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MonteCarlo Simulation of Intercalated Atomic 
Distributions in Layered Dichalcogenide 

SAIKO NEGISHI, HIROSHI NEGISHI, MINORU SASAKI 
and MASASI INOUE 

Graduate School of Advanced Sciences of Mattel; Hiroshima University, 
Higashi- Himshitna 739-8526, Japan 

Atomic distributions of intercalated guest atoms into layered dichalcogenide have been simu- 
lated taking into account the interactions between the first and second nearest neighboring 
guest atoms in the triangular lattices stacked with 6 layers (lattice size 18 x 18 x 6) using a 
MonteCarlo method. With these distributions, the X-ray patterns of Fe,TiS, with x = 0.25 
having the 2d3a x 2a x 2c superlattice with the fractional site occupancy have been repro- 
duced qualitatively by averaging the intensities for different patterns obtained by different 
random seeds. 

Keywords: MonteCarlo simulation; atomic distribution; dichalcogenide 

INTRODUCTION 

Intercalation of guest atoms, such as 3d transition metals M, into a host layered 
dichalcogenide produces intercalation compounds with a variety of interesting 
structural, electrical, and magnetic properties depending on the kind of the 
guest atoms and their concentration x ‘I. Among others, Fe intercalates of 
TiS2, FexTiS2. show spin-glass (SG, 0.011 x S 0.20). cluster-glass (CG. 0.20 < 
x I 0.40). and ferromagnetic phases (F, x > 0.40) [’I. Thus far we have studied 
the relaxation phenomena of thermoremanent magnetizations Mr of SG and CG 
phases using an anomalous Hall effect and analyzed the observed time decay 
curves of Mr based on a domain theory, which shows that these materials have 
very broad equilibrium relaxation spectra, suggesting an important role of the 
distributions of the guest Fe atoms. or the formation of some clusters I‘ ’’. 

On the other hand, the X-ray diffraction for single crystals of FexTiS2 ‘‘I 
and neutron powder diffraction patterns 1 7 ’  reveal the formation of the 2d3a x 
2a x 2c superlattice for x = 0.25 and 430 x 43, x 2c for x = 1/3 with some 
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FIGURE I Arrangements of Fe atoms in the 2d3a x 2a X 2c superlattice 
for FexTiS2 with x = 0.25 by Kuroiwa et 71 Fan-shaped black area 
indicates the fractional site occupancy of the 2a, 2b and 4e sites at z = 0, and 
2c, 2d and 4f sites at z = 1/2. The unit cells in planes are indicated by solid 
lines. For comparison, the unit cells in the 2u X 2u x 2c superlattice are 
indicated by broken lines. 

fractional site occupancy at the Fe sites less than unity, as shown for the case 
of x = 0.25 in Fig. I ,  where u and c are the lattice constants of the host TiS2. 
The occupancies of the 2a, 2b and 4e sites at 2 = 0, and 2c, 2d and 4f sites at z 
= 112 are determined to be 0.63(10), 0.19(5), 0.18(2), 0.20(1), 0.25 ( 5 )  and 
0.25(3), respectively, from the analyses by the Rietvelt profile-fitting method. 
Since the occupancies of the 2b and 4e sites and those of 2d and 4f sites are 
nearly equal, the Fe lattice has pseudo-haxagonal symmetry and forms the 20 
x 2a x 2c superlattice, as indicated by broken lines in Fig. 1. In the real crystal, 
however, the Fe atoms may have very complicated distributions in the van der 
Waals gaps. In the present work, we have made computer simulations for the 
equilibrium distribution of intercalated guest atoms in a layered dichal- 
cogenide using a Montecarlo method. Here we have taken into account the 
interactions between the first and second nearest neighboring guest atoms in 
the triangular lattices stacked with six layers (lattice size: 18 x I8 x 6) with the 
periodic boundary condition along the u- and c-axis directions. 

CALCULATION 

The MonteCalro calculations have been made using the system Hamiltonian as, 
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FIGURE 2 Interaction strengths 
between the first and second nearest 
neighboring guest atoms in the trian- 
gular lattices; Val and Va2 in the N- 

axis layer, and Vc and V2c along the 
c- ax i s, respectively . 

where ti, (= 1 or 0) is an M occupancy of i-th site, n/al and nj a2 those of;-th 
site, Va I and Va2 a pair-interaction strength between the first nearest neighbors 
and the second ones in the o-axis layer, and nf,  n;2c, Vc and VzC the 
corresponding vaIues of the guest atoms of the first and second nearest layers 
along the c-axis, respectively. The numerical calculations for M.,TiS2 have 
been done over the whole concentration range x = 0 - 1 at T = 870 "C (the 
growth temperature of the single crystals) "'_ Using the obtained atomic 
distributions of Fe guests in FexTiS2 with x = 0.25, as well as for the 2d3a x 

2o x 2c superlattice with the fractional site occupancy, we have calculated the 
X-ray diffraction intensities to compare with the experiments. 

RESULTS AND DISCUSSIONS 

A typical result of the calculated atomic distributions in the six consecutive 
layers (tti = I ,  2. . . . , 6) for FexTiS2 with .x = 0.25 is shown in Fig. 3a. obtained 
with the bcst-fit values of the repulsive interaction strengths Val = -loo00 K, 
V,2 = - S O 0 0  K, Vc = -5000 K, and attractive strength V2, = + 5000 K. The Fe 
atoms in each layer are seen to scatter homogeneously, similar to those for 
2d3a x 2a (or 2~ x 2a). Furthermore, we note nearly the same atomic patterns 
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FIGURE 3 (a) Calculated atomic distributions of Fe atoms in the six 
consecutive layers for FexTiS2 with x = 0.25 using the best-fit values of the 
repulsive interaction strengths Val, Va2, Vc, and attractive strength V2c. (b) 
The projected pattern of the even number layers along the c-axis, and (c) that 
of the odd number layers. (d) The projection over all layers along the c-axis. 

for the even (m = 2.4.6) or odd number (m = I ,  3,5) layers, as seen from their 
projections along the c-axis. as depicted in Figs. 3b and 3c, respectively. As a 
result. some nearly regular pattern with the periodicity of 2c is formed, as 
illustrated in the overall projection along the c-axis direction (Fig. 3d). 

We have found that the calculated distribution patterns are strongly 
dependent on the interaction strengths and guest concentration x, which are 
characterized by the averaged numbers of the first and second nearest 
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neighbors, Zk = (Znio/k)/Nx with k = a l ,  a2, c, and 2c, and total site number N. 
In the case with no interaction between the guest atoms, the atoms are 
distributed randomly, and zk is proportional to x. In the cases with attractive 
interaction Val (> 0). guest atoms tend to gather to form some clusters, while 
in the case with repulsive interaction Val (< 0) they are scattered over the 
lattice homogeneously. Correspondingly, zal is increased with positive Val 
and decreased with negative Val but zC is almost unchanged by Val. Similarly, 
vk affect strongly on the averaged number zk. For the cases with more than 
two kinds of Vk, the situation becomes more complicated due to some 
cooperation andor competition between the interaction strengths. 

With these obtained atomic distributions, we have calculated the X-ray 
intensities of FexTiS2 with x = 0.25 for (6, 112, 112) along the u*-axis and (0, 
1/2, Q along the c*-axis. We should note that the calculated X-ray intensities 
of (<, 1/2. 1/2) and (0, 112, 5) from a single pattern of 18 x 18 x 6 lattice 

t 

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 
5 6 

FIGURE 4 The calculated X-ray intensities of (a) (4 ,  112, 112) along the 
u*-axis and (b) (0, 112, 5) along the c*-axis for FexTiS2 with x = 0.25. 
Upper parts illustrate the averaged intensities for ten patterns obtained by 
different random seeds, and lower parts the patterns for the 2d3u x 2u x 2c 
superlattice with the fractional site occupancy in Fig. I .  
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depend strongly on the 'random seeds' used, which means that the lattice size 
18 x 18 x 6 we employed may be too small to reproduce the structural details 
in the real system. Therefore, we have taken the averaged intensities for ten 

patterns obtained by different random seeds. Thc results of (5 ,  112, 112) and (0, 

1/2, 0 are illustrated in upper parts of Figs. 4a and 4b. respectively. which are 
in qualitative agreement with the patterns for the 2d3u X 2a x 2c superlattice 
with the fractional site occupancy (lower parts). These results indicate that the 

real atomic distribution for Fe,TiS2 with x = 0.25 can be considered as an 
assemblage of the atomic patterns randomly scattered, each of which has 
nearly 2d3u x 2u x 2c local structure, as shown by the simulations using the 
small lattice size 18 x 18 x 6. In other words, there exists a rather large 
randomness in the real system, and the ensemble average is important in the 
calculations to reproduce the essence of the superlattice with the fractional site 
occupancy observed experimentally. 
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