3b planes will create an effective FM coupling between
neighboring 3b planes.® The introduction of Mn ions in the
MO, slab is further disturbing the system and investigations
on Ag,MnO, (a candidate for an ideal 2DTL system) have
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shown that the MnOg entities have disordered moments in
the midtemperature region (<80 K) and short-range AFM
order below 30 K.!! Together with the magnetic dilution due
to nonmagnetic Co?*, magnetic disorder is thus introduced?®
which could explain the observed cluster formation and mag-
netic frustration in 2D as well as in 3D. In addition, recently
proposals and evidence of magnetically active Co**(S
=1/2) present in Li-deficient Li(Ni,Co,Mn)O, (Refs. 28
and 30) have been presented. This would yield a net increase
to the magnetization and further complicate the magnetic
state of Li(TM)O, systems by adding more competing mag-
netic interactions.

IV. CONCLUSION

In summary, evidences for a reentrant cluster-glass behav-
ior with frustration in both 2D and 3D in
LiNig ¢5C0(25Mny 10O, have been presented. While the ferri-
magnetic quasilong-range ordering is solely due to parasitic
Ni%:, the 2D cluster-glasslike behavior is due to intralayer
exchange interactions of both FM and AFM type in the MO,
slabs between Ni-Mn, Mn-Mn, and Ni-Ni. Additionally, at
low enough temperature, the competing interlayer interac-
tions between 3a and 3b planes are strong enough to induce
a 3D frustrated cluster-glass state without spontaneous mag-
netization. The disordered and frustrated magnetic behavior
stems from the random distribution of TM ions in the MO,
slabs and the inclusion of Ni** in the Li plane plays a pivotal
role since it also implies formation of Ni** in the 3b layers.
This in turn leads to the formation of magnetic clusters with
exchange interactions of both FM- and AFM-type percolat-
ing throughout the system. Neutron-diffraction results show
no evidence of translational or orientational spin order and
hence support the conclusion that the spin ordering is perco-
lating through the system in a randomized manner.
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