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LiNiO; is a member of the solid solution series Li, Ni,_ 0, and has been suggested as an experimental
spin 4 triangular lattice antiferromagnet. It is therefore thought to be a good candidate for spin liquid
behavior. We have carried out detailed structural studies using powder X-ray and peutron diffraction
with Rietveld profile refinement on five different samples of Li,Ni;_,0; with x near i. The resulis
show that there are always some nickel atoms occupying sites in the lithium layers even when x =
1. We show that the presence of nickel atoms in these sites profoundly affects the magnetic behavior
and can easily explain the differences in magnetic behavior for LiNiO; previously reported in the
literature. Magnetic susceptibility data on these samples show high temperature behavior similar to
previously reported resulls. At low temperatures spin glass freezing is observed at T} = 9 K for
samples with x = |, Low-ficld measurements on such samples are necessary in order to see this
clearly. A simple exchange modet is proposed which explains most of the experimental results, thus
showing that the spin liguid interpretation of previous workers s unnecessiary.  © %3 Academic

Press, Inc.

Introduction systems which show potential for RVB or
spin liguid ground states. The § = § Heisen-

Since Anderson first proposed his reso- berg triangular lattice antiferromagnet was
nating valence bond (RVB) theory of high- the first system for which an RVB ground
temperatlure superconduclivity (/) there has  state was considered likely (2). Since then
been considerable interest in frustrated spin  a host of other lattices (square (3), Kagome
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FiG. 1. Schematic representation of the metal atom
layers in Li,Ni,_,0,. The L layers are predominantly
lithium and the N layers are predominantly nickel. The
in-plane (J) and two interplane (J' and J} magnetic
exchange constants are also shown.

(4), and the corner sharing tetrahedra (5)
lattices) have shown promise for RVB be-
havior. Perhaps the most famous of these
is the 2-d square lattice formed by Cu®*
atoms in YBa,Cu;0¢_ 5.

Hirakawa has suggested that LiNiO- is a
good candidate for spin liquid behaviour (6).
A spin liquid has no Neél-like sublattice or-
der and cannot be described in terms of spin
wave theory. It is not easy to prove the
presence of the spin liquid phase experimen-
tally since there will be no magnetic Bragg
scattering. It is not known whether or not
short range correlations in the RVB ground
state will be strong enough to show diffuse
magnetic scattering. Finite temperature be-
havior of RVB models is also poorly under-
stood. In this work we will show that there
1s almost always some degree of disorder in
LiNi(Q, and that the magnetic properties are
consistent with that of a spin glass. The RVB
maodel is therefore deemed unnecessary or
inappropriate for this material,

The LiNiQ, structure is based on layers
of close packed oxygen atoms, and the metal
atoms form a face-centered cubic array with
a weak trigonal distortion. Perpendicular to
the distortion are alternating (111) planes of
metal atoms which we label L and N in Fig.
I. Near x = 1 in Li,Ni,_ 0, the /. planes
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are predominantly occupied by lithium
atoms and the N planes are mostly nickel.
Because of the pseudo fce packing of the
metal atoms the L and N planes form trian-
gular networks that stack with the
(...LNININ... = .. ABCABC.. .)rhom-
bohedral stacking. Hence metal atoms in
neighboring layers are situated above and
below the centers of the in-plane triangles.
Magnetic propertics will be dominated by
the N planes which are also stacked in the
rhombohedral sense. Because of this some
authors have claimed that interplane inter-
actions will cancel by symmetry resulting in
strictly 2-d magnetism. However, this is not
correct and interplane interactions will have
a profound effect on both the in-plane corre-
lations and also on the bulk magnetic prop-
erties (7)., Most previous magnetic studies
of this material ignored the fact that LiNiO,
should be considered as a member of the
series LI, Ni,_ 0, (0 =x = 1) (8, 9). When
x << 1, Ni occupies positions in I layers
which immediately implies disorder in any
spin model describing the system.
Goodenough (&) first studied LiNiO, as
part of the series Li Ni,_ 0, and reported
ferrimagnetism for 0.6 < x < 1.0, and a
Weiss constant # that increased as x de-
creased from 1.0. More recent experimental
work on the magnetic properties of LiNiO,
has lead to claims of spin liguid behavior
(6), ferrimagnetism (6), ferromagnetism
(10), and a new type of frozen spin state
(11}. Neutron diffraction experiments show
no conclusive signs of diffuse scattering
near the (3, §, /) Bragg angles, evenat 1.4 K
(6, 12). Small angle neutron scattering ex-
periments show a steady increase in the
scattering at low () (scattering vector), inter-
preted as an onset of ferromagnetic correla-
tions below T = 240 K. Bulk susceptibility
measurements on LINiIO, have led to a good
deal of confusion. In most reports Curie—
Weiss law behavior is observed above T =
240 K, yielding Ni*~ moments consistent
with § = 3 (assuming g = 2) and Weiss
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constants, @, ranging from —65(20) K (6) to
79(5) K ({{). Below T = 240 K the deviation
from Curie—Weiss behavior is indicative of
ferromagnetic correlations. Nonlinearities
in M vs H are observed below 240 K and
at 4.2 K no saturation in M is observed,
suggesting antiferromagnetic correlations.
Hysteresis is observed below T = 20 K (6).
Heat capacity measurements (//) reveal
complete magnetic entropy removal be-
tween 300 and 0.4 K with no noticeable
anomalies that could be associated with a
transition to long-range order. Kemp, Cox,
and Hodby (/#) have stated that many of
the above results are consistent with a 2-d
Ising ferromagnet with T, = 6 K. They sup-
port their claims with a determination of the
critical exponent y. However, the tempera-
ture range investigated seems to be outside
of the supposed critical regime.

LiNiO, has been proposed as an electrode
material in secondary Li batteries because
Li can be electrechemically de-intercalated
to form Lij, _,NiO,. The capacity of the bat-
teries (the amount of Li that can be revers-
ibly removed) is found to be highly corre-
lated with the stoichiometry of the starting
material (xin Li Ni, O,}. Therefore agreat
deal of work has been carried out by the
battery makers regarding the synthesis of
LiNiQ, (/8). For battery applications, sam-
ples with as little Ni in the L layers as possi-
ble and those with x as close to 1 as possible
are desirable,

Here we investigate the magnetic proper-
ties of five Li Ni,_ O, samples with x near
1, prepared under different conditions. We
have made detailed structural studies of the
samples using powder X-ray and neutron
diffraction with Rietveld profile refinement.
We show the dependence of the magnetic
properties on sample stoichiometry. For the
two most crystallographically ordered sam-
ples, a downturn in the zero field cooled
susceptibility at 9 K is observed, indicating
the onset of strong antiferromagnetic corre-
lations below this temperature. This has not
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been previously observed. Finally, an at-
tempt is made to understand the magnetic
properties in terms of a suitable exchange
model.

Experimental

Two samples labeled A and B were pre-
pared at Moli Energy (1990) Limited, Bur-
naby, British Columbia, Canada. LiOH -
H,0 and NiO were ground ina 1.1: 1 Li: Ni
ratic which hinders Ni occupation in the
layers. The mixture was heated for 4% hr at
650°C, ground and reheated for another 123
hr at 650°C, all in moisture-free and CO,-
free air. A third firing at 650°C for 4 hr was
carried out at two different humidities corre-
sponding to dew points of 0°C for A and
—40°C for B. The other three samples {la-
beted C, D, and E) were prepared at the
National Research Council (NRC) from
equal weight mixtures of Anachemia re-
agent grade LLIOH - H,O and Aldrich nickel
peroxide hydrate. The equal weight mixture
again ensures excess Li in the starting mix-
ture. The mixtures were ground, pelletized,
and loaded into gold crucibles. Two samples
were heated under O, for 3 hr at 200°C, fol-
lowed by 52 hr (C) and 35 hr (D) at 800°C.
E was also heated under O, but for 2 hr
at 200°C, followed by 40 hr at 650°C. All
products were washed with water, then eth-
anol, and were finally dried for several hours
at 110°C. Two of the three NRC samples D
and E were heated to a temperature similar
to that of samples used in previous magnetic
studies (6, 10, 11), notably higher than the
heating temperature of samples A and B.
Hirota et a!. have found that prolonged heat-
ing at 800°C results in a progressive loss of
lithium from LiNiQ, and substitution of Ni
for Li (/1).

X-ray diffraction measurements were
made using a Phillips powder diffractometer
with a diffracted beam monochromator and
a copper target X-ray tube, Neutron diffrac-
tion data were collected at the McMaster



SPIN/GLLASS BEHAVIOR IN LiNiO,

Nuclear Reactor using 1.3913 A neutrons
and a position sensitive detector (/3) that
simultaneously collects useful data over a
range of 25°in 20. Rietveld refinements were
carried out using the Hill and Howard (14)
package which was modified locally by
H. D. Grundy for the McMaster detector
geometry. All X-ray and neutron diffraction
data were collected at room temperature.
Magnetic susceptibility data were col-
lected on a Quantum Design SQUID magne-
tometer using pressed pellets. The SQUID
was calibrated with high purity palladium.

Crystal Structure

All structural refinements were carried
out in the space group R3m with Ni, Li,
and O at Wyckoft positions 3a, 3b, and 6¢,
respectively. To allow for disorder, the pa-
rameter x in Li Ni,_ O, was refined and a
fraction & of the sites in the L planes were
allowed to be occupied by Ni. Thus we have
the four occupations,

(fraction of sites occupied by Li;

L planes LLi) =1 — 8
pla ) fraction of sites occupied by Ni;
L L{Ni) = &

(fraction of sites occupied by Li;
N planes 1 NL)=x—-1+258

fraction of sites occupied by Ni;
NN} =2 —x - §,

which satisfy the constraints

N(Li) + L(Li) = x,
N(Ni) + LINi) = 2 — x (la)

N(LD) + N(Ni) =1,

L(Li) + L(Ni) = 1. (Ib)

Individual temperature factors on Niand O
were found to be highly correlated with x
and 8. Therefore our refinements included
only an overall temperature factor which
was not highly correlated with x and 8, re-
sulting in more reliable values for these pa-
rameters. Results for all five samples from
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the X-ray Rietveld refinement are shown in
Table I. Only the A and B samples were
large enough for neutron diffraction and the
Rietveld results for these are in Table II.
Figure 2 shows the profile fits for A; the
profiles for B were very similar. The results
show that x is closer to 1 and & is smaller
for samples A and B. The unit cell constants
are smatller for A and B, consistent with
the largest lithium concentrations because
larger cell constants are a sign of Li defi-
ciency (8, 15). Cell constants were also ob-
tained from least-squares refinement of the
X-ray peak positions which included a cor-
rection for off-axis displacement (16) of the
sample in the goniometer. These results are
shown in Table III and are consistent with
the Rietveld results.

A further sensitive test of the stoichiome-
try is the ratio of the X-ray Bragg intensities

_H006) + I(102)
GO

Forx = land 8 = 0, R = 0411, As x
in Li Ni,_ O, increases, R rapidly does the
same. Figure 3 shows R vs x calculated,
assuming & = I — x, by PULVERVIX (I7),
which was used to extract x values from
measured R values. An analytic approxima-
tion (18)

R (2)

_4(1.6 —xY
R—3( - ) 3)

which does not take into account the differ-
ences in the dependence of the nickel and
oxygen atomic form factors with scattering
angle, is also included in Fig. 3. The intensi-
ties f(hkl) were determined in two ways:
(1) by numerically integrating the data after
background subtraction and (2) from a least-
squares fit to the data with a Gaussian peak
shape. The first method is believed most
accurate as the real peak shapes are only
approximately Gaussian. The results are
shown in Table IV which again indicate that
samples A and B are the closest to being
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TABLE 1
CRYSTALLOGRAPHIC PARAMETERS FOR Li Ni,_,0, OBTAINED FROM RIETVELD REFINEMENT OF X-Ray DaTa

Sample a (A) ¢ (A) z B (AY x & Rup R, Ry
A 2.8769(1) 14.198(1) 0.2580(3) 0.49(5) 1.01(1) 0.022(3) 11.7 9.0 2.32
B 2.8764(1) 14.195(1) 0.2576(3) 0.42(6) 1.02(1) 0.015(3) 12.4 9.0 2.41
C 2.8833(1) 14.217(2) 0.2611(4) 0.88(8) 0.96(1) 0.048(4) 14.5 9.0 279
D 2.8813(1) 14.209(1) 0.2580(3) 0.57(6) 0.97(1) 0.032(3) 12,9 5.8 2.50
E 2.8848(1) 14.233(2) 0.2574(4) 0.70(8) 0.90(1) 0.108(4) 12.8 8.6 2.67

Note. 7 is the oxygen fractionai coordinate, B is the overall temperature factor, and & is the occupation of
Niin the L planes (see text). RE, = [2w(yop, — Yeu VIEwyiland RE, = [N — PY[Ewyd,]. where the summations
are over all data points, yu, and yg. are observed and calculated intensities, w = 1/y,, is the corresponding
weight, N is the number of data points, and P is the number of refined parameters. Ry, = (2|l — T V12 os4)-
where the summations are over all reflections, and 1, and I, are the observed and calculated intensities of

each reflection.

stoichiometric. The integrated intensity
method is useful for three reasons: (1) it is
simple and accurate, (2) it avoids problems
due to parameter correlations in the Riet-
veld method, and (3) previously published
peak intensities can be compared to esti-
mated sample stoichiometry for literature
materials. In particular, Hirota’s ({//) pub-
lished X-ray intensity for the 101 peak (no
006 or 102 intensities were reported) is only
81% of the expected value, indicating that
x = 0.7

We have clearly shown that these samples
(and those in the literature} have some de-
gree of cation mixing; nickel in L layers and
lithium in N layers, even if x = 1. When
x < 1, the cation mixing becomes larger.
The two samples A and B are the most stoi-
chiometric and have the least mixing of cat-

ions. Based on the integrated intensities A
appears to be very close to stoichiometric.
B seems to be nickel deficient but this may
be misleading due to the weak dependence
of R on x for x > 1. As we shall see the
stoichiometry has a profound effect on the
low-temperature magnetic properties.

Magnetism

Here we focus on measurements that
have not previously been attempted on
[LiNiO,, to our knowledge. These are: (1)
low field (H << 0.1 T) susceptibility, (2} mea-
surement at 0.001 T after cooling in zero
field and after cooling in .05 T, and (3) re-
laxation of the magnetization with time after
the field was changed from 0.05 T to0.00! T.
First, however, we present the Curie—Weiss

TABLE 11

CRYSTALLOGRAPHIC PARAMETERS FOR Li,Ni;., 0, OBTAINED FROM RIETVELD REFINEMENT
OF THE NEUTRON DATA

Sample a (A) ¢ (A) z B (A} x 5 Ry  Ryp Ry
A 28729(1)  14.174(1)  0.2592(1)  0.282)  0.98(1)  0.028(3) 49 2.5 165
B 2.8731(1)  14.180(1)  0.2587(1)  0.40(6)  097(1)  0.026(3) 57 30 1.40

Note. z is the oxygen fractional coordinate, B is the overall temperature factor, and § is the occupation of
Ni in the L planes (see text). R,,, R..,. and Ry, are defined in the caption for Table 1.
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F1G. 2. (a) Observed (+), calculated (—), and difference {bottom} X-ray diffraction profiles for the
LiNi0O, sample A. Bragg reflection positions are marked by arrows { 7). (b) As in part (a) for the

neutron data,

(CW) law fits (Fig. 4) to the high-tempera-
ture data for two of our samples A and B.
All data were corrected for diamagnetism.
The fits were made on data in the range
220K = T =< 300 K, giving 8 = 26(10) K,
p=2.1(1) ug,and 6 = 2(10) K, u = 2.2(1)
ug for A and B, respectively. The #s are
intermediate to previously reported vatues,
f = —65(20) K (6), 8 = 60(?} K (10}, and
= 79(5) K (1]). The moments are slightly
higher than the spin-only value p,, = 1.73
iy and assuming g = 2 the measured mo-
ments correspond to § = 0.66(2) and § =
0.71(2), respectively. These values of §
should be compared with the literature val-
ues, § = 0.55 (6), 0.85 ({1}, and 0.95 (JO).

We believe all of these results are suspect
including our own. Nong of the other work-

TABLE 111

CELL CONSTANTS AND CELL VOLUMES FOR THE
HEXAGONAL CELL OBTAINED FROM LEAST-SQUARES
FITTInG OF THE PEAK POSITIONS

Sample a (A) e (A) Vol. (A% ¥
A 2.8765(2) 14.188(2) 101.67¢3)  0.071
B 2.8766(2)  14.182(2) 101.63(3) 0.063
C 2.8814(5) 14.193(5) 102.18(3) 0.126
D 2.8811(3)  14.196(3) 102.05(3)  0.092
E 2.88226) 14.207(8) 102.219y 0,187

ers have attempted to correct their data for
diamagnetism, which will be important at
high temperatures where y is small. Data
above 300 K are vital for a proper determi-
nation of g and especially 8. Kemp er al. fit
data in the range 100 K = T = 250 K with
only two data points above 200 K, thus al-
most all of their data is outside the linear
regime. The data of Hirota et al. extend up
t0 400 K but their data quality at these tem-
peratures seem to be poor. Hirakawa et al.
have measured six data points between 400

0.80 }-\
N
1N © Sample 4
om0 4 O Sample B
’ . 4 Sample C
\ ® Sample D
AN ® Sample E
0.60
™
0.50 1
0.40 1
0.30 ———T T T T T 7T
080 005 1.00 105 1.0

z in Li,Niz-.0z

FiG. 3. Peak intensity ratio R = {F006) + F(102)}/
101y, calculated using PULVERIX (/7}for§ =1 —
x, asalunction of x in Li Ni,_,0,. The analytic approxi-
mation, Eq. (3}, is shown by a dashed line.
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TABLE IV

x IN Li,Ni,_, 0, OBTAINED FROM THE PEAK
INTENSITY RaTiO R = {J(006) + [(102)}/[{101)

Sample Rin[ KXint Rﬁl Ty
A 0.414(7)  0.999(3)  0.425(13)  0.994(6)
B (.398(7) L.02(1) 0411019y 1.00(3)
C 0.584(11) 0.936(3) 0.608(23}  (0.935(3)
D 0.467(8)  0.977(3) 0.473(12) 0.975(4)
E 0.663(12) 0.912(3) 0.707(23)  0.919%3)

R was determined in two ways: (1) from numerical
integration after background subtraction and (2) from
a least-squares fit to the data with a Gaussian peak
shape. R = 0.411 corresponds to x = 1.0.

and 600 K which appear linear in x ™! vs 7,
and one can see from their data that fitting
to data below 400 K results in a larger stope
and therefore a larger moment as well as an
overestimate of #. Hirakawa's fit under-
standably resulted in the lower moment and
the lowest #. The most one can conclude
from this is that strong ferromagnetic inter-
actions must be present to explain the high-
temperature deviations from CW behavior
in all samples studied to date. From our data
it is evident that below T = 50 K this trend
toward ferromagnetic correlations starts to
reverse itself, )

Figure 5 shows the history dependence of
the magnetism at low temperatures for all
five samples. For these measurements the
sample was first zero-field cooled (zf¢) to
4 K, and measured at H# = 0.001 T while
warming to 80 K. Then the sample was field
cooled (f¢) at H = .05 T and remeasured
at H = 0.001 T while warming. Figure 5a
shows weak history dependence between
9 K and 60 K and dramatic irreversibilities
below 9 K for samples A and B. The suscep-
tibility maximum or cusp at 9 K for the zfc
samples has not been observed previously.
The data for samples A and B are fully con-
sistent with spin glass freezing at T; = 9 K.
The results for the three samples C, D, and
E shown in Fig. 5b are markedly different.
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The history dependence is much stronger in
the temperature range 9 K = T = 60 K and
the fc magnetization is also much larger.
Although not obvious on the scale used, two
of the samples, C and D, both have maxima
near 9 K as is the case in Fig. 5a. Clearly
the ferromagnetic interactions in these three
samples are much stronger.

For all samples, field cooling (H = 0.05 T)
to 5 K and then removing the applied field
resulted in relaxation of the magnetization
over macroscopic time scales. A sample
data set for B is shown in Fig. 6. The sohd
line represents a fit to the empirical rela-
tionship

M(T) — Ml()—h"r! + Mze—lﬂ"rz, (4)

where 7, and 7, are relaxation times. At-
tempts to model the data with only one re-
laxation time resulted in a decidedly poor
fit to the data. We do not attach much impor-
tance to the quantitative results of this anal-
ysis except to say that the relaxation proba-
bly occurs on many time scales (most of
which are outside the resolution of this ex-
periment), which is again consistent with
spin glass behavior (/9) where one expects
to see a distribution of relaxation times.
Similar effects were observed in the other
samples.

500
0] ©- 26(10) K
E = 2.1(1
300 I (1) us
S 200
E Joo
~ o Sample A
= )
~100
2710 e 2(10) K
- 400: _ 2 2(1)
e 300] HT < p’"
200
100 ~" Semple B
T 160 zto 300
T {K)

FiG. 4. Fit of the high-temperature 220 K = T =<
300 K) susceptibility to a Curie—Weiss law x| =
(T — &)/C for two samples. A and B,
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o o
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FiG. 5. (a) Field cooled (O, & = 0.05 T) and zero field cooled (@, # = residual} susceptibilities
measured at # = 0.001 T for two samples, A and B, showing spin glass freezing at T; = 9 K. (b) As
in part (a) for the three remaining samples C, D, and E, showing much stronger irreversibilities over

a wider temperature range.

Discussion and Conclusions

We have shown the intimate relationship
between bulk magnetic properties of Li,
Ni,_,0, and sample stoichiometry. Five
samples with different stoichiometries have
been investigated with X-ray and neutron
diffraction. We showed that x in Li Ni,_ 0,
varied from 0.90(1} to 1.02(1) depending on
the sample preparation and the method of
determining x. Samples A and B were clos-
est to being stoichiometric and had the least
amount of nickel in the L layers. These two
samples showed spin glass behavior in the
form of strong irreversibilities below the
freezing temperature 7 = 9 K, a cusp in
the zfc susceptibility, and relaxation over
multiple time scales below T;. The other
samples C, D, and E showed irreversibilities
over a wider temperature range and much
larger magnetizations than for fc samples.

A qualitative understanding of these re-

sults can be obtained without resorting to
exotic ideas of spin liquid behavior. Clearly
there must be both ferromagnetic and anti-
ferromagnetic exchange interactions in this
material. Here we propose a simple ex-
change model which explains most of the
experimental results. We retain the standard
in-plane antiferromagnetic interaction J < 0,
which results in frustration on the triangular
network of spins in the N layers. In the
absence of strong anisotropy the classical
ground state will be a non-collinear spin ar-
rangement with neighboring spins oriented
at 120° angles to each other (20). A ferro-
magnetic interaction J' > 0 couples nickel
atoms in the L layers to spins in the N planes
above and below, which are predominantiy
nickel. As the basal plane bond lengths are
roughly the same as the metal-metal dis-
tances between the L and N layers, it is
quite possible that J' is stronger than J.
Goodenough has pointed out (8) that the



550

Sample B

)

M/H (emu/Mol
(=]
o
=]

T, = 0.10 Hrs
0.65 - T, = 0.55 Hrs

0.80 — T T T T T
00 02 04 06 08 10 12 14
(Hrs)

FiG. 6. An example of the relaxation phenomena at ..

T = 5K, observed in field {(/ = 0.5 T) cooled samples.
The data could only be modeled empirically (see text)
with two relaxation times.

sign of the Ni~O-Ni superexchange con-
stant for low spin Ni** is unpredictable
based on qualitative arguments, Therefore
there is no a priori reason to expect J and
J' to have the same sign. It is also possible
that interlayer coupling of the N planes
through the interaction J" is possible, al-
though-this distance is twice that of the N-L
fayer distance. However, the number of
N—N layer interactions, J”, will be much
larger than the number of N-L layerinterac-
tions, J', due to the small number of nickel
atoms in the I layers, &. Figure | shows
the structure of LiNiO, with J, J', and J"
indicated. These ferromagnetic interactions
(/' and J") would explain the deviation from
CW behavior of the susceptibility data be-
low T = 220 K. Due to the in-plane frustra-
tion no long-range order occurs at this high
temperature but short-range ferromagnetic
correlations will form, as seen directly in
recent SANS experiments (/2). The irre-
versibilities may be due to spins in the L
layers lining up with the field and causing
nearby N layer spins to select an arrange-
ment that best satisfies J' from the many
configurations that are degenerate in zero
field. It is conceivable that this could result
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in a memory effect that persists up to tem-
peratures above 7;. This can explain the
much stronger fc magnetization observed in
samples with larger concentrations of nickel
atoms in the L layers, most notably sample
E with 10% nickel in the L layers.
Interplanar interactions do not cancel by
symmetry as some authors (6, 1/) claim.
Spins in the lithium layers lie directly over
centers of basal plane triangles and there-
fore J' and/or J" will add to the frustration
since interplanar interactions prefer collin-
ear spin arrangements and the in-plane frus-
trationis best relieved by a noncollinear spin
structure. Rastelli has shown that interpla-
nar interactions of either sign will result in

.adistortion of the 120° spin arrangement (7).

It has long been believed that the neces-
sary (but not sufficient) conditions for a spin
glass are frustration and disorder (/9).
LiNiO, clearly satisfies both of these condi-
tions. The effects of disorder on the RVB
ground state are not well understood. How-
ever, one can imagine that small amounts
of disorder will lift degeneracy of the 2°*"*
possible valence bond states. At low tem-
peratures only a small subset of valence
bond states are available and resonance will
be inhibited. Without resonance the spins
will appear frozen with random orientations
as’in a spin glass. Hence it is plausible that
LiNiO; cannot support a spin liquid ground
state because of the small amounts of dis-
order.

Some pyrochlore materials with ferro-
magnetic and antiferromagnetic interactions
have also shown spin glass behavior at low
temperatures. Ln pyrochlores the frustration
is even more serious than in the case of
LiNiO,. Two good examples are Y,Mn,0,
(21) and Th,M0,0; (22), which both appear
to be ferromagnets at high temperature and
both have positive Weiss constants, §. The
low temperature susceptibility for Tb,
Mo,0, shows a weak cusp at 25 K and irre-
versibilities very similar to LiNiO, betow
25 K. Y,Mn,0, has a broad maximum at
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7 K and irreversibilities in the susceptibility
below this temperature. As with LiNiO,,
these features are easily missed if the mea-
surements are carried out at high fields. The
heat capacity for Y,Mn,0; also shows com-
plete entropy removal with no sharp fea-
tures as observed in LiNiO, (/ /). However,
unlike LiNiQO,, short-range spin correla-
tions are observable with neutrons for both
Tb,Mo,0,; and Y,Mn,0,, most likely be-
cause of the larger moments (S = 9/2 for
Tb** and § = 3/2 for Mn*"). A third pyro-
chlore material Y,Mo0,0, which shows clas-
sic spin glass behavior (23) (sharp cusp and
history dependence) shows no signs of mag-
netic scattering (22) below 7. The lack of
scattering in this material could be due to
the small Mo*™ moment (5§ = 1).

The lack of wide angle magnetic scatter-
ing in LiNiO; is not a unique situation as
exemplified by Y,Mo0,0, (22, 23). Recent
calculations (24) show that interplanar inter-
actions in rhombohedral lattice antiferro-
magnets (such as LiNiO,) tend to move the
magnetic scattering away from the expected
(3, &, 1) Bragg angles. For ferromagnetic in-
terplane interactions the scattering moves
to lower @ and possibly right under the (0,
0, 3) nuclear reflection. Disorder breaks up
the ideal 120° spin structure and to a first
approximation smears out the magnetic
scattering in () space. Moreover, even if the
RVB ground state is preempted by partial
spin freezing, local quantum fluctuations
may severely weaken any short-range
spin-spin correlations.

Future work on LiNiO; could proceed
along a number of directions. Powder neu-
tron diffraction with excellent statistics, on
well characterized samples, may show some
weak magnetic scattering. Single crystals of
LiNiO, would be of interest because of the
increased signal in the neutron scattering
experiments, A systematic study of the
Weiss constant § as a function of x and &
would be of interest. On a more grand scale
the search for spin liquid materials should
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continue. Materials which do not support
nonstoichiometric phases like M M,_ 0,
would be preferable.
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