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Abstract. AgiIiSz intercalation compounds were thermally prepared and characterized by 
a mom-temperature x-ray diffraction method to be of single phases in stage 1. s e e  2 and 
stage I'  in Lhe ranges x = 0.3&0,42 0.17-0.22 and 0-0.12. respectively. The heat capacities of 
Agh~lT iSz  were measured by adiabatic calorimelry in the temperature range between 13 and 
400 K. The inMayer order-disorder phase transition of silver ions was ob3erved at 285.510.3 K 
as a higher-order type with wide sltim of anomalous heat capacity on the IOW- and high- 
temperature sides of the peak. '& enthalpy and entropy of the transition were found to be 
4.3i0.4 kJ mol-l and 9.91 1 .O I K-' mol-' (close to R In 3). respectively. on the assumption 
of a high-temperaNre approximation. The interaction of positional ordering of silver ions is 
suggested to be of a two-dimensional nature, and two theoretical models relevant 10 the phase 
@ansition are discussed. 

1. Introduction 

Intercalation compounds have attracted interest in recent years [ 1.21. This is because guest 
atoms or molecules intercalated in a host material show interesting behaviours due to their 
positional or orientational disordering, and also because new physical properties which do 
not exist in a host material are produced by the intercalation [3-5]. Graphite and transition- 
metal dichalcogenides are typical examples of such host materials. The dichalcogenides 
TX2 (T=transition metal and X=chalcogen) are made up of layers, each consisting of a 
plane of metal atoms bounded on both sides by planes of chalcogen atoms. While the atoms 
within each layer are strongly bonded to each other, the interlayer interaction is relatively 
weak. The space in between the two adjacent layers is called the van der Waals (VDW) gap, 
and guest species are intercalated into this gap. 

Silver titanium disulphide (AaTiS2) is an intercalation compound and has received 
attention on account of i ts  two-dimensional structure, interesting stage transformation [6- 
81 and high mobility of silver ions [9, IO]. The compositional ranges for stage-1, stage-2 
and stage-I' (with a slightly expanded Tisz lattice [61) single-phase compounds have been 
reported as x = 0.35-0.43.0.15-0.25 and 04.05, respectively [ 111. and as x = 0.364.42, 
0.19-0.23 and 04.09, respectively [9]. For intermediate silver concentrations the relevant 
two of the stage-1, stage-2 and stage-I' phases coexist, and the stage-I compound coexists 
with metallic silver for x > 0.43 [ l l ]  or x 
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0.42 [91. 
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Silver ions in the AkTiSz crystal are located at the sites octahedrally surrounded by 
sulphur ions in the VDW gaps. While the host material, TiSz, has a hexagonal (a x U x c)  
unit cell, the possible sites of silver ions, as shown as points of intersections in figure I ,  
form a two-dimensional triangular lattice of lattice constant a within the layer. In the 
stage-I AkTiS2 the three-dimensional U% x &a x 2c superlattice has been observed to 
exist at low temperatures by x-ray diffraction [9, 12.13]. Raman scattering [ 141 andelectron 
diffraction experiments [1 I ,  151. In such a stage-1 compound, the intralayer order-disorder 
process is potentially described by the lattice gas (king) or three-state Pons models as in the 
systems of He or Kr atoms adsorbed on graphite surfaces [1619]. Although the structure 
of the compound is of two-dimensional character, however, a conclusion as to whether the 
interaction between silver ions is of the two-dimensional nature cannot be made without 
any relevant data 

Figure 1. Arrangement of possible Ag sites within a layer. Ag ions are 
accessibleonly to the intersection points ff. fl and y .  When .I = 1. all lhe s i t s  
are occupied. When x = 0.33, only sites are mupied at low temptures, 
and the 4% x 4% Ag superlanice (- - -) is formed. (I corresponds 10 a lattice 
conslant of the Tis2 host s w c N r e  -a- 

Jackle and Irwin 12.01 investigated the transition using differential scanning calorimeby 
(DSC) and pointed out that the transition was of the second order based on no observation of 
any detectable hysteresis effect and of a quasi-two-dimensional system of the intercalated 
atoms based on the heat-capacity curve obtained compared with a two-dimensional king 
model [21]. With DSC, however, it is too difficult to determine the baseline in estimating 
the temperature dependence of the anomalous part of the heat capacity. Their result of 
the estimation in fact seems to be rather small in the total anomaly and narrow in the 
temperature range, and thus the nature of the transition, which has never been examined in 
detail, is worth reinvestigation using data of high quality. 

In the present study, firstly the stage structure of Ag,TISz is characterized as a function 
of silver ion concentration x ,  leading to the determination of minimum n of the stage-I 
Ag,TiSz as employed for heat-capacity measurements. Then the intralayer order-disorder 
msi t ion  of silver ions in the stage- I compound is examined calorimetrically and its nature is 
discussed in comparison with that in another typical intercalation compound of graphite, and 
with the theoretical results of two-dimensional king and three-state Potts models [21,22]. 

2. Experimental details 

Titanium disulphide was first prepared according to the paper of McKelvy and Glaunsinger 
[23]. Titanium (100 mesh) and crystalline sulphur powders, both purchased from Soekawa 
Chemicals Co. La had nominal punties of 99.99% and 99.999%, respectively. The 
composition of the gold-coloured T I ~ + ~ S Z  obtained was determined to be T i l ~ r t o . ~ l S z  by 
thermogravimetric analysis in which the Ti,+& was oxidized to Ti02 at IMX)"C in air. 
The lattice parameters were found by the x-ray diffraction method described later to be 
a0 = 3.408 f0.003 A and CO = 5.696f.O.W 8, in the hexagonal lattice in agreement with 
the values in the literature [231. 
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The intercalation of silver into Tis2 was achieved by direct reactions of Ag and Ti&. 
Silver powder (325 mesh), which was purchased from Aldrich Chemical Company, had 
a nominal punty of 99.99%. Ag and Tis2 powders of the desired composition ratios 
(0 < x Q 0.45) were mixed in an agate mortar and allowed to react in an evacuated 
quartz ampoule. The ampoules were heated either at 1000°C for 6 d or at 400°C for 3 
weeks and then were cooled slowly to room temperature by leaving the fumace tumed off. 
After cooling, no excess sulphur was found. The stage-1, stage-2 and stage-I' (confirmed 
later by an x-ray diffraction method) silver-intercalated powders were black, black-green 
and gold-green, respectively, with a clear difference from Ti& which was a gold colour. 
The crystal sizes of the powder sample were found by microscopic observation to be of the 
order of micrometres. 

Powder x-ray diffraction pattems of AGTiSZ samples with x = M . 4 5  were obtained 
at room temperature using a Jeol JDX-7E x-ray powder diffractometer with nickel-filtered 
Cu Kar radiation. The diffraction spectra were collected in the 28 range between 5" and 
lo". 

The heat capacities of Ago.sa,TiSz, which was prepared at 1000°C, were measured 
with an adiabatic calorimeter described elsewhere [24]. The specimen was loaded into a 
calorimeter cell together with helium gas at lo5 Pa to help with heat conduction. The mass 
of specimen employed was found by a weighing method to be 17.413 g (corresponding to 
0.1 1508 mol). A platinum-resistance thermometer (Minco Products S1059, USA), which 
had been calibrated on an ITS-90 [25], was used. The heat-capacity measurements were 
carried out in the temperature range 13-400 K, and their inaccuracies were previously found 
to be within &0.3% and i0.2% below and above 35 K, respectively [%I. 

3. Results and discussion 

3.1. Characterization of Ag,TiSz crystals by means of room-temperature x-ray &&action 

Some typical examples of the x-ray diffraction pattems obtained for Ag,TiSz (x  = 0-0.45). 
which had been synthesized at IOOO"C, are depicted in figure 2. The hexagonal lattice 
parameters a0 and CO were calculated from these pattems. In this figure the numbers in 
parentheses after the Miller indices (hki )  denote the stage. 

The x regions where single-phase compounds were synthesized were also determined 
from these pattems: that is, the stage-1' phase was formed for 0 c x < 0.12, the stage-2 
phase for 0.17 c x < 0.22 and the stage-I phase for 0.36 < x c 0.42. This result is in 
reasonable agreement with those of Scholz and Frindt [ I  I ]  and Gerards et nl [9]. 

The lattice parameter CO divided by the stage number n is plotted as a function of x 
in figure 3. The open squares represent ;CO of the compounds with the stage-2 structure 
while the open circles represent CO of the compounds with the stage-I stmcture. CO for the 
stage-I' single phase (0 c x I; 0.12) increases monotonically with increasing x ,  exhibiting 
a striking contrast to the behaviour of CO which remains almost constant in the stage-l or 
stage-2 single phases. 

Figure 4 shows the plots of the intensity ratios of particular diffraction peaks to 
determine the minimum x in the stage-l single phase. The open squares represent the 
ratio Iwz, l , / /mlr l ,  against x referred to the scale of the right-hand side ordinate. As the 
amount of intercalated silver atoms increases, I Q M , I )  should increase while IQOI,~, should 
decrease, leading to an accelerated increase in the ratio. The ratio increased with increasing 
x gently up to x = 0.36 and steeply above x = 0.36, exhibiting a definite bend at this 
x-value. The full circles in the figure, referred to the scale of the left-hand side ordinate, 
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Figure 2. X-ray diffraction patterns of A&T& powder 
crystals. The value of I i s  written on the right-hand 
side. 

Figure 3. The Lanice parameter CO of AfiTiSz: 0, 
stage 1: U, stage 2. n represents the stage m” 

represent the ratio l ~ ~ , / ( l m ~ , , ,  + lmaz,) which is interpreted to represent the fraction of 
stage-2 compound coexisting with the stage-1 compound The plots give almost a straight- 
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line dependence on x; the extrapolation indicates that the lower compositional end of the 
stage-1 phase is x = 0.36. Thus the minimum x in the stage-1 single phase is determined 
to be 0.36 f 0.01 from the results of both ratios. 

The same phase relations were obtained for both sets of samples which were synthesized 
by holding the Ti& and Ag mixture at 400°C for 3 weeks or at 1OOO"C for 6 d. 
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Figure 4. x dependence of the intensity ratio of x- Figure 5. Molar heat capacities of Ago.361TiS2 and 
ray d i k t i o n  spectra: 0. foo~~~~/(lw~~~~ t Iwz(zl), theheal-capacity cwesseparaled into Lhe contributions 
indicating the fraction of Ihe region with stage-2 hom each kind of degree of heedom: curye A, lattice 
sbllcture ineach crystal; 0, I O ~ ~ I ~ / I O ~ ~ ( I , ,  related to the vibration: curve B. "IS2-interlayer local vibration: 
amount of silver ions intercalated between llSz layen; curve C, silver-related local vibration: curve D, C, -C, 
-, - - -, guides for the eye. correction. The inset shows h e  excess anomalous heat 

capacities due IO the rearrangement of intercalated silver 
ions. 

3.2. Heat capacities 

The molar heat capacities obtained for AgO.361TiSZ are given in table 1 and shown in figure 5 
graphically. No anomalous temperature drift nor temperature hysteresis effect was observed 
over the total temperature range of measurements. Standard thermodynamic functions were 
derived from the data and are summarized in table 2. The heat-capacity values below 
13 K were then estimated by extrapolating the data in terms of AT3 as a low-temperature 
approximation of the Debye function with A = 5.816 x J K-4 mol-'. The entropy at 
298.15 K was evaluated to be 101.9 k 0.3 J K-' mol-'. 

The normal heat capacity of Ag0.36lTiS2. except for the conhibution due to the relevant 
degree of freedom of the rearrangement of silver ions, was approximated to be composed of 
the contributions from three degrees of lattice-vibrational freedom, six degenerate degrees 
of Ti&-intralayer local-vibrational freedom, 3x degenerate degrees of silver-related local- 
vibrational freedom, and a C, - C ,  correction term. The first (i.e. lattice vibrational) 
conhibution was estimated using the Debye approximation. The TiSz-innalayer local 
vibrations were recognized as titanium-related local modes of vibration and assumed to 
be degenerate by six degrees of freedom on the consideration of actual equivalency of six 
sulphur atoms surrounding the titanium atom. The same consideration was applied to the 
silver-related local modes of vibration. These two contributions were calculated by use of 
the Einstein function. The last (i.e. C, - C,) comction term is often approximated by the 
expressions 

C, - C ,  = arzVmT/fl ACZT 
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Table 2. Standard thermodynamic functions of A&!malT&; R = 8.31451 J K' mol-'. 
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0 0  0 0 
IO 0.070 0.175 0.023 
20 0.449 2.558 0.173 
30 0.980 9.651 0.454 
40 1.561 22.36 0.815 
50 2.150 40.88 1226 
60 2.766 65.47 1.673 
70 3.391 96.28 2.147 
80 3.996 133.2 2.639 
90 4.580 176.1 3.144 

100 5.131 224.7 3.655 
110 5.640 278.6 4.168 
120 6.113 337.4 4.679 
130 6543 4013.7 5.186 
140 6.924 468.1 5.685 
150 7.261 539.0 6.175 
160 7.562 6133 6.653 
170 7.834 690.2 7.120 
180 8.082 769.8 7575 
190 8.315 851.8 8.018 

0 
0.006 
0.045 
0.132 
0.256 
0.409 
0.582 
0.771 
0.974 
1.187 
1.408 
1.636 
1.868 
2.104 
2.342 
2.581 
2.821 
3.060 
3.298 
3.535 

200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
298.15 
300 
310 
320 
330 
340 
350 
360 
370 
380 

8.531 936.0 8.450 3.770 
8.724 
8.908 
9.108 
9.320 
9.527 
9.779 

10.11 
10.54 
10.67 
10.48 
10.46 
10.42 
10.37 
10.37 
10.39 
10.40 
10.45 
10.47 
10.49 

1022 8.871 4.003 
1110 9.281 4.234 
1201 9.681 4.462 
1293 10.07 4.687 
1387 10.46 4.910 
1483 10.84 5.131 
1583 11.21 5.349 
1686 11.59 5.565 
1793 11.96 5.780 
1879 1226 5.953 
1898 1232 5.992 
2003 1266 6.201 
2107 1299 6.408 
2210 13.31 6.613 
2314 13.62 6.814 
2418 13.92 7.013 
2522 14.22 7 a 9  
2627 14.50 7.403 
2732 14.78 7593 

where (I, B and V ,  are the thermal expansivity, isothermal compressibility and molar 
volume, respectively, and A is some compounddependent constant [26]. Since neither 
(Y nor B was known at all, the last expression was employed. With 60, &(Tis2). &(Ag) 
and A as adjustable parameters, the observed heat capacities were fitted by the function 

Cp(T) = CDV)  + CE,Z(T) + C E A ~ ( T )  + ACiT. 

The data in the temperature range 13-120 K were used for the fitting. The values of 
parameters derived were the same even if the temperature range in the fitting was changed 
from 120 to 150 K. The derived parameters &, &(TiSz), SE(Ag) and A were 161 K, 400 K, 
261 K and 2.20 x J-' mol, respectively, and the contributions to the heat capacity are 
depicted in figure 5 as the portions divided by full curves. 

With the normal part of the heat capacity (baseline) determined above, the anomalous 
part of the heat capacity can be derived by subtracting the baseline from the observed value 
and is plotted as an inset in figure 5. The heat capacity is in principle due only to the 
contribution from the degree of freedom of the rearrangement of silver ions, namely the 
degree of freedom associated with the phase vansition in Ag,Ti&. The phase transition 
temperature Tn was found to be 285.5 rt 0.3 K. The curve exhibits skirts over wide 
temperature ranges on both sides of the transition temperature. The width appears to be 
much larger than that in the DSC result [ZO]. On the assumption that the anomalous heat 
capacity above 400 K had the temperature dependence as the leading term of the 
high-temperature expansion in many simple models, the enthalpy and entropy of transition 
were evaluated to be 4.3 k 0.4 kJ Ag-mol-' and 9.9 It 1.0 J K-' Ag-mol-', respectively. 

The x-ray diffraction studies [9,12,13] have shown that the low-temperature phase of 
the stage-I crystal has the arrangement of silver ions of a &a x &a superlattice in a 
layer. Provided that each silver ion is restricted in one &a x &a unit cell even in 
the completely disordered state, i.e. the ion is accessible only to the three sites (I, p and 
y within a cell (see figure l), the transition entropy per 1 mol of silver ions is equal 
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to R In 3 = 9.13 J K-' mol - I .  This value is quite close to the present observation of 
9.94 1 .O J K-' mol-'. The real situation of the transition in the temperature range measured 
is thus considered to be almost the same as provided above. 

3.3. Quantitative examination of the nature of the phase transition due to rearrangement of 
silver ions 

The phase transition with heat-capacity peak at 285.5 f 0.3 K was understood to be 
essentially the process that each silver ion takes the site specified with the &a x 2/50 
superlattice, say the a site, in the ordered state, while the three sites within the d a  x f i a  
'unit lattice', the a, 6 and y sites in figure 1, with the same probabilities of f in the 
disordered state. Such processes have been found in gas systems adsorbed by a third of the 
accessible sites on graphite surfaces [16-191, graphite intercalation compounds (GICs) such 
as C6Li [27] and so on. The nature of those phase transitions has been considered with 
reference to three-state Potts models taking only nearest-neighbour interactions into account; 
that is, the transition is of the first order in the case of three-dimensional interaction systems 
while of the second order in the two-dimensional systems [28,29]. The anomalous part of 
the heat capacity per mole of silver ions is plotted in figure 6 where the full and broken 
(short dashes) curves represent the theoretical C U N ~ S  of the three-state Potts model on a two- 
dimensional square lattice [22] and on a three-dimensional cubic lattice [30], respectively, 
by a Monte Carlo simulation. Replacement of the square lattice by the triangular lattice 
relevant to the present compound would not make a large difference in the theoretical curve, 
as known in the cases of two-dimensional king systems 131-331. In the three-dimensional 
case, in addition to the characters of the first-order transition such as a temperature hysteresis 
effect and a latent heat, the shape of the heat-capacity curve shows little fluctuational effect 
on the high-temperature side of the peak. The temperature dependence of the anomalous 
heat capacity derived at present, without any sign of the first-order transition, is definitely 
close to the theoretical curve in the two-dimensional case. This suggests that the interaction 
dominating the positional ordering-disordering of silver ions is of a two-dimensional nature 
with a considerably weakened interlayer interaction through the Tis2 layer. 
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Figure 6. Tempture  dependence 
of the anomalous heat capcities of 
AgO.wTi% per mole of silver ions: 
-, heatcapacity curve derived by 
Monte Carlo simulalions for Ihe Uuee- 
slate POUS model on a Iwo.dimensional 
square lattice [ZZ]; ----, heat-capacity 
CUNC derived by Monte Carlo simula- 
tions for ule three-state Potts model on 
a three-dimensional cubic lanice [30]; _-_ , heat-capacity c w e  for the 
king model wilh 0.350 occupancy frac- 
tion on a two-dimensional hiangular lat- 1 . 4  

T/Tt-= tioe [21]. 

In the scheme of the Pons model, however, each silver ion is restricted in its position 
and y sites in figure 1 even in the high-temperature disordered state. to within a set of a, 
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Such a restriction may not be applied U priori to the present system. This consideration 
leads to a two-dimensional lattice gas (king) model (with occupancy fraction of about 
4) on a triangular lattice as a more appropriate model in a quantitative sense than the 
above. The broken (long dashes) curve in figure 6 represents the theoretical curve of the 
model taking only the nearest-neighbour repulsive interactions into consideration with 0.350 
occupancy fraction [21]. The heat capacities on the high-temperature side of the transition 
point are much larger than those of the two-dimensional Potts model. This clearly reflects 
the difference between the situations with and without the above restriction. The entropy 
of transition, being correspondingly different between the two models, is much larger for 
the king model than R In 3 for the three-state Potts model. The experimental data are 
well on the curve of the king model at low temperatures, but in between those of the 
two models at high temperatures. The experimental entropy of transition was estimated 
above on the assumption of the high-temperature approximation to be larger than R In 3. 
It follows that the phase transition of the present system should be described by the lattice 
gas (king) model in the strict sense, but for the description of the real situation by the 
model especially ai high temperatures the expression for the Hamiltonian would need to 
be modified to include the second- or further-distant-neighbour attractive interactions in 
addition to the nearest-neighbour interactions. This would be closely connected with the 
fact that the lower limit of composition in the stage-I single-phase structure was found to 
be 0.36 and not 0.33 at room temperature. 

The experimental heat capacities at around the transition point show a rounding effect 
compared with the theoretical curves. The effect is considered to have been caused by the 
presence both of the distribution in particle sizes of the powder crystals and of a minute 
quantity of Ti ions as impurities intercalated between Tis2 layers, since the presence of a 
small distribution in the transition temperatures would yield a severe rounding effect on 
the heat-capacity peak. However, the heat capacities, as have been discussed above in this 
section, in the temperature range far from the transition point are expected to be affected 
very little by the presence of the distribution in the transition temperatures. 

Here it is of interest to compare the properties of Ag,TiSz intercalation compounds 
with those of lithium graphite intercalation compounds (Li GICS) because, in the stage-I 
Liclc (GLi), lithium ions occupy the sites on the &U x f i a  in-plane superlattice in the 
ordered state and their order-disorder process is represented approximately by the three- 
state Potts model as well [34]. AhTiSz crystals showed stacking structures for only stage 
1 and stage 2, and the system of positional order-disorder phase transition of silver ions 
in stage-I Ag,TiSz was suggested above to be characteristic of the two-dimensional model 
on a triangular lattice. On the other hand, LiClC crystals exhibit stage-n stacking structures 
with n 3 in addition to n = 1 and 2 [35-371, and the order-disorder transition in G L i  
is, quite similarly to the result of the Monte Carlo simulation for the three-dimensional 
three-state Potts model [30], of first-order nature showing a discontinuous jump in the 
configurational state, a temperature hysteresis effect of about 5 K, and no marked heat- 
capacity skirt on the high-temperature side of the transition point [27]. Thus one can see 
quite a c o n m t  between the analogous intercalation compounds A&TiSz and LiGIC, due 
to difference between the two-dimensional natures of their interactions associated with the 
positional ordering-disordering of intercalants. 

4. Concluding remarks 

The present study indicated that the interaction between intercalants in their positional 
ordering-disordering is of a strongly two-dimensional nature in the stage-I intercalation 
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compound Ag,TiSZ while it  is of a three-dimensional nature in GICs. In this respect, the 
differences observed between the phase transition behaviours of the two compounds as 
the amounts of intendants decrease naturally are of interest. It would be expected that the 
amount of intercalant would have little effect on behaviour such as the transition temperature 
and the anomalous heat capacity per mole of intercalants for AGTiS2, and a marked effect 
for GICS. This constitutes part of our research which is now under investigation in our 
laboratory. 
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