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Superparamagnetism in polycrystalline Li0.5Ni0.5O samples: Low-field susceptibility measurements
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A frequency-dependent sharp peak in ac susceptibility (xac) was found in Li0.5Ni0.5O around 110 K having
an unusual magnetic-field~H! dependence. Temperature variation of first- and third-orderxac have shown good
agreement with Wohlfarth’s model~WM! for superparamagnetism~SP! but with an unusually low value of
anisotropy constant to saturation magnetization ratio (2K/MS). A simple model is proposed using Ne´el’s
relaxation approach to explain the unusual field dependence ofxac. The data fit well to this model and gives
a similar 2K/MS value found from WM. This model can be used to quantitatively explain the field and
temperature dependence as well as to extract various important physical parameters of other SP systems from
a simple experiment. Existence of dipolar interactions among the superparamagnetic particles is concluded
from history and time dependence of dc magnetization measurements. The correlation of ac and dc suscepti-
bility also brings out some interesting features.
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I. INTRODUCTION

NiO is still considered to be the prime example to defi
the problem of ‘‘band concept’’ in presence of larg
electron-electron correlations in transition-metal oxides.1 In
fact, despite a few decades of intense experimental and
oretical investigations, it is still debated whether NiO is
Mott Hubbard or a charge-transfer-type insulator.2 The sub-
stitution of Li in an Ni site was initially done to tailor the
band gap so as to modify the conductivity properties as w
as to explore the much sought after problem concerning
nature of the band gap.3,4 However, this substitution not only
added many dimensions to the basic problem of N
with some exotic experimental results and th
interpretations,3–14 but also provided a material of techno
logical importance.5

In short, the problem in the entire series of compou
Li xNi12xO is threefold.~i! First is its structural aspect, in
relation to the cationic arrangements in the sample which
turn, is a crucial function of sample preparatio
conditions.3,6–10~ii ! The second and probably the most inte
esting problem is that of the magnetic phase. The antife
magnetic character of the parent compound NiO is und
stood to be driven through the indirect superexcha
interactions. The dilution of the magnetic entity~i.e., Ni!
through Li substitution invokes a variety of magnetic pha
that remain controversial despite a few decades
research.3–14 For instance, this was also considered to be o
of the rare compounds in whichS5 1

2 two-dimensional tri-
angular antiferromagnetic lattice leading to quantum liq
ground state could be realized.11 ~iii ! The third problem in-
herited from NiO is with the nature and the location of t
hole that is introduced, when monovalent Li replaces di
lent Ni. Ideally, the Li substitution on an Ni site is believe
to create a hole in Ni 3d level and almost all magnetic an
transport measurements either confirm it or their interpre
tion is based on this conjecture. On the contrary spect
copy results predict that holes are of primarily oxygenp
character.4 There is also some indication that these ho
carry magnetic moment.15
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The compositionx50.5 of LixNi12xO series crystallizes
in a layer-type structure and is suitable for use as an inser
electrode in low cost, high-energy density rechargea
batteries.5 For this reason thex50.5 composition in the
above-mentioned series is most widely studied. Differ
groups have attributed diverse magnetic properties suc
ferrimagnetism,3,6 enhanced antiferromagnetism,4 two-
dimensional ~2D! Ising ferromagnet,11 2D Heisenberg
ferromagnet,12 spin glass ~SG!,8 and orbital frustration
effects,9 from the measurements of dc magnetization, el
tron paramagnetic resonance~EPR! and photoelectron spec
troscopy, etc. Thex50.5 composition crystallizes in rhom
bohedral structure in which Ni and Li order into individu
layers normal to one of the four^111& directions in the cubic
NiO lattice. However, it is found that this ordering is nev
perfect and that some Ni ions occupy Li sites. The cle
understanding about the nature of cationic ordering
emerged in the 1990s when serious efforts were made
analyze x-ray diffraction~XRD! and the neutron-diffraction
data by Rietveld profile refinement analysis.6–10,13This is an
important point which correlates the above-mentioned pr
lems ~i! and ~ii ! and is the root cause for the unresolv
problems of the magnetic phases in the entire series of c
pounds. This was highlighted in our previous study whe
we reported the structural properties of the LixNi12xO series
from 0.1<x<0.5 and showed the role of underlying cation
arrangement in the magnetic properties ofx50.3 and 0.35
compositions.10

Our aim was to probe the magnetic phase ofx50.5
sample from bulk susceptibility measurements and we c
centrated on a few aspects which we feel are important
lacking in literature. First, there are plenty of reports in l
erature on dc magnetization studies which essentially sho
time- and history-dependent magnetization7–9 which is often
attributed to the spin-glass phase. However, it is widely
cepted now that a mere bifurcation in field-cooled/zero-fie
cooled ~FC/ZFC! magnetization is not enough proof and
more careful susceptibility analysis is needed before m
stability is attributed to any cause. For such cases, acx and
its harmonic study is often the best and easiest way to pr
8996 ©2000 The American Physical Society
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metastability16 and this coupled with dc magnetization
likely to give a complete picture as we show in the pres
study. The second motive was to identify the magnetic ph
of Li0.5Ni0.5O, that results from even a slight variation of th
preparation conditions. Instead of making various sample
order to achieve perfect layering of Li and Ni in individu
planes~i.e., no interlayer mixing of cations!, we concentrated
on the relationship between the nature of cationic order
and the corresponding magnetic phase. To the best of
knowledge, the sample with perfect ordering of Li and
planes is so far not prepared, although samples close to
have been reported.7,8,13

A frequency and field-dependent sharp peak is obser
in xac around 110 K indicating metastable magnetism in
sample withx50.5. The bifurcation in field-cooled~FC! and
zero-field-cooled~ZFC! magnetization as well as time de
pendence of magnetization in low dc fields further indic
metastability. These experimental features are typic
found in spin-glass~SG!, cluster glass or superparamagne
~SP! and even in inhomogeneous ferromagnets, etc. H
ever, we observed some unusual features. For instance
real part ofxac increases with increasing ac field upto som
critical field, beyond which it falls with the applied field, bu
the dc susceptibility (xdc) shows a monotonic decrease wi
the applied field in the same field range. Thus the field
pendence of ac and dc susceptibilities is opposite in nat
The field dependence ofxac is unlike other conventiona
long-range-order~LRO! systems as well. For instance in fe
romagnetic samples it has been shown using the static
ing law, that magnitude ofx decreases as the field
increased.16 For weak ferromagnets that have shown sig
tures of metastability arising from domain-wall dynamic
thex falls with increasing field.17 A similar behavior, i.e.,xac
decreasing with increasing ac field is also observed in S
like systems.18 Even for conventional SP as well as SG sy
tems that are analyzed following the SP theories, the incr
ing trend with the increase in field is not observed,19,20

although, studies on uniaxial ferromagnets and record
media have shown a peak in the reversible transversex
~RTS! as a function of superimposed, high dc field which
applied perpendicular to the constant ac field.21 The above-
mentioned anomalous field dependence is not observe
xac even in these recording media as a function of ac fi
only.21 Apart from the anomalous field dependence of
susceptibility there were also some other interesting feat
such as thexac in zero-frequency limit does not extrapola
to xdc. At the same field the ZFCxdc is nearly three times
larger than its low-frequency ac counterpart, which has
been observed previously. The system does not exhibit
decay in thermoremanent magnetization~TRM! at fields of
the order of 300 Oe but in relatively low fields of a few O
a decay in magnetization is observed with a slow dynam
The FCxdc shows a monotonic increase with decreas
temperature below the peak temperature of ZFCxdc. These
effects in FCxdc were also observed by some of the earl
works.7–9 We attribute this feature to a different effect with
justification.

Thus we present a rich variety of experimental data wh
needs to be interpreted addressing the following impor
points:~i! the identification of nature of metastability and~ii !
the explanation of the unusual features. We have briefly
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cussed the first problem in a recent paper where we h
ruled out the possibility of SG and LRO in this sample.22 In
this paper we first present a detailed proof of the SP ph
using the Wohlfarth’s model. Then we propose a mo
which is based on Ne´el’s relaxation approach for a system
SP particles, to explain the unusualxac behavior. We have
used this model to extract various important physical para
eters of the system and authenticated them using other m
surements. This model can be applied to conventional
systems such as ferrofluids, recording media, and var
other small magnetic particle systems which are of imme
academic and technological interest. One can obtain imp
tant physical parameters for different types of superparam
netic systems from a very simple experiment and this mo
In a preliminary study we have shown the possibility to c
culate both ac and dc susceptibility using the abo
mentioned model and its general applicability to o
system.23

This paper is organized as follows: The experimental
tails concerning sample preparation and susceptibility m
surements are given in Sec. II. The experimental results o
x, its harmonics, and the interpretation using relevant mod
are discussed in Secs. III A and III B. Some of the dc ma
netization results together with their correlation with ac s
ceptibility are discussed in Sec. III C.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Samples are prepared by solid-state route and chara
ized by Rietveld refinement of powder XRD data. The d
tails of the sample preparation and refinement proced
along with the XRD pattern are given in Ref. 10. As me
tioned earlier, the nature of cationic ordering in this series
compounds plays a vital role, therefore we would like
restate a few important points in this connection.

The sample withx50.5 crystallizes in rhombohedra
structure (R3̄m) with cationic arrangement in which Li an
Ni order in individual planes perpendicular to the^111& of
the cubic rock-salt structure of the parent Ni
compound.3,6–10 This is evident from the appearance of th
superlattice peaks in the XRD pattern. However, this ord
ing is never perfect and some of the Ni ions occupy
sites.7,8,10 In other words, there is a disorder in terms of ca
ionic sites. The Rietveld refinement of XRD provides a w
to model this disorder. There are two approaches to mo
this disorder using the Rietveld profile refinement.6,8 Our ap-
proach is similar to that adopted by Azzoniet al.6 in which
two phases are assumed which are crystallographically s
lar ~rhombohedral! but possess different cationi
arrangement.10 This apparently results in the following tw
phases.~i! Random phase: In this phase, both Li and Ni sh
the same cationic site~0,0,0! and the anionic~oxygen! site is
~0,0,12!. This will be referred to as the random phase~as Li
replaces Ni randomly!. This corresponds to formula un
Li xNi12xO, Fig. 1~a!. ~ii ! Ordered phase: Here the first ca
ionic site is~0,0,0! for Ni, second cationic site~0,0,12! for Li
or Ni and anionic site (0,0,z) with z5 1

4 . This will be re-
ferred to as the ordered phase, usually quoted as LiNiO2 with
doubled c axis. This corresponds to the formula un
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8998 PRB 62A. BAJPAI AND A. BANERJEE
Li2xNi222xO2. This phase is in accordance with the perfe
ordering of Li and Ni in alternate set of planes as is descri
in the literature, Fig. 1~b!.

We prepared two batches ofx50.5 sample, referred to a
sample A and sample B, respectively, and characterized t
through Rietveld x-ray pattern analysis. Sample A conta
nearly 80% ordered and 20% random phase and samp
has 70% of ordered phase and 30% of random phase a
timated from the Rietveld profile refinement.10 Here we em-
phasize that these two phases~i.e., the random and the or
dered phase! are not two distinct crystallographic phases b
differ only in terms of the cationic arrangement. In this pap
we report the quantitative study made on sample A. We a
give some representative results on sample B to show
similar qualitative features.

B. Susceptibility measurements

The magnetization~M! can be written as a power serie
with respect to an oscillating magnetic fieldH as

M5M01x1H1x2H21x3H31...,

wherex1 ,x3 are defined as the first- and third-order susc
tibilities, respectively, which can directly be measured us
a mutual inductance bridge. The phase resolved linear
nonlinear susceptibility are measured as a function of fi
~H!, frequency~f !, and temperature~T! using a home made
setup.24 dc magnetization measurements were made usin
indigenously developed vibrating sample magnetomete25

Both ac and dc measurements were done on the same p
of typical dimension 103332 mm3. Measurements were re
peated on the same pieces of samples, prepared in diffe
batches.

FIG. 1. Schematic representation of the cation distribution
Li-Ni-O unit cell. ~a! Random phase in which both the atoms~i.e.,
Li and Ni! share a unique cationic site.~b! Ordered phase in which
Li and Ni are distributed in alternate layers perpendicular to one
the cubic^111& direction of NiO.
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III. RESULTS AND DISCUSSION

First we list all the important observations from the
susceptibility and its harmonics measurements for sampl
containing 80% of ordered phase and sample B contain
70% of ordered phase.

• A peak is observed in both the real and imaginary parts
acx as a function of temperature, at about 110 K havin
transition width of about 30 K. A little below the peak, th
real part of the susceptibility is nearly independent of te
perature. The imaginary part of the susceptibility is pra
tically zero in this region. Figures 2~a! and ~b! show the

n

f

FIG. 2. Temperature dependence of ac susceptibility meas
at different fields forx50.5, referred to as sample A, with 80% o
ordered phase.~a! Real part of first-order susceptibility (x1

r ). ~b!
Imaginary part of first-order susceptibility (x1

I ). ~c! Real part of the
third-order susceptibility (x3

r ).
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real (x1
r ) and imaginary (x1

i ) parts of first-order acx as a
function of temperature measured at different fields,
spectively. Figure 2~c! shows the real part of the third
order susceptibility (x3

r ) plotted against temperature at di
ferent fields.

• The peak shows frequency dependence in the range
few Hz to 1.5 kHz in both the real and imaginary parts
first-order susceptibility.22 Beyond 733 Hz, there is hardl
any frequency dependence, as shown in Fig. 3.

• The real and imaginary parts of the first-order acx in-
crease with increasing ac field upto some critical field. B
yond this critical field, the susceptibility is seen to fall wi
the applied field. This is shown in Fig. 4 wherex1

r is
plotted as a function of field at various temperatu
around the peak.

• Similar qualitative features are found in sample B w
70% of ordered phase. Only the peak is shifted to
higher temperature by a few K. This is compatible with t
earlier observations where it is found that decreasing
ionic order shifts the peak temperature to the higher sid8

Figure 5 shows a representative plot showing the temp
ture dependence at various fields for sample B.

The frequency-dependent susceptibilities~Fig. 3! suggest
that this is a metastable magnetic phase. One may be tem

FIG. 3. Temperature dependence of the real part ofx1 at various
frequencies for sample A.

FIG. 4. ac field dependence ofx1 at different temperatures fo
sample A. The solid lines are fit of Eq.~4! to the experimental data
-
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to conclude that the transition is spin-glass-like, as seen
x50.3 and 0.35 samples.10 In spin glasses the field depen
dence of susceptibility maximum is given by Edwar
Anderson order parameter (q}H2/d with d'4).18 This turns
out to be unphysical for our sample. We have checked
x50.5 sample for the same and found that no dramatic
vergence is observed in the higher harmonics. The poss
existence of LRO and frustration is ruled out from the te
perature and field dependence ofx1 , x2 , andx3 .22 In Ref.
22 we have shown that the nature of third-order suscept
ity is a very good probe to distinguish spin-glass and sup
paramagnetic samples. Here we show the existence of su
paramagnetic phase from the temperature dependence ox1
andx3 .

A. Temperature variation of ac x

The overall experimental signatures suggest a superp
magnetic phase which is also a very probable magnetic s
for this particular sample from crystallographic conside
ations. Hence we fit the temperature variation of first- a
third-order susceptibility to Wohlfarth’s model of superpar
magnetism.

According to Wohlfarth’s superparamagnetic blockin
model,26,27the first order of susceptibility (x1

SP) above block-
ing temperature (TB) should follow Curie-Weiss law,
whereas it remains independent of temperature (x1

BL) below
TB . The third order (x3

SP) follows a negative 1/T3 depen-
dence aboveTB and again it is independent of temperature
the blocked state (x3

BL) given by

x1
SP5«MS

2V/3kBT5P1 /T; x1
BL5«MS

2/3K, ~1!

x3
SP52~1/45!~«MS!~MSV/kBT!352P3 /T3;

x3
BI5«MS

4/60K3. ~2!

Here« is the volume fraction occupied by the magnetic p
ticles,T is temperature,K is total anisotropy constant,MS is
the saturation magnetization of the particles,kB is Boltzmann

FIG. 5. Thex50.5 sample with 70% ordered phase referred
as sample B, showed the similar qualitative features as of samp
This figure shows the typical field dependence of the real par
first-order ac susceptibility.
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9000 PRB 62A. BAJPAI AND A. BANERJEE
constant, andV is the volume of the magnetic particles.P1
andP3 are temperature-independent constants in the first
proximation.

Figures 6~a! and ~b! show the first- (x1) and third-order
(x3) susceptibilities as a function ofT21 and T23, respec-
tively. The solid lines are fits of Eqs.~1! and ~2! to the
experimental data. The ratio of parametersP3 and P1 de-
rived from fitting directly gives an estimation ofMSV. The
MSV comes out to be'10215G cm3 for the measured field
range up to 12 Oe. We note thatx1 andx3 practically do not
have any temperature and field dependence in the bloc
state as shown in Figs. 2~a! and~c! and hence from Eqs.~1!
and ~2! we calculate the 2K/MS ratio which turns out to be
nearly 40. This is a surprisingly low value and is probab
responsible for many unusual features exhibited in susce
bility measurements. For conventional27 SP systems this ra
tio is of the order of 102– 103.

In the above-mentioned fitting procedure, the range o
is about 10 K aboveTB , beyond which the spin correlatio
within a particle goes away. Here the blocking temperat
and the spin-correlation temperature are quite near. This
be seen from the plot of 1/xac vs T having two distinct
slopes, Fig. 7. In other conventional SP systems, the p
cle’s spin-correlation temperature is much higher thanTB .
For instance, in the superparamagnetic assembly of ma
tite, Fe3O4, the Curie temperature of bulk magnetite is 850
whereas the blocking is observed around 20 K.28 Hence one

FIG. 6. First- and third-order ac susceptibility are fitted to Wo
farth’s model above the blocking temperature for sample A.~a! The
solid line showsT21 fit to x1 and ~b! T23 fit to x3 , respectively.
p-

ed

ti-

t

e
an

ti-

e-

can measure the superparamagnetic tail aboveTB , covering
a much larger temperature range.

B. Field variation of ac x

Having shown the system to be SP-like, we now make
attempt to explain the unusual features, the anomalous
dependence ofxac as shown in Fig. 4. It is found thatxac
increases with the field up to a certain field beyond whic
monotonic fall is observed.

To explain this unusual field dependence we propos
model based on Ne´el’s relaxation approach29 for an assembly
of superparamagnetic particles. Here one considers a sy
of magnetic particles with a volumeV and saturation mag
netizationMS which are magnetized in1Z direction. Sub-
sequently, the external field~H! is reversed in the2Z direc-
tion. The process of reversing the magnetization requires
rotation of magnetization through the energy maximu
(EB5MS

2H2V/4K). Now the height of the potential barrie
relative to the energy maximum is given byE6

5(VMS
2/4K)@H72K/MS#2. Here E2(1) is the energy dif-

ference between the2Z (1Z) state and the energy max
mum. Thus the rate of increase in the number of partic
magnetized in the field (2Z) direction is given by30,31

dN2 /dt5~1/to!@N1 exp~2bE1!2N2 exp~2bE2!#,
~3!

whereb51/kBT, 1/to is the attempt frequency from the6Z
state to7Z state, andN6 are the numbers of particles in6Z
state. The above equation basically describes the dyna
of the single domain magnetic particles. We note th
dN2 /dt is directly proportional to the rate change of ma
netization (dM/dt). For ac field (H5Ho sinvt), dM/dt is
proportional toxHo . Therefore the total magnetization
M5Mo1xHo in the field direction, withMo as the residual
magnetization. Hence we can write the measuredxac
(M /Ho) as

xac5~Mo /Ho!1~1/Ho!@C1 exp~2b E1!

2C2 exp~2b E2!#, ~4!

FIG. 7. The inverse of first-order acx plotted against tempera
ture showing two distinct slopes corresponding to paramagnetic
superparamagnetic regions.
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PRB 62 9001SUPERPARAMAGNETISM IN POLYCRYSTALLINE . . .
whereC1 andC2 are constants. We measuredxac as a func-
tion of Ho at different temperatures and fitted it to Eq.~4!.
The solid lines in Fig. 4 show a very good fit of Eq.~4! to the
experimental data of the field-dependent susceptibility. I
noteworthy that there is no adjustable input fitting parame
in the above-mentioned fitting procedure. From the consta
of fitting we get 2K/MS'55. This ratio remains same fo
different temperatures around the peak, as shown in Fig
This confirms our conjecture of a low 2K/MS ratio for this
system. Significantly, the 2K/MS ratio is similar to that ob-
tained from the temperature variation ofxac using Wohl-
farth’s model~WM!. The MSV value derived from this fit-
ting differs from that derived from WM, within 10%. Two
independent models using two different measurements~i.e.,
for x vs H andx vs T! yielding the consistent value of phys
cal parameters also imply that there is no artifact in the
ting procedure. The physical origin of residual magnetizat
Mo in Eq. ~4! may be related to the time-independent
almost instantaneous response of some particles within
experimental time window. We found thatMo has a mono-
tonic increase with temperature suggesting that it may or
nate from smaller particles having much faster time sc
than the blocked ones.

For a more general case to calculate both ac and dcx, Eq.
~3! can be integrated over the experimental probe time
general, the second term in Eq.~3! is sufficiently small com-
pared to the first term. Therefore neglecting the second t
we integrate Eq.~3! over the whole cycle and getN25No
2exp@2t/t#, since total number of particles is consta
(N11N2). Here, we have definedt5to exp(bE1) andNo
is a constant.N2 is the total number of particles magnetize
in the field direction within the experimental time window
hence it is proportional to the measured magnetizat
Therefore we can write

xac5~Mo /Ho!2~1/Ho!C3 exp$C4 exp@2~VbMS
2/4K !

3~Ho22K/MS!2#%. ~5!

HereC3 andC4 are some constants. Our experimental d
fit quite well to Eq. ~5! and the fitting is as good as it i
shown in Fig. 4. The 2K/MS ratio remains the same where
other parameters vary within 10% compared to the val
obtained through the fitting of data to Eq.~4!.

In the above-mentioned fitting procedures, some imp
tant approximations involved are as follows.~i! MS is con-
sidered to be independent ofT andH. This can be justified
from the similar 2K/MS value derived from the fitting ofx
vs H at different temperatures, as shown in Fig. 4.~ii ! K is
defined as total anisotropy constant and it may have co
butions from shape and stress anisotropy in addition to
magnetocrystalline anisotropy. In this assembly of sup
paramagnetic particles the dynamics of the particlesK is
governed by the total anisotropy constant. Moreover, in
polycrystalline sample, it is not possible to estimate the
dividual contributions of shape and size anisotropy as
dimensions of the ‘‘magnetic units’’ that form the superpa
magnetic phase are not known. In fact, in this case the v
ous contribution to anisotropy may have comparable val
and this may be one of the physical reasons for the obse
low 2K/MS ratio for this system.K is justified to be tem-
perature and field independent.~iii ! The volume distribution
s
r
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of the superparamagnetic particles is found to be indep
dent of field. This is checked using WM26 ~not shown!.

In a polycrystalline sample it is not possible to estimateK,
MS , andV independently. However, if either of these thr
parameters is known, the remaining two can be estima
directly from a simple experiment. In our case we cou
determine the ratio 2K/MS as we did not have any ide
aboutV of the magnetic unit that formed the superparam
netic assembly. In conventionally grown superparamagn
systems, the volume of the particle is known andK andMS
are assumed to be the bulk value of the corresponding m
netic material. For small particle systems this assumpt
may not be valid due to the size effects. Therefore ifV is
known then other parameters can be directly estimated u
this model.

This fitting procedure also indicated that a particular co
bination of a set of parameters leads to a variety of featu
observed in susceptibility measurements. For instance,
speculated that the unusually low 2K/MS ratio was respon-
sible for the unusual behavior in the field dependence o
susceptibility. To further confirm this we analytically calcu
lated ac susceptibility using the above-mentioned model
applied it on a general superparamagentic system w
quoted set of physical parameters. For the Cu97Co3 super-
paramagnetic system the quoted values forMS , K, and V
are 1.46 kOe, 5.83105 erg/cm3 and 5.6310220cm3,
respectively.27 Using these values we calculated ac susce
bility, through numerical simulation, and showed that unli
this LiNiO system, it falls monotonically with the increase
the field as usually observed. However, keeping the res
the parameters the same when 2K/MS was changed to the
value close to our LiNiO sample, the field dependence
susceptibility showed the similar anomalous features
served by us. This is discussed in Ref. 23.

Thus in this section we not only explain the unusual b
havior of xac but also show the importance of 2K/MS ratio
and its determination from a simple experiment using t
model. The 2K/MS value determined from other method
for example, RTS, needs a relatively complicated experim
tation. The physical origin of the superparamagnetic phas
this sample (Li0.5Ni0.5O) can be understood as follows. I
ordered phase, the addition of one Li plane between two
planes effectively results in Ni-O-Li-O-Ni arrangement
the ionic planes, Fig. 1~b!. It is easy to visualize that the
intraplanar Ni-Ni interaction would be significant where
interplane Ni-Ni interactions will come down drastically
The loss of magnetic connectivity~in terms of indirect ex-
change! between two planes can finally result in superpa
magnetic clusters for a polycrystalline sample which m
have a very large volume distribution owing to differe
shape and orientation of planes. In random phase, 50%
magnetic ions have been replaced randomly by Li so i
difficult to assume a long-range order although the format
of small magnetic clusters is highly probable, Fig. 1~a!. This
again indicates the presence of superparamagnetic pha
this sample. In this context it is noteworthy that a rece
report also indicates the formation of magnetic clusters
around 120 K.7

C. dc magnetization studies

In this section we discuss the dc magnetization meas
ments together with their correlation with ac susceptibil
results. Some of the significant results are as follows.
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• The dc susceptibility does not match with the low
frequency ac susceptibility. Instead, at the same field
susceptibility is much larger than its ac counterpart, F
8~a!.

• The frequency-dependent peak ofxac in zero-frequency
limit does not extrapolate to the observedxdc value. Block-
ing is observed at around 103 K in dc susceptibility and
110 K in ac susceptibility, when measured at 12 Oe. Si
lar features are also observed for sample B which cont
70% ordered phase, Fig. 8~b!.

• Bifurcation of FC and ZFC cycles and a monotonic i
crease below the blocking temperature is observed in
cycle, Fig. 9~a!.

• The difference between FC and ZFC data decreases
increasing fields and at relatively higher fields~.300 Oe!
the ZFC and FC curves merge as shown in Fig. 9~b!.

• TRM showed a nonexponential time decay as well as s
dynamics at small~a few Oe! fields. The TRM did not
decay with time for the observation time of more than
day, if field cooled in fields of the order of 300 Oe, Fig. 1

First observation is that the low-frequency ac and dc s
ceptibilities do not match at the same applied field. The ty
cal probe time (tprobe) of dc measurement is 10–100 sec a
the inverse of applied frequency defines the probe time in
ac measurement. We see that over three decades of

FIG. 8. dc susceptibility is much higher than its ac counterp
at the same field.~a! Sample A with 80% ordered phase measur
at 12 Oe,~b! sample B with 70% ordered phase measured at 3
c
.

t
i-
s

C

ith

w

s-
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n
re-

quency from 13 Hz to 1.3 kHz, the change is 10% wherea
the three decades of lower frequency~i.e., 13–0.1 Hz! it is
about 300%. Therefore the relaxation times of the syst
(tsys) seem to have a very broad range from a few millise
onds to a few seconds. Obviously, the particles with
larger relaxation time do not contribute in acx experiment
therefore dc susceptibility is higher than its ac counterpart

rt

e.

FIG. 9. dc susceptibility shows bifurcation in ZFC and F
cycles for sample A.~a! Bifurcation is large at lower fields.~b! The
bifurcation reduces with increasing field and FC and ZFC cyc
merge at about 300 Oe.

FIG. 10. The log-log plot of thermoremnant magnetizati
~TRM! as a function of time for sample A.
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other words, dc measurements cover the entire range
volume/relaxation time distribution whereas ac measu
ments cover a small time window in which only small pa
ticles contribute resulting in the larger difference in the
two measurements. It is not possible to guess the upper
for the relaxation time but one can roughly estimate
lower limit from the experimental observation that there
no detectable frequency dependence above 500 Hz as s
in Fig. 3.

The fact that the zero-frequency ac susceptibility~as ex-
trapolated from the frequency dependence of ac suscep
ity data! does not extrapolate to the dc susceptibility leads
several implications. If the relaxation time distribution
smoothly varying from millisecond to second range th
zero-frequency ac susceptibility should have been clos
that of the dc measurement. This implies that the volum
relaxation time distribution function is not a smoothly var
ing one. This also indicates that the function might have t
peaks corresponding to two distinct average relaxation tim
The large shift in the blocking temperature in ac and
measurements also support this argument. Here one can
that the shift in the blocking temperature in ac susceptibi
over three decades of frequency change is limited to a
100 mK whereas for the dc measurement it is shifted by 7
K. The TRM measurement showed a sudden decrease u
20% of its initial value~as soon as the field was switched o
after field cooling!, then a nonexponential time decay w
observed, Fig. 10. This result also indicates that the volu
distribution function may not be smoothly varying. Th
physical mechanism that gives rise to this peculiar relaxa
time pattern is not very clear but the cationic arrangemen
this sample supports very small Ni-Ni clusters7 originating
from random phase and fairly large cluster originating fro
the ordered phase, as explained in the previous section.

The difference in FC-ZFC cycle keeps on reducing w
the increasing field, Figs. 9~a! and ~b!. This suggests that a
high enough fields,MSHV becomes comparable toKV ~and
at some fields it may exceedKV! so even in the ZFC state th
field is able to move the particle in its direction so the d
ference between FC and ZFC keeps on reducing. On
contrary, for low applied fields most particles are blocked
a direction that is defined by their anisotropy axis and th
are distributed over the angle 0–2p. This amounts to the
large bifurcation at lower fields. Such merging of FC a
ZFC magnetization is also observed in conventional sup
paramagnets, but at fields which are order of magnit
higher. This result also shows the importance of low-fie
susceptibility measurements for this series of compou
since the bifurcation is smeared out at moderately low fie
No decay is observed in TRM at fields of the order of 300
indicating that even such small field can pin the parti
crossing the anisotropy barrier and does not allow the m
netization decay. The merging of FC and ZFC cycles at s
low fields, along with the fact that there is no TRM abo
300 Oe further strengthen our conjecture that the system
a low 2K/MS value.

The FC value does not saturate and a monotonic incre
in FC susceptibility is observed with reducing temperatu
much below the peak temperature of ZFC cycle. Such beh
ior in FC data is usually observed in superparamagnetic
ticles with dipolar interactions among them.28,32–33For ZFC
of
-
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measurement where the system is cooled through the tra
tion in the absence of the dc field, the various clusters
particles are blocked in the direction that is defined by
easy axis and the applied field direction. The total dipo
contribution to magnetization therefore could average ou
zero. However for FC measurement the particles are orien
towards the magnetic field~or at an angle decided by the
anisotropy axis and the applied field! before they are blocked
and their magnetic dipolar contribution (m1•m2) in the di-
rection of the magnetic field becomes large. In this particu
system with a small 2K/MS value it is possible that magneti
particles give a significant dipolar contribution even wh
they are field cooled in small fields. Here the problem is
determine the average particle moment and average dist
between the particles so that the effect of such an interac
can be quantified around the transition.33 This effect is not
picked up in acx even after application of dc field since th
relaxation time for such interacting particles is larger. Al
the acx response comes from only the smaller particles
which the individual moment may not be large enough
make a significant dipolar contribution. The experimen
observation that at relatively higher fields no decay is o
served in TRM, along with the nonexponential decay
lower fields is a very strong evidence for the existence
dipolar interactions among the magnetic clusters.31 These re-
sults along with the opposite nature of the field depende
of ac and dc susceptibility will be discussed in a forthcomi
publication.

There are a few difficulties that one faces in order
handle SP phase in polycrystalline samples. First we wan
mention that canonical superparamagnetic systems are
tively dilute ~in terms of the concentration of the magne
particles! where size and shape of the particles are kept q
identical. Inter particle distance can also be roughly fix
and care is taken that particles are not in intimate contac
avoid the exchange coupling among them. In fact, of
magnetic particles are coated with nonmagnetic layer28 so
that the picture of ideally noninteracting SP particles can
achieved. This makes the system relatively clean and e
for analysis. In the case of polycrystalline magnetic sam
one does not have much control~and information! about cer-
tain parameters. Despite such complications the present w
assures the existence of superparamagnetic phase in
sample using bulk susceptibility measurements.

IV. CONCLUSION

The metastable magnetism found in Li0.5Ni0.5O is unam-
biguously attributed to superparamagnetism from deta
analysis of ac and dc susceptibility measurements perfor
on two batches of the same composition with different p
centage of ordered phase. The temperature variation of fi
and third-order acx is fitting well to Wohlfarth’s model of
superparamagnetism. This allows us to determine impor
physical parameters like 2K/MS ratio andMSV for the su-
perparamagnetic system. A model based on Ne´el’s relaxation
approach is proposed for SP particles to explain the unu
field dependence ofxac. This model not only explains the
unusual field dependence ofxac but also provides consisten
2K/MS and MSV values. Significantly, this mode
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has a general applicability for SP systems and has pote
to determine the important physical parameters from
simple experiment. A wide distribution of relaxation times
envisaged for this system which was also justified using
croscopic considerations. The experimental signatures o
polar interactions are found in the system which needs to
considered to explain some of the equilibrium and noneq
librium properties of the SP system.
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