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Controlled frustration in the antiferromagnetic triangular 
lattice LiNi,-,Co,O, (0 < z < 1) 
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Institute for Solid State Physics, Universily of Tbkyo, Minato-ku, 'IbLyo 106, Japan 

Received 30 December 1991, in h a 1  form 19 March 1992 

Abstract. lo order to study the effects of hstration on the magnelic properties of 
the antifemmagnetic triangular lattice IiNil-,Co,Oz, we measured the temperalure 
dependence of both the magnetization and the AC susceplibility. With a random substitu- 
tion of non-magnetic CO ions for Ni ions, the characteristic temperatures TNI(E 240 K) 
and T.qZ(= 35 K) gradually shifted to higher and lower temperatures, respectively, and 
the magnetic moment per Ni ion was drastically enhanced between TN, and TNZ. The 
spin angular momentum of the Ni3+ ion, however, remains at a b u l  0.5, mnfirming 
the low-spin state over the whole range of concentrations. We also performed neulron- 
scattering aperimenls and found that the intensity of diffuse scattering in the forward 
directions at low temperatures d e m x s  on substitution. A new model for the magnetic 
interactions in LiNiOz is pmpoxd on the basis of these mults. 

1. Introduction 

The crystal structure of LfiiO, is called the a-NaFeO, type, which has a rhombo- 
hedral mm symmetry [l]. This is a modified NaCl structure in which close-packed 
triangular lattices of each kind of atom are stacked in layer order Ni, 0, Li, 0 and Ni 
with ABC stacking. The magnetic properties of LiNiO, are summarized as follows. 

(i) Successive chunges in he niugnetizution process. Magnetic susceptibility mea- 
surements [2, 31 and ESR measurements [4] showed that the compound exhibits suc- 
cessive changes in the magnetization process at TN1 N 240 K and TN2 35 K The 
AC susceptibility [3] showed a huge peak at TN2, which shifts m lower temperatures 
with a refinement of the sample quality. The possibility of another characteristic 
temperature TN3 N 70 K has been suggested [3]. 

Specific heat results [3] revealed that the magnetic 
entropy gradually decreases down to 0.4 K without any pronounced anomalies corre- 
sponding to long-range order. By neutron-scattering measurements [1,5], no magnetic 
Bragg peaks have been confirmed between 1.4 and 300 K 

(g = 2.1). The FSR measurements suggested 
that the g-value is 2.1. The temperature dependence of the magnetization follows the 
Curie-Weiss law with S = above TN1. The magnetization is saturated to 1 . 0 ~ ~  
per Ni atom above 40 T at 4.2 K [6] and the magnetic entropy approaches Rln 2 at 
around mom temperature [3]. 

(iv) Ferromugneric correlations. Neutron-scattering measurements [SI revealed a 
development of ferromagnetic short-range correlations in the forward direction below 
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(ii) No long-range order. 

(is) spin angular momenuum S = 
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TNI and a clear divergence at TN,. NMR experimenrs [q detected a small internal 
field of 3.6 kOe at 4.2 IC 

(v) Spin-frozen state. A relaxation phenomenon with a long time constant below 
TN2 was found in the response of the magnetization to abruptly changed fields [3]. 
The temperature dependence of the intensity of the neutron diffuse scattering [5] 
suggested a frozen spin pattern similar to a spin-glass phase below TNz. 

As for the electronic state of the Ni ion, several models have been proposed to 
explain some particular experimental results [Z, 3, 8, 91. In our previous work [3], 
we have shown that the Ni3+ low-spin state with an S = spin is consistent with 
all the results mentioned above and have conjectured that "these properties can be 
understood in terms of the frustration on the antiferromagnetic triangular lattice. The 
frustration prevents magnetic moments from ordering spontaneously or in external 
fields. In general, the influences of frustration manifest themselves as successive 
magnetic transitions, a decrease in transition temperature or a disappearance of long- 
range order; they have, in fact, been revealed in LiNiO, as well as in other well 
known compounds such as CsCoCI, [lo]. 

In order to clarify the precise nature of Bustrated spin systems, it is desirable 
to control the strength of the frustration at will. Since the frustration is evoked on 
a subtle balance of interactions among spins, it is supposed to be very sensitive to 
impertections on the triangular lattice. Thus, the frustration can be controlled by 
deliberately disturbing the lattice. We recently realized that it should be possible to 
control the strength of the frustration by substituting nonmagnetic CO ions for Ni 
ions in JiNiO,. The -tal structure. of LiNi,-,CO,O, remains the same mer the 
entire concentration range. Measurements of the specific heat, the resistivity and 
the susceptibility showed 1111 that the end compound, LiCnO,, is a semiconductor 
(Esap Y 0.06 eV at 200 K) and a van Week paramagnet of CO3+ ions in the low-spin 
state. It would be interesting to know how the frustration affects the magnetic be- 
haviour between LiNiO, and the van Vleck paramagnetism of LiCoO,. We measured 
the temperature dependence of the magnetization with a SQUID susceptometer for 
sintered samples of LiNi,-,Co,O, (0.0 < z < 1.0) as well as the AC susccptibil- 
ity. Neutron-scattering experiments were also performed in order to investigate spin 
correlations. We measured the temperature dependence of both powder profiles and 
forward scatterings for several samples with 2 < 0.40. 

2. Experimental details 

2 1. Sample preparaiion 

We prepared sintered samples according to the method of Thomas er ai [12]. Powders 
of Li,O,, NiO and COO in the proper proportions were ground in a glove-box filled 
with dried argon and then pelletized. The pellets were heated to 850'C very slowly 
under a stream of pure dried oxygen and maintained for 36 h before cooling to room 
temperature very slowly. This heating routine was repeated after regrinding. We 
prepared samples with T = 0.00, 0.025, 0.05, 0.10, 0.15, 0.20, 0.25, 0.40. 0.60, 0.80, 
0.90, 0.95 and 1.00. 

X-ray diffraction patterns indicated no peaks of foreign phases for the samples 
prepared in this way. The dependences of the lattice parameters on CO concen- 
tration z are shown in figure 1. As shown therein, the lattice parameters change 
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almost linearly with the concentration of CO, indicating that Vegard's law is obeyed. 
These results imply that CO ions randomly substitute for Ni sites over the entire 
concentration range as expected. The comparison of c with aH suggests that the 
two-dimensionality is increasingly strengthened towards IiCOO, b e w e  the c-value 
becomes longer relative to the a,-value. 

2.80 
0 P 40 m m 1w 

Concentration (%) 

Figure L Variation in the laltice parameters OH (0) and c' (0) in Ule mnvenlional 
hexagonal unil cell with CO mncentmtion 5.  c' is defined as c' = E X  so that 
c' would mincide with a~ in the case of a perfect cubic dosest packing. 

For the present system, we tried to estimate the composition using the mass loss 
during a heat treatment. Thomas et ai 1121 suggested that LiOH, which exists as 
an impurity in the starting material Li,O,, has a significant wpour pressure above 
8 O o C  By assuming that the mass loss is caused only by the evaporation of LiOH, 
we estimated the composition of LiNi,-,CO,O,. 

For z = 0.0% (KH114 [3]), 29% of mass loss after the heat treatment is con- 
verted into a loss of 0.12 mol of LiOH per mole of LiNiO,, which corresponds to 
Li,,88NiOl,88, Le. the composition is Lio,g4Nil ,~60~.  On the other hand, the compo- 
sition is found to be Lio.g4,,Nil,05~O~ according to the relationship in [13] between 
the Li content and the cell volume, from which we estimated the composition of 
LiNiO, in our previous paper [3]. We also found that the compositions of several 
other WiO,  samples estimated by these two methods agree very well within 2 1 %  
error. Therefore, we may conclude that monitoring the mass loss is another way of 
estimating the composition, although it is not a direct technique. 

We applied this method to Lmi,-,CO,O, samples and found that the Ji contents 
are 0.95*0.02 for 0.0 < x < 0.8 and 0.97*0.01 for 0.8 6 x < 1.0. We also found 
that the Li content of LiNi,-,CO,O, strongly depends on the amount of LiOH in 
the starting material, Li202, as we previously reported for LmiO, [3]. Finally, we 
comment that the amount of loss can be estimated from the ratio of the (1 04)  peak 
intensity to the (0 0 3) peak intensity because the (0  0 3) peak is quite sensitive to the 
regularity of the ABC stacking of layers while the (1 0 4) peak is not. This analysis 
of peak intensities also showed no sign of considerable loss of Li. 

The following should be noted about the profiles of the diffraction peaks. For the 
samples with 0.4 < x < 0.8, the peaks except (0 0 3n) broaden to almost twice the 
width of the LiNiO, peaks and become asymmetrical with a tail extending towards 
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smaller angles. The noticeable deviation of a,., from the straight line in figure 1 in 
this concentration range may be related to this broadening. 

22 MagnetiznliDn 

The magnetization M was measured with a SQUID magnetometer from 400 down to 
6 K in a uniform magnetic field of 1 kOe. The results are shown as a function of 
temperature in figure 2 The magnetization M in the figure is given in units of f i g  per 
Ni3+ ion, where M was calculated by subtracting the magnetization for LiCoO, as 
the temperature-independent background (the van Vleck susceptibility was estimated 
to be 9.95 x IO-' emu [Ill): 

bfNiW = (MLiNix-,Co,O* - "ML!CoO,)/(l - I). (1) 

With increase in the CO concentration, MNiJ+ in the intermediate state (TNI > T > 
TN2) is drastically enhanced in the range 0.15 < I < 0.95. Simultaneously, TN1 
shifts gradually to a higher temperature. These results are shown more clearly in 
figure 3, in which figure 2 is replotted in a three-dimensional form. Furthermore, a 
valley centring along I = 0.15 and the abrupt change in the shape of the M versus 
T curve around I z 0.95 are noteworthy. 

0 53 1 0 0 1 5 0 m 2 5 0 3 0 0 3 5 0 ~  
Temperature (K) 

Flgurc 2. Temperature dependence of Ihe magnetizarion per Ni3+ ion of LiNil-,Cc,Ol 
for z-values of 0.00 (0), 0.025 p), 0.05 (O), 0.10 (A), 0.15 (M), 0.20 (*), 0.25 (e), 0.40 
(x), 0.60 (A), 0.80 (t), 0.90 @) and 0.95 (a) measured a1 1 kOe. 

We have defined TN1 as the temperature at which the inverse susceptibility x& = 
( M / H ) - '  deviates &om the Curie-Weiss law (31. For a quantitative discussion of the 
relalion between M and I, it is convenient to use the temperature as TNI which gives 
the maximum of the temperature derivative dM- ' /dT  of inverse magnetization. As 
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Figure 3. Pmperature dependence of the magnetization per Ni3+ ion of LiNil-,Co,02 
measured at 1 kOe in thrredimensional form. 

rwre  9. vanailon in i ~ ,  min z 01 U N I I - ~ C O ~ U Z  tor z-values ot U.UI (oh u.uzs 
p), aos (01, 0.10 (A), 0.15 p), 0.20 (*), O.Z (e), 0.40 (x), 0.m (A), 0.80 (+), 0.90 
(U) and 0.95 (0) TNI i defined as the temperature at which d M - ' / d T  reaches a 
maximum. 

shown in figure 4, TN1 monotonically increases from 230 K at I Y 0.15 up to the 
maximum value of 310 K at I = 0.90 and vanishes beyond z = 0.90. 

?b obtain the Curie constant for Ni3+ ions in the "pound, we fitted the data 
with the C u r i e w e i s  law well above TN1, where the inverse susceptibility attains an 
almast constant gradient. We estimated the spin quantum number S, provided that 
the orbital angular momentum L is frozen and that the g-value is equal to 2.1, which 
was obtained in the ESR measurements [4]. The S-values thus obtained are shown in 
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figure 5. It should be noted that S is almost 0.5 over the whole range. These facts 
favour our model of the 3d7 low-spin state for the spin state of the Ni ion. 

.......................................................................... I ...... 

0 a0 43 m eo iM 
Concentratlon (%) 

Figure 5. %nation in the Spin quantum number per Ni3+ ion with I for l i N i ~ - ~ C & % ,  
which is obtained by fitting the inveme susceptibility with the Curie-Weiss law in the 
constant gradient range. 

23. AC susceptibility 
The AC susceptibilily xAC was measured in an AC field of 100 mOe R M S  at 123 Hz 
without static external fields. Thus, xAC probes the initial susceptibility. The results 
are shown in figure 6 The vertical axes of the figures represent the voltage of the 
secondaly coil in microvolts normalized by the sample mass in gams. 

The samples of low concentration demonstrate a huge peak, as shown in fig- 
ure qa). The temperature where the peak is observed coincides with TN2 which is 
formerly defined from the M versus T curve [3]. Thus we redefine this temperature 
as TNz for an easier and more precise determination. One can see that TN2 shifts to 
higher temperatures initially with substitution, reaching the maximum value of 50 K 
at z = 0.05, and then drops to lower temperatures. The rate of change in TNz 
seems to slow down at around I 10.20. From z = 0.40 to I = 0.80, TN2 remains 
at around 4 K Finally, TN2 diminishes below our low-temperature limit of 0.4 K for 
I 0.90. On the other hand, we observed the upturn in xAC at low temperatures 
for 0.60 < I 4 0.90, as shown in figure 6(b). 

2.4. Neumn diffraction 
Neutron-scattering experiments were carried out on the triple-axis spectrometer ISSP- 
NDl installed at JRR2, Japan Atomic Energy Research Institute, Tokai. The spec- 
trometer was operated in the double-axis mode with an incident neutron momentum 
k = 2.570 A-'. 

The sintered sample of LiNi,_,Co,O, (I = 0.05, 0.10, 0.20 and 0.40) 
was powdered in an agate mortar and then packed in a thin aluminium case 
(20 mmx20 mmx4 mm). The sample case was supported vertically in an aluminium 
can Nled with He gas and mounted on a cold finger of a closed-cycle He-gas refrig- 
erator in which the sample temperature is controllable to within 0.2 K between 17 
and 300 K No external fields were applied to the sample. 



~~ 

Temperature (K) Temperature (K) 

Fiure 4 'Emperatwe dependence of the AC susfeptibilily of LiNil-,Co,& for z -  
values of (a) 0.04 (-), 0.05 (- - -), 0.10 (- . . -), 0.20 (- . -), (b) 0.40 (-), 0.60 
(. - - -), 0.80 (- - -), 0.90 (- . . -) and 0.95 (- . -) without external Selds (a.u.. 
arbitrary mils). ?he venial  axis is normalized by the sample mass. 

We first took powder profiles from 28 = 10' to 28 = 85' at 300, 200, 100 and 
17 IC Relaxed collimations of 80' and 40' were used in front of and behind the sample, 
respectively. A pyrolytic graphite filter was placed in front of the sample to eliminate 
higher-ordet contaminations. As reported previously for LiNiO, 12, 51, no additional 
peaks other than the nuclear peaks were found in LiNi,-,Cn,O,. Moreover, no 
anomalous temperature dependences of the intensities of the nuclear peaks were 
detected. As for the (0 0 3) peak for 2: = 0.40, we investigated the profile in detail 
and estimated the temperature dependence of the integrated intensity by a least- 
squares fitting with the Gaussian. The results are shown in figure 7. It is expected 
that a ferromagnetic alignment of the spins of Ifi, would enhance the peak intensity 
by approximately 5%. The statistics of the measurements can detect the ferromagnetic 
polarization E it is larger than 0 . 5 ~ ~ .  However, we did not find such an enhancement 
of the peak intensity. This result is consistent with the temperature dependence of the 
magnetization and the previous neutron diffraction measurement [SI. Furthermore, 
we found no anomalies in particular around the characteristic temperature TN1 or 
around TN2. The slight decrease in integrated intensity at low temperatures is due to 
an instrumental reason; thus, it should have no physical meaning. 

We then studied the temperature dependence of the forward scattering, which 
represents short-range ferromagnetic correlations [SI. The scattering angles were 
kept fixed between 0.P and l.Oo. We used collimations of 20' and 2U to reduce the 
background from the direct beam. The results are shown in figure 8, in which the 
data are normalized by the room-temperature value. No temperature dependences 
were observed for z = 0.40 and 0.20. However, the intensity for z = 0.10 shows 
an almost monotonic increase with decreasing temperature. The intensity at 15 K is 
about 12% larger than that at room temperature. The intensity for 2: = 0.05 exhibits 
a distinct increase below 100 K, reaching about 120% at 15 K. Nevertheless, we found 
no critical divergence as was observed for LiNiO, at T,, [SI. 

3. Discussion and summary 

3.1. Magnetic phase diagram 
As shown in figures 2 and 3, the magnetization per Ni ion is enhanced on substitu- 
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Temperature (K) 

Figure 7. 2mperalure dependence o l  the integrated intensity of the (0 O B )  peak for 
LiNio,6Coo.,0z on moling (e) and heating (0). 

,,,-, ....................... 1 2 ,  . . . . . . . . . . . . . . . . . .  . . . . . I . . . . ,  

- 
4 g 1.0 E..., ....... :.:...m.r ..... &, .... : ............ 2 .... r .... t ._.,..__ *. 9 ~ . * *  * . .  

xao.10 m 
C 
z - . 

........ .... .................. .... ............ .... 
I= , .o 1 4 * ~ A..;" ...e *. 

. . A .  w.b .. z .: * C - 

.......... ...... ..... .... 
X=0.40 - 4  1.0 ..*..?.*..?... ?...La *..?..e P........ __ 1 &Z 

... ~0.9 !~, ' ' ' " ' ' " ~~ " ~ ' " ' ' ' ' ' ' ' ' ' ' 2 " 1 
0 50 1w 150 m 253 3co 

Temperature (K) 
Figure 8. Temperature dependence of lhe toward-scatteting inlensity of LiNi,-,Co,Oa: 
0, z = 0.05, heating: +, 2 = 0.10. moling; 0. I = 0.10, healing; 4 1: = 0.20, 
cooling; A ,  z = 0.20, heating; 0, 1: = 0.40, healing. llie intensilia are nonnalized 
by the mom-lempenture value. The scattering angles were kepi f w d  at 0.8-1.0'. 

tion of non-magnetic CO ions for magnetic Ni ions, particularly for 0.20 < z < 0.90. 
There are two possible reasons for this enhancement of the magnetization: one is the 
decline in the frustration resulting from perturbing the triangular lattice symmetry, 
and the other is due to increased ferromagnetic interactions. However, the latter 
possibility can be rejected because the neutron-scattering experiments revealed the 
contrary, Le. the forwardscattering intensity due to fenomagnetic correlations disap- 
pears on substitution. Therefore, it is most probable that this phenomenon can be 
ascribed to the partial release of the frustration. Before discussing interactions in 
LiNi,-,Co,02, we shall summarize the experimental results. 



ControlIed fiurnntwn in LiNi,-,Co,Oz 6299 

A magnetic phase diagram is proposed in figure 9. It is reasonable that TN1 
shifts to higher temperatures on substitution because the frustration, which tends to 
depress transition temperatures, is released as the triangular lattice is disturbed by 
substitution. The variation in TN2 with Co concentration, on the other hand, seems 
to involve more complicated physics. The increase in TN2 below z = 0.05 may be 
interpreted as a similar effect of frustration as for TN1. Beyond that concentration, 
however, it is necessaly to take into accnunt at least two different effects: the ef- 
fect of depressed frustration and the effect of dilution on low-dimensional magnets. 
The Iatter was extensively studied by Stinchcombe [14]. For the case of a weakly 
coupled layer magnet with king anisotropy, as the magnetic concentration p is re- 
duced (i.e. as the nonmagnetic concentration z in our notation is increased) towards 
the two-dimensional percolation concentration Pi”’, the transition temperature T, 
falls until kBTc becomes comparable with the weak exchange between layers. This 
weak exchange raises the effective dimensionality to three so that the critical curve 
T, versus p flattens off and heads towards the smaller limiting concentration Pi3) 
for the three-dimensional system. This striking phenomenon is called ‘dimensional 
crossover’ in dilute magnets. Several critical curves were calculated for various ratios 
y of interlayer coupling to intralayer coupling. The critical cuwe of TNz for the 
present system is quite similar to that calculated for y = &-$. This supports good 
two-dimensionality in LiNiO,. 

E 
2 Frustrated Spin 

CO Concentration(%) 

Flgure 9. Magnetic phase diagram of IiNil-,Co*&. 

i 0 W X -U 

CO 

As mentioned in the preceding section, a spin-frozen state is realized below TN2 
in LiNiO,. In order to confirm that this state is also realized in LiNi,_,Co,O,, 
we studied the time dependence of the magnetization for 2 = 0.20, 0.40 and 0.80. 
We found a logarithmic time dependence below TNz as seen in LiNiO, [3]. It is 
well known that such a phenomenon is typical of spin-glass materials. Therefore, 
LiNi,-,Co,O, presumably forms a sort of spin-frozen phase below TN2, although 
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the origin may m y  depending on which concentration range we are concerned with. 
(See the TNz curve in figure 9.) 

3.2. Passible models of he magnetic slruclure of LiNiO, 

From the above discussion, it is concluded that LfliO, is suitable for a model of 
a two-dimensional triangular lattice magnet with a weak interlayer coupling. It is 
also evident that LfliO, has both antiferromagnetic correlations, which induce the 
frustration, and ferromagnetic correlations, as observed in the magnetic diffuse seat- 
tering in the forward direction. ?b reconcile these experimental results we consider 
the following model: 

where S; denotes the pth spin on the ith layer. The first term represents in- 
tralayer nearest-neighbour (NN) correlations, the second term intralayer next-nearest- 
neighbour (N") correlations and the third term interlayer nearest-neighbour correla- 
tions. We presume here that J ,  < 0 (antiferromagnetic), J, < 0 (antiferromagnetic), 
J' > 0 (ferromagnetic) and [J,I > 1J21 > IJ'I. 

It is well known that a three-sublattice state is stable in the triangular lattice with 
J ,  < 0 and J z  > 0 1151. According to the mean-ficld approximation, there are MO 
transition temperatures. The higher ordered state is called the partially disordered 
skate, in which two sublattices are ordered antiferromagnetically while the other re- 
mains in disorder. The lower ordered state is the ferrimagnetic (up-upAown) state. 
The three-sublattice state exhibits a one-third plateau on A4 versus H curves and 
magnetic Bragg peaks at ( g  $ n )  in neutron diffraction. These two phenomena are 
observed in many quasi-oncdimensional [lo] and several two-dimensional antiferro- 
magnetic triangular lattices [16], while neither has been confirmed in LiNiO,. 

Although the above model has not been studied as thoroughly as other theoretical 
models for the antiferromagnetic triangular lattice [15, 17, 181, this model seems W 
have two distinct features: firstly, the three-sublattice state is unstable and, secondly, 
the frustration among nearest neighbours through J ,  is partially cancelled by the 
frustration among next-nearest neighbours through J,. Because of the latter, the fer- 
romagnetic exchange J', even though it is small, will have a substantial influence on 
the magnetic behaviour at low temperatures and the external field necessary for satu- 
rating the magnetization at low temperatures becomes lower than that cxpected from 
J, .  Moreover, the magnetization saturates without showing the one-third plateau 
because the ferrimagnetic state is unstable even in high fields. 

In a triangular lattice CuFeO, 1191 and a KagomC lattice SrCr,-,Ga,t,O,, [20], 
two-dimensional magnetic short-range order and an incommensurate spin structure 
were recently discovered. However, no definite experimental evidence for antifer- 
romagnetic correlations has been obtained for LiNiO, yet, although antiferromag- 
netic correlations are a prerequisite for the frustration under consideration. The 
resonating-valence-bond state (quantum fluctuations) 1211 or short-range order with 
multiple incommensurate wavevectors [IS] may be realized for LiNiO,, both of which 
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would make an experimental confirmation of spin structure difficult. It would be, 
in any case, very important to ascertain in what form antiferromagnetic correlations 
manifest themselves for LiNiO,. 

4. Conclusions 

The magnetization, AC susceptibility and neutron diffraction of the triangular lattice 
magnet LiNi,-,Co,O, have been measured. We have shown the novel effect of 
dilution on the enhancement of the magnetic moment and TN1. These observations 
corroborate the existence of frustration, which we had conjectured to explain the 
magnetic properties of LaiO, [3]. The unusual dependence of TN2 on the dilution 
has been successfully rationalized by the frustration and the dimensional crossover in 
dilute magnets. Comparison with the theory of dilute magnets proposed by Stinch- 
combe [14] suggests that the interlayer coupling in the present system is in fact weak. 

On the basis of the experimental results obtained so far, we have introduced a 
new model which consists of antiferromagnetic intralayer NN and N” coupling and 
a weak ferromagnetic interlayer coupling. One of the most distinct features about this 
model is the instability of the three-sublattice state, which is consistent with the lack 
of both the one-third plateau on the magnetization curves and the magnetic B r a g  
peaks at ( f f n). 
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