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Abst_ract

Monte Carlo simulations of atomic distribution of intercalated guest atoms in the
layered 1T-TiS, have been performed by taking into account attractive or repulsive pair-
interactions between the neighboring guest atoms in the g-axis plane (V, and V,) and along
the c-axis of the crystal lattice (V,; and V, ); lattice size for computation: 18 x 18 x 6. X-ray
diffraction patterns for Fe TiS, are calculated from the atomic distributions obtained using
these four pair-interactions, in qualitative agreement with the experimental data of the 2a X 2a
X 2¢ short-range ordered structure for x = 0.15, 2V3a X 2a X 2¢ superlattice for x = 0.25, and
V3a x V3a x 2¢ superlattice for x = 0.333 with fractional site occupancy. From the calculated
atomic distributions, we have evaluated the number of neighboring guest atoms, the formation
of clusters, and percolation cluster, as well as its dimension, all of which are responsible for
the dynamical relaxation behaviors of the thermoremanent magnetization observed in the
spin- and cluster-glass phases of Fe, TiS,. In particular, one- and two-dimensional percolation
clusters are formed by the third nearest neighbors in the a-axis plane for x = 0.15 and 0.25,
respectively, and a two-dimensional one by the second nearest neighbors for x = 0.333, which
corresponds to the magnetic phase diagram [spin-glass (x = 0.15) and cluster-glass (x = 0.25
and 0.333)]. Using the present results and EXAFS data, we have further discussed on the
change in the local structures near the host sulfur atoms by intercalation of the guest atoms in
Fe,TiS, and Co TiS,.

Similar calculations have been made for another type of intercalation compound of
stage-2 Ag, TiS, (x = 0.15) that shows a phase transition from the ordered V3a X V3a x 2¢ to
disordered structure around 250-300 K. The formation of stage-2 structure can be reasonably
simulated by additional incorporation of repulsive pair-interaction, V., along the c-axis
direction, and by taking into account the considerably weak pair-interaction strengths,
compared to those of Fe TiS,, in satisfactory accord with the observed X-ray patterns.
Furthermore, the order-disorder phase transition can be understood by considering the
temperature dependence of atomic distributions, the thermal displacements of Ti, S, and Ag
atoms, and entropy change due to the phase transition. The essential difference between stage-
1 FexTi82 and stage-2 Ag, ;5TiS, is discussed based on a local lattice deformation produced
by intercalation. The size of the guest atom plays a crucial role to the formation of stage-1 or -
2 compound; guest atoms with crystal radius larger than 1.0 A are found to produce
preferentially the stage-2 structure in the host TiS,. Such a large deformation may be the

origin to exert repulsive pair-interaction on the second nearest neighboring sites in the next
layers.
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Chapter 1
Introduction

Layered materials have been extensively studied from the scientific and technical interests
due to their low dimensional natures in crystal structures and electronic properties, and wide
possibility to form new and exotic materials by the insertion of the various guest atoms and/or
molecules into their van der Waals gaps between the constituent layers, so-called “intercalation”, -
leading to a variety of applications such as a secondary battery, electrochromism, and catalyses.
As a host material there are known many layered materials such as graphite, transition metal
dichalcogenide TX,, molybdenum oxides, and clays [1-5]. Their physical and chemical proper-
ties are modified strongly upon intercalation of guest species. Schematic structures of the interca-
lation compounds are shown in Fig. 1.1, where the guest atoms are inserted into van der Waals
gaps per n host layers along the stacking direction. According to the periodicity of n, they are
referred to as stage-n intercalation compounds; namely, stage-1, stage-2, and stage-3 structures.
Such staging phenomena are often observed in various intercalation compounds, suggesting the
existence of rather long-range interactions along the stacking direction.

Among others, 1T-TiS, is a typical example of host material with a simple 1T-CdI, type
layered structure, where Ti atom is surrounded by six S atoms, forming constituent layers in the
a-axis plane stacked along the c-axis by weak van der Waals force with the intralayer lattice
spacing a = 3.41 A and the interlayer spacing ¢ = 5.70 A [Fig. 1.2(a)], and thus various guest
species G can be inserted into the van der Waals layers, forming intercalation compounds G, TiS,
[Fig. 1.2(b)], where G is typically Ag, alkaline metal A (=Li, Na, K, ...), 3d transition-metal M,
and organic molecules [2-10]. In particular, extensive studies of M xTi82 (=T4 YV, Cr,Mn, Fe, Co,
Ni, and Cu) have been performed, whose salient features are summarized as follows: (1) Upon
intercalation, the 3d metals M occupy the octahedral sites in the van der Waals layers to form
stage-1 intercalation compound, and the intralayer lattice spacing a does not change substan-
tially, while the interlayer spacing ¢ depends strongly on the guest M and its concentration x
(large expansion for Mn guests and remarkable contraction for Co and Ni ones) [8.9]. Extended
X-ray absorption fine structure (EXAFS) measurements of K-edges of M and Ti atoms [11,12]
have confirmed that the interatomic distance between the guest M and S atoms in M TiS,, R(M-
S), depends strongly on the kind of M but less depends on the concentration x, while that between
the host Ti and S atoms, R(Ti-S), is increased with x, meaning the small expansion of the host
layers upon intercalation of the guest atoms. (2) Intercalation induces a charge transfer from the
guest atom M to the host Ti 3d conduction band, leading to the change in the Fermi energy Ep, and
the density of states at Ep, as found by specific heat measurements [13,14], photoemission spec-
troscopic studies [15-23], and transport measurements [24-28]. (3) Various magnetic phases are
found in these compounds M TiS, (M =V, Cr, Mn, Fe, Co, and Ni), such as paramagnetic (P),
ferromagnetic (F), weak ferromagnetic (WF), and antiferromagnetic (AF) phases [29-37]. Among
them, the Fe intercalate FexTiS2 shows spin-glass (SG, 0.01< x £ 0.20), cluster-glass (CG, 0.20 <
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Fig. 1.1 Schematic structures of intercalation compounds with (a) stage-1, (b) stage-2, and (c) stage-3.
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Fig. 1.2 Perspective and top views of the crystal structure of (a) TiS, and (b) G,TiS,; the octahe-
dral sites for the guest atoms G are arranged to form 2-dimensional trian gular lattice in the g-axis
plane.
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Fig. 1.3 Magnetic phase diagram of Fe TiS,; paramagnetic (P), spin glass (SG), clus-
ter glass (CG), and ferromagnetism (F) [33].

x £ 0.40), and ferromagnetic phases (F, x > 0.40), as shown in Fig. 1.3 [33-37]. In the SG and CG
phases the temperature dependence of ac magnetic susceptibility shows a cusp or peak, which
shifts to the lower temperature side when some static magnetic field is superposed, meaning that
the observed cusp or peak are characteristic of the freezing effect due to the frustration between
spins or clusters, since the superposition of static field suppresses the fluctuation effects between
spins. (4) These electronic and magnetic properties of M 1S, are understood primarily in terms
of an “itinerant electron’ picture rather than a ‘localized’ one, as predicted by band calculations
using self-consistent APW methods [38-42], and photoemission studies [15-23], which have re-
vealed a strong ‘hybridization” among the guest M 3d orbitals and the host Ti 3d and S 3p orbitals.
(5) In SG and CG phases of Fe, TiS,, long-time relaxation phenomena of the thermoremanent
magnetization M, have been measured using an anomalous Hall effect to analyze the observed
time decay curves of M, based on a domain theory [43-46]. As a result, we have found that these
materials have very broad equilibrium relaxation spectra, suggesting an important role of the
distribution of the guest Fe atoms, or the formation of their clusters.

Furthermore, the structural studies [47] by X-ray diffraction for single crystals of Fe, TiS,
have shown the short-range order of 2a x 2a x 2¢ for x = 0.15, the superlattices of 2\3a X 2a x 2¢
for x = 1/4, and \3a x \3a x 2¢ for x = 1/3 (Fig. 1.4). According to neutron powder diffraction
patterns [48,49], the analysis by the Rietveld profile-fitting method has revealed that the site
occupancy at each Fe site is not unity but some fractional, as shown by fan-shaped black area in
Fig. 1.4. In the left side are shown schematic stacking layers of Ti, S, and Fe atoms along the c-
axis for (a) x = 0.15, (b) x = 1/4, and (c) x = 1/3, where the guest Fe atom layers at the position z
are indicated by bold solid and broken lines. The site occupancies for x = 0.15 [Fig. 1.4(a)] are
determined to be 0.0 and 0.2 at the sites 1a and 3¢ in the layer z = 1/4, and 0.3 and 0.1 at the sites
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Fig. 1.4 (a) Short-range ordered structure 2a x 2a X 2¢ for x = 0.15, (b) 2V3a X 2a x 2¢ superlattice for x = 1/4, and
(¢) V3axV3a x 2c superlattice for x = 1/3, determined from the neutron diffraction for Fe TiS, [48]. In the left side
are shown schematic stacking layers of Ti, S, and Fe atoms along the c-axis, where the guest Fe atom layers at the
position z are indicated by bold solid and broken lines. In the right side are shown the mtralayer structures of Fe
atoms at different positions. Broken lines mark the unit cell for x = 0.15, solid lines for x = 1/4 and 1/3, and thin solid
lines for the psuedo-hexagonal 2a X 2a x 2c¢ superlattice with x = 1/4. Fan-shaped black area indicates the fractional
site occupancy at each Fe site determined experimentally. Solid and open circles indicate the full site occupancy and
vacancy, respectively, in the ideal superlattices for x = 1/4 at z = 0 and 1/2, and for x = 1/3 at z = 1/4 and 3/4.



1b and 3d in z = 3/4 of the short-range ordered lattice, respectively. Those for x = 1/4 [Fig. 1.4(b)]
are determined to be 0.63, 0.19, and 0.18 at the sites 2a, 2b, and 4e in z = 0, and 0.20, 0.25, and
0.25 at the sites 2c, 2d, and 4f in z = 1/2 of the 2V3a X 2a X 2¢ superlattice, respectively. Since the
occupancies of the 2b and 2c sites are nearly equal to those of the 4e and 4f sites, respectively, the
Fe lattice is regarded to be in pseudo-hexagonal symmetry, forming approximately the 2a X 2a x
2c¢ superlattice, as indicated by thin solid lines in Fig. 1.4(b). For x = 1/3 [Fig. 1.4(c)], the site
occupancies are 0.16, 0.75, and 0.05 at the sites 2a, 2¢, and 2d in both z = 1/4 and z = 3/4 of the
V3axV3a x 2¢ superlattice, respectively. These results suggest that in the real crystal of Fe, TiS,,
the guest Fe atoms may have very complicated distributions in the van der Waals gaps.

Structural studies of Ag TiS, have been extensively done [50-57]. Ag guest atoms are
inserted into the octahedral sites of the van der Waals gaps in the host TiS, to produce the stage-
2 Ag,TiS, for the intermediate guest concentration range, 0.13 < x <0.19 [54] or 0.17< x < 0.22
[56], below and above which the stage-1' and stage-1 Ag TiS, are formed [54,56]. As shown in
Fig. 1.5(a), the interlayer spacing c/n, which is given by lattice parameter ¢ divided by stage
number n, increases with x up to x =0.12 for the stage—l' and above x = 0.30 for the stage-1, while
it is almost constant for the stage-2 between 0.15 < x < 0.33; we can see a clear Jjump between
stage-2 and stage-1. The c-axis structure in the stage-2 Ag TiS, with x = 0.18-0.19 determined by
X-ray diffraction [51] is illustrated in Fig. 1.5(b). Ag atom intercalation expands van der Waals
gap remarkably from 2.85 A to 3.56 A and shifts the Ti layers to off-centered position between
the S layers. The X-ray diffraction and heat capacity measurements revealed that an in-plane
order-disorder phase transition of the guest atoms in Ag, TiS, occurs around 250-300 K [56,57],
and another transition from stage-2 to stage-1 structure does around 1200 K [54]. Furthermore,
Kuroiwa et al. [58] measured the precise X-ray diffraction patterns of stage-2 Agg 15TiS,, as well
as stage-1 Ag ,5TiS,. They found that Ag, |5TiS, shows the abrupt change of c-axis parameter
around 250 K, rodlike diffuse scattering parallel to the ¢*-axis at (1/3 173 0), (2/3 2/3 0) and their
equivalent positions, and the two-dimensional disordered state above 250 K. Using the 2-dimen-
sional short-range order parameters for Ag 15TiS, obtained experimentally from the diffuse scat-
terings, the in-plane local arrangements of Ag atoms have been calculated by the Monte Carlo
(MC) technique to show the variation with temperature from the ordered states of V3a x V34 to
the disordered states [58]. However, there is no report, to our knowledge, that calculate the equi-
librium atomic distributions of this material taking account of some guest-guest interactions or
interlayer interactions, as done for GIC [59,60]. Different type MC calculations [61] are made for
Li distribution in Li, TiSe, to compare with the experimental results of 7/Se and 7Li NMR stud-
ies, where a Boltzmann type thermal relaxation is introduced to allow a lithium atom to jump to
an available empty site.

In the present work, computer simulations for the equilibrium atomic distribution of inter-
calated guest atoms in 1T-TiS, using the MC method have been performed. Here we have taken
into account pair-interactions between neighboring guest atoms in the triangular lattices stacked
with six layers (lattice size for computation: 18 x 18 X 6) with the periodic boundary condition
along the a- and c-axis directions; the details of the calculations are presented in Chapter 2. 1
shall show the effect of various types of pair-interactions (between nearest neighbors and/or
next-nearest neighboring guest atoms) on their atomic distributions in G, TiS,. In particular, Fe
atomic distributions in Fe,TiS, (x = 0.15, 1/4, and 1/3) have been calculated successfully to



reproduce the observed short-range order or superlattice with fractional Fe occupancy, and those
in Ag 15TiS, to obtain the stage-2 structure showing X-ray diffuse rods. These calculated re-
sults are collected in Chapter 3. In Chapter 4, based on the calculated Fe atomic distributions, we
shall discuss on the formation of guest atom clusters, percolation cluster, its dimensionality,
magnetic properties of Fe, TiS,, and the change in the local structures near the host sulfur atoms
by intercalation in M, TiS,. The order-disorder phase transition in the a-axis plane for Ag, |5TiS,
will be discussed from the temperature variations in the calculated Ag atomic distributions. Fur-
thermore, the pair-interaction strengths employed to obtain the atomic distributions for Fe, TiS,
and in Ag ,5TiS, are discussed. The main results obtained in the present study are summarized

in Chapter 5.
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Fig. 1.5 (a) Lattice parameter ¢ normalized by the stage number #, c/n, for Ag, TiS, plotted against the guest
concentration x [56]; circle and square symbols correspond to the stage-1 (n = 1) and stage-2 (n = 2), respectively.
(b) The c-axis structures in TiS, and stage-2 Ag, TiS, with x = 0.18-0.19; the interlayer distances are given in units

of A [51].



Chapter 2

Calculations

§2.1 Model Hamiltonian

In the intercalation compound G, TiS,, the stable atomic distribution of the guest atoms
minimizes the total energy including many-body interactions among all guest and host atoms
within the system. In the present calculations, we have simply taken into account the pair-inter-
actions between the neighboring guest atoms G, which lie at the octahedral sites arranged in two-
dimensional triangular lattices in the a-axis planes stacked along the c-axis, and performed the
MC simulations for their atomic distributions.

We use the following Hamiltonian for the system,

<i,j>k

where n; (= 1 or 0) is an occupancy of the i-th site, njk an occupancy of the j-th site located at the
k-th neighboring position, and V} a pair-interaction strength between the guest atoms in the k-th
neighbor. Here &k = al, a2, a3, ... stand for the intralayer sites of the first nearest neighbors (1st
NNs), the second (2nd NNs), the third (3rd NNs), ..., in the a-axis layer [Fig. 2.1(a)], k=cl, c2,
.., for the interlayer sites of the 1st NNs, 2nd NN, ... in the nearest layers separated by the lattice
constant ¢, and k = 2c for the 1st NNs in the next nearest layers separated by 2c along the c-axis
[Fig. 2.1(b)]. In the above Hamiltonian we consider here at most five terms of k = al, a2, cl, c2,
and 2c, as,

n24v

= _ al a2 cl 2¢c ).
H Zni (Valnj +V,on 2o+ V on +V., : 2 ) 2

J cl’j

(a) Intralayer sites (b) Interlayer sites

Fig.2.1 Definition of lattice sites used for the MC simulations. (a) Intralayer sites around a guest atom G
in the a-axis layer for G, TiS,, where al, a2, and a3 stand for the 1st, 2nd, and 3rd NN sites, respectively.
(b) Interlayer sites along the c-axis, where c1 and c2 stand for the 1st and 2nd NN sites in the nearest
layers, respectively, and 2c the site in the next nearest layers.



§2.2 Atomic distributions

For the triangular lattice stacked with six layers (lattice size: N = 18 X 18 X 6) with the
periodic boundary condition along the a- and c-axis directions of G, TiS,, we have carried through
the numerical calculations using Metropolis method, one of MC methods for canonical ensemble
[62-65].

In the initial state, Nx guest atoms are arranged following the relation,

n,=1 (1<i<Nx), n;=0 (Nx<i<N). 3)

The example of the initial atomic distribution in the six consecutive layers (m = 1-6) of G TiS,
with x = 0.25 are shown in Fig. 2.2. Next, we select a vacant s-th site to transit from an occupied
i-th site using random numbers, and estimate an energy change AH caused by this atomic transi-
tion; AH = H(n, = O,n =1 - H(ni =1, ng= 0). Then the transition probability W from i-th site to
s-th site is given by,

- W=exp(-AH/T) for AH>0
= 1 for AH<O. 4)

For a negative value of AH, atomic transition from i-th site to s-th site occurs (W = 1), while for
a positive value of AH it occurs with probability W = exp(-AH/T), which is performed to allow
the atomic transition only when the random number produced newly is less than W. In one Monte
Carlo step (MCS), such an process is made successively for the Nx guest atoms, yielding one
atomic distribution pattern for MCS = 1. Thus we can obtain an equilibrium atomic distribution
for G,TiS, at given temperature T with pair-interaction strengths, V}, as parameters after appro-
priate MCSs; Vk in units of K is used through this work.

In Fig. 2.2 are shown typical atomic distributions of G, TiS, (x = 0.25) calculated with a
repulsive pair-interaction strength V,; (=-10,000 K) at MCS =0, 1, and 100, where the tempera-
ture is taken to be 7= 870 °C = 1,143 K, the growth temperature of Fe, TiS, crystal by a chemical
vapor technique [8]. With increasing MCS number, the guest atoms are scattered to be a nearly
uniform atomic distribution. In order to make MCS effect more clear, the values of E/Nx are
plotted against MCS number for three cases calculated with fixed pair-interaction strength V,,; (=
1,000 K, -1,000 K, and -10,000 K) in Fig. 2.3, from which it can be seen that the total energy E of
the system becomes almost constant beyond 60 MCS within calculational errors for all cases. In
the present study, therefore, calculations up to 100 MCS were performed to obtain an equilibrium
atomic distribution.

Furthermore, to characterize the obtained atomic distributions, we have evaluated the av-
eraged number of the k-th neighboring atom, z; (k=al, a2, a3, cl, and 2¢), defined by

iJ
The value of z; for one pattern is obtained as the averaged value over MCS = 61-100, and then the

most probable value and the deviation of z; are obtained from 10 patterns produced from different
random seeds.

1
%= Ny
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Fig.2.2 Typical examples of the variation in guest atomic distributions with Monte Carlo step (MCS)
from the initial state (MCS = 0) for G, TiS, (x = 0.25) with interaction strengths V,1 =-10,000 K.
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Fig.2.3 Typical examples of the variation in the total energy E with MCS. The values of E divided by
the number of the guest atoms Nx, E/Nx, are plotted against the MCS number for G.TiS, (x = 0.25)
with three different interaction strengths Vai = -10,000 K (solid squares), -1,000 K (open squares),
and +1,000 K (open triangles).

§2.3 X-ray diffraction intensities

Using the atomic distributions obtained by MC simulations, we have calculated the X-ray
diffraction intensities. The X-ray intensity at a reciprocal lattice point (¢ 17 £) in the unit cell of
TiS, is expressed by

2
rEng= - 20 pen o, ®)
v’ 2
where v is a volume of the lattice corresponding to a normalized factor, (1+ cos226)/2 is the
polarization factor, and the structure factor F(& 1 {) is given by the summation of the product of
the atomic scattering factor f, (26) and the geometrical factor F '4(& n {) for the constituent ele-
ments A =Ti, S, and guest element G as, F(§ 7 &) = Zf,(26) F,(& 1 {). For the atomic distribution

obtained with the site occupancy of the i-th site n; and its position (x; y, z.), F (€ 11 {) is written as,
Fo(end=Zn;exp2ni(Ex;+ ny; + {z)], )

from which the intensity of any reciprocal lattice point (£ 11 {) can be evaluated.

We should note here that the calculated X-ray intensities from a single pattern of the atomic
distribution in the 18 x 18 x 6 lattice depend strongly on the ‘random seeds’ used, but the aver-
aged number of the NN atoms, z;, is almost independent of the ‘random seeds’. This 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 of ten patterns simulated using
different random seeds to obtain reasonable intensity profiles, which are insensitive to the ran-
dom seeds used.
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Chapter 3

Calculated Results

§3.1 Effect of pair-interaction V,1 on atomic distribution

At first, we have calculated the atomic distribution by considering only the pair-interaction
V,1 between the 1st NN guest atoms in GxTiS2 over the whole concentration x = 0-1, where the
temperature is taken to be 7= 870 °C = 1,143 K, the growth temperature of M 11, crystal by a
chemical vapor technique [8]. The interaction strength V,1 1s taken to be from -10,000 K to 10,000
K by a step of 1,000 K; the ratio of V,; to T (= 1,143 K), V,1/T, is nearly from -9 to 9. As typical
results, the calculated equilibrium distributions in the six consecutive layers (m = 1-6 from bot-
tom to top; see Fig. 2.2) of GxTiSZ with guest concentration x = 0.15, 0.25, 0.333, and 0.50 are
shown in Figs. 3.1-3.4, respectively, for five cases of attractive interaction (V,1=10,000 K, 1,000
K), no interaction (Val = 0 K), and repulsive interaction (Va1 =-1,000 K, -10,000 K). In the case
of V,; = 0 K, the atoms are distributed randomly [Figs. 3.1(c)-3.4(c)]. For the strong attractive
interaction of V,; = 10,000 K, they remain in the same pattern as the initial condition [Figs.
3.1(a)-3.4(a)], because the transition probability is vanishingly small [exp(-AH/T) = exp(-60,000
K/1,143 K) ~ 10‘22]. For the attractive force of V.1 = 1,000 K comparable to 7, they stand to
gather to form some ‘clusters’ in each layer [Figs. 3.1(b)-3.4(b)]. While those for the repulsive
interactions of V,1 are scattered a little for Va1 =-1,000 K [Figs. 3.1(d)-3.4(d)], and homoge-
neously over the lattice sites for the strong repulsion of V,1 =-10,000 K [Figs. 3.1(e)-3.4(e)].
Thus we see that the calculated distribution patterns are strongly dependent on the pair-interac-
tion strength V, ;. Moreover, we can see some ordering atomic arrangements in the g-axis planes
in the patterns calculated with the repulsive pair-interaction V1> which are nearly to the super-
structures 2a X 2a for x = 0.25 [Fig. 3.2(e), V,1 =-10,000 K] and V3a x\3a for x = 0.333 [Fig.
3.3(e), V,; =-10,000 K], and labyrinth-like patterns for x = 0.50 [Fig. 3.4(d), V,; = -1,000 K; Fig
3.4(e), V,; =-10,000 K].

The averaged number of the neighboring atoms 7, [Eq. (5)] (k=al, a2, a3, cl, and 2¢ ) is
plotted against V,; for different guest concentrations x = 0.15, 0.25, 0.333, and 0.50 in Fig. 3.5.
The values of each z; are not changed for the attractive interaction V. larger than the system
temperature T (= 1,143 K), V4112 2,000 K, where the calculated atomic distributions are the same
as the initial patterns because of the vanishingly small transition probability (< 3 x 1079), as
described above for V,1 =10,000 K [Figs. 3.1(a)-3.4(a)]. For V,1= 1,000 K, on the other hand, Z
depends remarkably on V,; along the a-axis direction, while it is constant along the c-axis direc-
tion. With decreasing Val, Zy1 decreases, Z,, shows a minimum at V.1 =0K, and Z,3 shows a
plateau between -2,000 K and 1,000 K. The value of zg for k= c1 and 2c is proportional to x, as the
results of the random distributions along the c-axis direction.

In Fig. 3.6 are depicted the guest concentration dependence of the averaged number of the
neighboring atoms z calculated with different pair-interaction strengths Va1- For V,; = 0K (solid
circles), z; is proportional to x (z, = 6x for k = al, a2, and a3, and 7= 2x for k = cl and 2c¢). This
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result means that the atomic distributions are random both in the g-axis plane and along the c-
axis. However, the concentration dependence of the averaged numbers Za1» Zg0» @nd Za3 in the a-
axis plane is quite different for attractive and repulsive pair-interactions. For V,; = 1,000 K and
10,000 K, the values of z,;, z,5, and z,5 increase profoundly with x compared with those for V,
= 0 K. For a repulsive pair-interaction, z,, is decreased by varying from V,; =-1,000 K to -10,000
K. In particular, for V,; =-10,000 K, we get z,, ~ 0 up to x = 0.333, while the curves for Z,) Shows
two humps at x = 0.333 and 0.666, where that of z,3 has two dips. These two characteristic
concentrations are corresponding to the structural ordering V3a x V34 in the g-axis plane ob-
served experimentally. On the other hand, the values of z,; and z, . along the c-axis are almost
independent of V, ;. These results indicate that the pair-interaction between the 1st NNs in the a-
axis plane also affects the distribution of the 2nd and 3rd NN in the planes. According to the
EXAFS spectra for MxTiS2 (M =Mn, Fe, Co, and Ni, 0 £ x £0.33) [11,12], 2,41 ~ 0 in the real
system, which suggests that there exists a very strong repulsive interaction, in accordance with
our calculations (V,; = - 10,000 K).

$3.2 Effectof V a2and V. 1 0n atomic dlstrlbutlons

Furthermore, we have investigated the effect of pair-interactions of the 2nd NNs in the a-
axis plane, V,,, and of the 1st NNs in the nearest layers along the c-axis, V;, on the atomic
distributions. For simplicity, in the Hamiltonian we consider only two terms of k = al and a2 in
the a-axis plane, and k = al and c1 along the c-axis, respectively, as

H= -Yn (alnja1+V2n 32) andH= - Y, n (aln al Vln 1) (8)
<i,j> <i,j>

With the strong repulsive pair-interaction (V,; = -10,000 K) obtained above, we have calculated
the atomic distribution and averaged number z for G 1185 (x=0.15,0.25, 0.333, and 0. 50) with
V,p and V_, as parameters.

The averaged numbers z; for k = al, a2, a3, c1, and 2c are plotted against V. a2 and V, in the
left and right sides of Fig. 3. 7, respectively. As can be seen, with increasing V, 22> the values of 7.,
show a sharp increase around V,,, ~ 0, and those of z_, a sharp decrease, but the values of z,{, 7.}
and z, . are almost unchanged. With increasing V. -1- on the other hand, both ch and 7, show an
appreciable change near V| ~ 0, but z,;, z,,, and z,; remain unchanged. For any set of these two
pair-interaction strengths V,; and V, or V,; and V,;, however, the atomic distribution having the
2c-periodicity along the c-axis for Fe, TiS, observed experimentally cannot be reproduced, sug-
gesting a need for further additional pair-interaction between the guest atoms separated by 2c,
V2

c’

12



Rravavavavay VAYAVAVA

AVavaTaV o AVAVATAVAY)VEVAY, TS VAVATAY
No AT JAVATAVAN L VATAVAY L ATA YA
OO VRS A'l'%'A'AVAVAV

AR AN,
AATAT/ AV FAVAVATAYS" 2
RN IR RN
\VuVa P, VaN O FaVaVaVaVaT sV aVaVaa
RVAYVAVAVAY AV, VAV, Vo "AVAVAVAV.VAY . ¢
Va4 Vs SVAVAVAVAY, A VAVAYA™ VA"
VAV 7Y FaTAVAVAAVAAVAV AN N oS D\
AV;'\VAVAVA'G.JA\JA‘. A%
RIS

A TATa et T ATATATATATATAS A
T Y,

3%
5

)
KoK

VAVAVAVAYAY

o

ATATATS VA" ATATAYS

T VY G¥aY L TAVAYAN
YLV AYAY.YS Y Av Was
Y, A

RO

I

(a) +10,000 K (b) +1,000 K () 0K (d) -1,000 K

(e)-10,000 K

Fig. 3.1 Atomic distributions of guest atoms G in the six consecutive a-axis layers (m = 1-6 from bottom to top) for

G,TiS, (x = 0.15), calculated with (a) attractive interaction V,; = +10,000 K, (b) V;; = +1,000 K, (c) no interaction
Va1 = 0K, (d) repulsive interaction V,; =-1,000 K, and (e) V,; =-10,000 K.



ra¥av,vavy F4% A Fa¥al ut, AT v
XXXRS O HK
b'tVA‘./)'A'A‘,J‘VA'AVA'A"'\V.'A
AT AVAY o ) A TAVAVAT, ™ VAT TaY, 0
R, 8 CaVATAN XS~ 4 VAV AV 4™V
XXM K S AT OSSR SRR
\ v‘uv. l‘V)"V,\ Y., /5% Y,
AVA‘.A 'A'A‘.'(‘A'A
AT ST
AT
TaTATS_ H A'A'A'A'A
" AVI'C'AV-’A'A'I'\VAVAVA
T A 'A‘.uu T AVATAY e e AV ~0Y A.wr&.uunuvr«v.m
VaviTay P ATATAT AT FA VAT b AT T TN CAR AT AT T4 T ATATATAYe e,
favavavivey
AVAYATATAY.
ava
vaval a3
% X
Avay X
X . VafaTAVf
Y RO,
vy XXMM,
Va¥, R rv.v'\'.l.'«.h"vm'c
eV TS X0,
RN v
0 La%aVavs, 'AVA‘-’A'\‘.’A'A"‘\'-’A
VYo /4 VATATAY, (4™ AYAY ol
o 7e8,
X
iy
3 A TAT AVATATAY o AT,
+
VAV, T o lidututd o FaN o FA VAT I
K A'A'\‘A'A'A'\'A‘ AT v.‘.'.'u‘ EODEOOTEERK)
AT A, T4 =, ' 3.
oy RX oo la TaVaT
’A A'A'AVI‘ .4-'A'A‘ EATE ARSI e 74V AN) T VoS "A‘"A" AV ‘ '0'\
5, R R R L g Derademiate o
¥al a) SARAAR AOANDAR)
¥: '\'A‘.’A VA ’A'O'\‘ 'AVA'A'\‘
X O ATATAVAT A AP ATAY o T4 T\ AR
V.Y A ot XA LR R h=0.
X000 A v.-‘v.v.vmm BN A S,
. QIO OOOON 1P T A VL VATAVs N aV, SOV,
VAYATATATAY, o FATATITATSYY ! ' ot ant s PATAY. .74
hravaravava "4 WA .-u.
& 3
N
s ATATAT.Y
hrava
2
b
Ve

A‘
25
'A'A AVAY) A‘.‘-'A\—'&VA‘A‘A‘_’A‘A
T AaTaTa, P AT 3 aTa e

"4
VAN, FiTaY o AVaVAYA) L ATATATAY,. 4T
\Vo% AV Tad 'A'i‘"‘ ’A')'t‘ ”»
< TATATAT (VA" (Tl
A ArAY: bt T e,

e v‘Vl"Q'\'Av‘v‘

(a) +10,000 K (b) +1,000 K

PR
N -mv Jaanans, '0‘ m.w.
’b' ATAY™ " V
A

AV‘A'\‘A'\'AVA'A'\‘-'I‘ EXIRR
'A‘-':'A‘-'o 4,

RO u
.vu‘v.nv.vaﬂ.v.vm.’.n
NAAARAAARTIAAANNS h"v“

00
RO COOO00

(c) 0K d) -1,000 K

(e) -10,000 K

Fig. 3.2 Atomic distributions for G TiS, (x = 0.25), calculated with (a) Va1 =+10,000K, (b) V,; = +1,000 K, (c)

=0K,(d)V

21 =-1,000K,and (e) V,

21 =-10,000 K.

14



o TAVe “AVAVAVAVAVAVAVAY V4™ w ™4 e £4Y 0 O ™AW TS 1P b €4 ™ A Vo
VAVAVAV,Y RV 5%, A W SMONRAR TN
PRSI e
hvava 'l" :‘}‘ 'e‘." \-""\" &3
- PV £4™s ba
Avavi A DA
XX
TATIATIIYLY )
\I‘)I AR A4V Vg
"&‘.’A'K‘-' =TI ‘-’A"'A\ ITAY,
AVAVAVAVAVAVAVAVAYAY d \ ‘ ‘ o FAYy
& CAVAYLTAN, 7594 A b
Pt a 0t
AT ;‘-'\ .'o'o..u'
X
2\
2 'mv.uv.‘ e m‘.l“
AVATAVAYS™ « S\ PaVs™ 4 ™" o
NSO .y l V ;'AV 4 ' bu 2 VAVAY 2 4 VAV
vy, e o e
AYAYAVAVAVLV, AVAVAVAVAYAY YAl “ATAVAVAY. “AY)'
X et
VAV, 'A‘-’.'t‘ 43" (‘ IA'C‘.'A'AVA AV.
o ln\.l.'« A
$-1,
X
Q0 s
P b ATV O N
YAYA K‘A"‘ "'0 ATAVAVAYAY, "4Y AN
' CAVAR L 4t o TATATAY) 'A‘A'A
FAVAY...). ’A'AVA‘_’A
X VISR neas Rt e
" e .n,-,rAvAuv RN
B OO IOOR)
28 o= AR o,
'o'n.v‘vmuv.uv.v» L
NOL AYA SAVAVAVAY 'Avl ‘
NN PR NAGU AR “"
>~ v TS ATV PN
35 AYAVAY,"ATAVS™ . ‘ N Y DV 4" FATIT AN TR SR L 4% A AV b \'AVA'A‘.'A" "'4
avA V. AVAS 8 o8 AW ¢ Fa¥ kY, bar 74 7
% b)
Q D,
RS %
YA AR ln't"
LR m.l.'o.lm Seie
A ((A % "AVA‘ 'Yals "
e ATAYAVLYS' VAVA AN AN 'A'.’A' N 2
XX % a0
AR R IO

o o
TV
o l,'o.v,v.v‘v_vg,' TR

+"AVAVATATAVAVAVAVAV,Y)

'\'r‘uuuuu"'r %,
aY, OORR R ]
ok

t‘ e

3 T, et

'4.‘. RIS CXHOCEN) SR
AT

e ."' >
A‘."'a.u'm.u
0

£ RO RN

AN A VTS IS e
A uﬂuuum X e %
o Ay,

22 ST VTS, ’l'k‘ '0'4
'x'.lr\;.:‘v.u AValaTAY,
=4,

kX
e T,

FAVAIAVA,, -\v.l;'n.m. ¢ s
)

‘...‘ ’A

(XRX
% Wt lr Y
RS QOO
‘.‘.’»'o'b'JA'IA\ 't'A'AVAVA"
%

oV AT AT A AV AVAYAYAVAVAYAVAVAYAYS

A o TN AN ATAAN T
AR r.v‘v ‘.v.v.n

PPN AR Sst T, 'A'.‘.’A'\‘.v.
.'0..'"\‘."\."'\ ™ot

h'n OO A

a ’A'\V:'(‘ uy, "A'A‘ ATl

Vo4 " 2 4™ /AYS

e

AR

i
\‘.’A‘JA‘.’A‘. ’b'AVA‘ 3,
AT ST,

tantoa ¥4 A“'. )'0 'A“ l‘-')‘t‘ 'A
WO

QIR h'x\ lp'c'd 'A
R RECSCR AR o'o.a'\v.
WCAODRE SO0,

ANRAN Ny

(a) +10,000 K  (b) +1,000 K ()0K  (d)-1,000K (e)-10,000 K

Fig. 3.3 Atomic distributions for G 1S, (x = 0.333), calculated with (a) V., a1 = +10,000K, (b) V,; = +1,000 K, ©V,
=0K, (d) V,; =-1,000 K, and (¢) V,; =-10,000 K.

15



CTataln s el SataYa A7 70 s AW b Ts™ 14

RXITXE

-
0743
.0.'0"'0‘ V),

RX
A3 Y, £ \VA‘ 0 '\‘ '\'A‘ . 53 JA“'. 0
FESe T T e i
fVAVAYAVAYAYA
AASAN
-'A'A‘.VA‘-’.""'A‘ IA'A
R R R R )
2 RS
AvA '
VaVaTaYAVaY Jal el SIS T N PO R 73 73R T
N R AT AR I A A.’A\-’ Rk
SEES "‘-’A‘ ‘tVA‘ 'AVI-G"\‘O‘ ‘t"‘.ll‘-'A')‘ TATAT
AVTAVTaY, ) AR
Seoe e
L X8 RN R R,
,,"‘,.,.“_,,... ¥\ it ‘,,-“ PR O O
A steatat talaT b 240 o s
\‘ ‘.‘0‘-' #YATAYY® v 2 10,4 l)‘.l.'-’.ﬂ"\"\’l'o“i, "
v.vy X oh SRR Satatit e
T e e e % o '.‘.v.'w. . 'o. B )
YaYaV.VAVLY '3"""'" L,
.A.'.v. RO
AFAVAYAYA FAT AV AV TR oty
VATAVAYAY AV “ Wt A by n’
Cawh el
e
AN T SRR
l"“". 'A‘ N
Yt f’
5% ¥isY
R0, A i
X AR arl 2Rt 4%y
A ¥, 't -’b‘-'l‘\-- A u -'A't‘a“.‘. "‘ ’)'AVA‘ -’A
X hTAY R ) I
S X RIS IR IR

S I OATATLY 'o‘
3,

'S v A
" AT A ‘av.u
bl * '\\ ’l'A‘A'A‘A'A'A‘.

BN AN
R RR AR ey 'o.
ATATATATS AR

o),
1 ol Pay 2%t 'x\ g KRR
25 o

e

s

AV T v

e,
ey

RO N

R
:v“ :.\_‘

N
.v.o. 'o.&.

2hals ‘.'1‘ Ta¥ee
k7 -.u=v.-.v N

e
Y
R RN

EeWey,

" SRR
S T
".I) = s AL % -’A‘ .0. A"&
ST s,

TR et T

26 %

by

LRSS

h

Aadadeiatad
"Bt VAVA‘."'\VA‘.‘ g, R '\‘ 0 '\

(a) +10,000 K (b) +1,000 K (c)oK d)-1,000 K (e)-10,000 K

Fig. 3.4 Atomic distributions for G, TiS, (x = 0.50), calculated with (a) V. a1 = +10,000 K, (b) V,; = +1,000 K, (c) V,,
=0K, (d) V,;=-1,000K, and (¢) V,; = -10,000 K.

16



10
Va1 (103K)

10 -5 0 5 10
Va1 (103K)

Fig. 3.5 Averaged number of neighboring guest atoms in the atomic distributions for G, TiS, withx =
0.15,0.25, 0.333, and 0.50, z; (k= al, a2, a3, c1, and 2c), plotted against pair-interaction strength V.
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Fig. 3.6 Concentration dependence of z, for G TiS,, calculated with the different fixed pair-interac-
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and 0.50), calculated with the fixed pair-interaction strength V,1 (=-10,000 K).
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§3.3 Atomic distribution in Fe TiS,

In order to reproduce the observed short-range 2c¢-periodicity along the c-axis for x =0.15
and the long-range one for x = 1/4 and 1/3 [47], we have taken four pair-interactions Vat: Vazo Vers
and V,, as

= - Xy ln]al+V2n A2 4+ Ve oL+ Voon 26). ©)
<i,j>

Hereafter we call it multiple pair-interaction model. Using a set of parameters Vi, (k=al, a2, cl,
and 2c¢) ranging from -10,000K to 10,000 K by a step of 1,000 K, we have calculated the atomic
distributions and X-ray patterns for Fe TiS, with x = 0.15, 0.25, and 0.333. And from the com-
parison of these results with the X-ray patterns observed experimentally [47] and those calculated
with the form factors using the fractional occupancies determined from the neutron powder dif-
fractions [48], we have obtained the best-fit values of V} as listed in Table I (see later in details).

In Figs. 3.8(a)-3.8(c) are depicted the atomic distributions calculated with the best-fit values Vi
for Fe Tls2 with x = 0.15, 0.25, and 0.333, respectively, in the six consecutive layers.

Reflecting the strong repulsive interactions (V. a1 = ~10,000 K) in the a-axis and along the c-
axis (V; =-5,000 K), the Fe atoms are scattered with no nearest neighboring guest atoms in each
layer and along the c-axis for all samples. In the case of x = 0.15 [Fig. 3.8(a)], many Fe atoms are
arranged to have the 3rd NN atoms separated by the distance 2a each other in the a-axis plane,
showing the short-range ordered structure of 2a x 2a. For x = 0.25 [Fig. 3.8(b)], almost all of the
Fe atoms are arranged to have the 3rd NNs in the a-axis plane, and the arrangements in the 2nd
NN layers (k = 2c) along the c-axis are in good agreement with the observed superlattice 2V3a x
2a X 2¢ or 2a X 2a X 2¢. Furthermore, in the case of x = 0.333 [Fig. 3.8(c)], the Fe atoms have the
2nd NNs in the g-axis plane and 2c-periodicity along the c-axis, forming the ¥3a X V3a x 2c¢
superlattice. From Table I, it is noted that the attractive interaction (V5. = +5,000 K) is necessary
to produce the nearly regular patterns with the long-ranged 2¢-periodicity along the c-axis. In
addition, we see that V,,, is negative (repulsive interaction) for x = 0.25, while it is positive (at-
tractive one) for x = 0.333, and thus the sign of V,» determines which sites (2nd NN or 3rd NN
sites) are more stable and preferable in the a-axis plane of Fe, TiS,. Such variations of V, and V,_
with guest concentration x might be ascribed to the simple approximation of the many-body
interactions in Fe, TiS, by the multiple two-body interactions between the guest atoms.

Based on the foregoing atomic distributions of the guest Fe atoms, we have evaluated the
averaged number z, for the k-th neighboring atoms (k = al, a2, and a3 in the g-axis plane and & =
cl and 2¢ along the c-axis). The results for Fe TiS, with x = 0.15, 0.25, and 0.333 are shown in
the left, center, and right columns of Fig. 3.9, respectively, where the values of Z; (indicated by
rectangles) are plotted against k (hereafter referred to as number spectrum) for four different
distribution patterns, from the top to the fourth rows, calculated with the attractive interaction Vai
(= +1,000 K) [Figs. 3.1(b)-3.3(b)], no interaction (V. a1 = 0 K) [Figs. 3.1(c)-3.3(c)], the repulsive
one V,,(=-10,000 K) [Figs. 3.1(e)-3.3(e)], and multiple pair-interaction [Figs. 3.8(a)-3.8(¢c), Table
I].

In the case of V,; = 0K, the value of z; is nearly equal to z, = 6x for k = al, a2, and a3, and
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Table I Best-fit values of the multiple pair-interaction strengths (in units of
K), Val’ Vi, V1, and V,. used for calculation of atomic distribution of the
guest Fe atoms in Fe, TiS, (x = 0.15, 0.25, and 0.333).

Vi x=0.15 - x=025 x=0.333
A -10,000 -10,000 -10,000
Vo -5,000 -5,000 +5,000
V., -5,000 -5,000 -5,000
Vo 0 +5,000 +5,000

7 = 2x for k = c1 and 2c, as described earlier. For the attractive interaction, the number 7 18
reduced in the order, z,; > z,, > z,5, Which suggests the formation of some clusters of the 1st
NNs, as described later. For the repulsive one, Z,1 becomes nearly zero but z,, has the largest
value in the a-axis plane, and Z.1 and z,_ have the same values as those for V,1=0and + 1,000 K.
Meanwhile, the case of the multiple pair-interaction model shows a different behavior. For x =
0.15, z,; and z,, vanish but only z,5 has a large value, which indicates that the guest Fe atoms of
the 1st and 2nd NN are scattered, but the 3rd NNs form the short-range order of the form 2a x 2a
in the a-axis plane. For x = 0.25 and 0.333, Z,3 and za2 have the values as large as 4 and 53,
respectively, while z ; is zero and z,_ ~ 2, indicating that their structures are similar to the 2a x 2a
and V3a x \3a superstructures, respectively, in the a-axis plane with the 2¢c-periodicity along the
c-axis.

Similarly, we have evaluated z;, for the short-range ordered structure and the superlattices
with fractional occupancies for x = 0.15, 0.25, and 0.333 (Fig. 1.4), and the ideal superlattices for
x = 0.25 and 0.333 having site occupancy of unity (solid circles) or zero (open circles) [Figs.
1.4(b) and (c), respectively], as shown in the lower two rows of Fig. 3.9. For the lattices with
fractional occupancies of x = 0.15 and 0.25, 7, = 1-2 for k = al, a2, and a3, whose spectra re-
semble to those for the random distributions (V,; = 0 K). This similarity may be due to the small
difference in the fractional occupancies at the guest atom sites. For x = 0.333, the value of the 2nd
NN in the a-axis plane is largest among others (z,, = 3.7 >> 7., Z,3)» sShowing the large differ-
ence in the Fe occupancies. For the ideal superlattices, on the other hand, the guest atoms are
arranged regularly to have z,; = 6 and z,, = 2 for x = 0.25, and z,, = 6 and Zp. =2 for x=0.333.

§3.4 X-ray diffraction patterns for Fe TiS,

Experimental results of X-ray diffraction of Fe TiS, crystals with x = 0.15, 1/4, and 1/3
[47] are illustrated in Fig. 3.10, where the diffuse scattering and superlattice reflection points are
marked in the reciprocal lattice of TiS, in the left side, and their profiles parallel to the ¢*-axis
along (3/2 0 §) for x=0.15, (0 1/2 {) for x = 1/4, and (1/3 1/3 {) for x = 1/3 are depicted in the right
side. It is noted that the profile for x = 0.15 is very broad centered on { = 0.5, while those for x =
1/4 and 1/3 have sharp peaks at {=0, 0.5, and 1.0.
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In order to compare with these experimental results of Fe, TiS,, we have selected the recip-
rocal lattice points along (£ 1/2 1/2) and (3/2 0 {) for x = 0.15, (£ 1/2 1/2) and (0 1/2 {) for x =
0.25, and (£ 1/3 1/2) and (1/3 1/3 {) for x = 0.333, and calculated the X-ray diffraction profiles
from the obtained atomic distributions above using Egs. (6) and (7). For the superlattices, we
have employed the values of the fractional Fe occupancy n; determined experimentally [48,49] to
calculate Fi (& n ) in Eq. (7).

The results are shown in Figs. 3.11-3.13 for x = 0.15, 0.25, and 0.333, respectively, where
the intensity profiles parallel to the a*-axis and to the ¢*-axis are arranged in the left and right
columns, respectively. Here are shown three or four X-ray patterns, from the top row to the
bottom, for the distributions calculated with Va1 =-10,000 K [Figs. 3.1(e)-3.3(e)], multiple pair-
interaction model (Fig. 3.8 and Table I), the superlattice with fractional occupancy, and ideal
superlattice (Fig. 1.4). For the strong repulsive interaction (V,1 =-10,000 K), the X-ray intensities
for three samples are too weak, as shown in the top rows of Figs. 3.11-3.13, which means that
there is no obvious short- or long-range ordered structure in the a-axis plane and along the c-axis.
The X-ray intensities calculated by the multiple pair-interaction model show characteristic pro-
files (second rows of Figs. 3.11-3.13): we note that (i) for x = 0.15, three peaks around £=0,05,
and 1 along (£ 1/2 1/2) and a very broad peak around {= 0.5 along (3/2 0 {), (ii) for x = 0.25, three
peaks around =0, 0.5, and 1 along (£ 1/2 1/2) and three peaks at {= 0, 0.5, and 1 along (0 1/2 {),
and (iii) for x = 0.333, a peak around & = 0.33 along (£ 1/3 1/2) and three peaks at { = 0, 0.5, and
1 along (1/3 1/3 {). These calculated results are in qualitative agreement with those observed
experimentally (Figs. 3.10) and also those calculated for the short-range ordered lattice (x = 0.15)
and superlattices with the fractional Fe occupancy (x = 0.25 and 0.333) (third rows of Figs. 3.11-
3.13). '

The very broad peak around { = 0.5 along (3/2 0 {) for x = 0.15 is quite similar to the
experimental profile in Fig. 3.10(a), revealing that the calculated atomic distribution has not a
long-range order of 2c¢ but a short-range order along the c-axis. Furthermore, it is noted that the
calculated peaks along the a™-axis are broader than those for the superlattices with fractional
occupancy, which indicates a small deviation from the long-range ordered structure, or a random-
ness of the Fe atoms in the a-axis plane. Such randomness may have been omitted in the calcula-
tions for the superlattices with fractional Fe occupancy obtained by the Rietveld profile fitting.

The X-ray intensities for the ideal superlattice with the occupancy of unity or zero (bottom
rows of Figs. 3.12 and 3.13) are much stronger than those for other distributions, by 10 times for
x = 0.25 and double for x = 0.333. Especially, for x = 0.25 there is no peak at é = 0.5 and {= 0 or
1 [Figs. 3.12 (d) and 3.12 (h)], the latter of which is quite different from the pattern observed
experimentally [Figs. 3.10(b)].

Thus, from our MC simulations based on the multiple pair-interaction model, we have
obtained reasonable X-ray diffraction patterns for Fe, TiS, (x=0.15,0.25, and 0.333), in satisfac-
tory agreement with the experiments.
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Fig. 3.8 Atomic distributions of the guest Fe atoms in Fe TiS, with (a) x=0.15, (b) x=0.25, and (c) x =
0.333, calculated with the multiple pair-interaction mode! (Table ).
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Fig. 3.11 X-ray diffraction intensities for Fe TiS, (x = 0.15) along (& 1/2 1/2) parallel to the a*-
axis [left side, (a)-(c)} and along (3/2 0 {) parallel to the ¢*-axis [right side, (d)-(f)], calculated
from three different atomic distributions with Va1 =-10,000 K (top row), the multiple pair-interac-
tion model (second row), and the short-range ordered structure 2a X 2a X 2¢ with fractional site
occupancy (bottom row).
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§3.5 Atomic distributions in stage-2 Agg 15TiS,

According to the X-ray diffraction studies [58], the stage-2 Ag, |sTiS, crystal undergoes a
phase transition from ordered V3a x \3a x 2¢ to disordered structure around 250-300 K. The
formation of \3a x ¥3a structure itself is also realized in the a-axis planes of Fe TiS, (x = 0.333),
as revealed by our MC calculations using four kinds of pair-interactions Vi1 Vi 1> and Vo)
in the Hamoltonian [Eq. (9)]. With these parameters, however, only stage-1 structures in G, TiS,
with any concentrations x are obtained, but not stage-2, along the c-axis direction.

In order to reproduce the stage-2 G, ;5TiS, with V3a x 34 structure, we have taken into
account an additional term in the Hamiltonian, repulsive pair-interaction, ch’ between the 2nd
NN guest atoms in the nearest layers separated by la + ¢l, which plays a crucial role to the atomic
distributions in stage-2 Ag, ;5TiS,, as described below. In addition, the phase transition occur-
ring around 250-300 K suggests that these pair-interaction strengths may be much weaker than
those for Fe, TiS, (x = 0.333). With these in mind and by considering that the transition probabil-
ity is given by W = exp(-AH/T) [Eq. (4)], we have employed a set of weaker pair-interaction
strengths for Agg5TiS, a8, V,; =-360 K, Vo = +180K, V.1 =-180K, and V,.=+180 K, where
the best-fit values obtained for Fe, 33,TiS, (Table I) are used but their magnitudes are reduced by
about 1/30 with keeping the ratio V} /V,; unchanged.

Figure 3.14 illustrates variation in the atomic distribution of Gy .15TiS, at T =200 K with
V. (=0,-45,-90, and -180 K). In the case of V.5 = 0K, the guest atoms distribute in every layer,
forming the stage-1 structure with ~\3a x V34 arrangements, as expected. While for the repulsive
interaction V,,, the guest atoms are arranged having the in-plane V3a xV3q arrangements, which
are stacked every two layers along the c-axis to form the stage-2 structure. Some domains of
stage-2 structure are obtained for V, = -45 K, and the domain size becomes larger with increas-
ing IV ,|. These distributions are quite different from that for the stage-1 Fe( ;5TiS, with short-
range order of 2a X 2a X 2¢ [Fig. 3.8(a)].

With increasing temperature, the guest atoms vary in the a-axis layers to destroy the in-
plane V3a x \3a ordered states, as can be seen from the temperature variations in atomic distribu-
tions in the stage-2 G, ;5TiS, (V, = -45 K; Figs. 3.15) and stage-1 Gy 15115, (V, = 0 K; Figs.
3.16). The guest atom arrangements are changed from the in-plane V3a x ¥3a structures below
200 K to the disordered states above 250 K. Temperature dependence of the averaged numbers of
neighboring atoms z, (k= al and a2 in the a-axis planes, and k = c1, 2, and 2c along the c-axis)
for four different pair-interaction strengths V,, (= -180, -90, -45, and 0 K) are shown in Fig. 3.17.
At T = 100 K the numbers Z,, and Z9¢» corresponding to attractive interactions Va2 and V2C, have
rather large values, z,, = 4.2 and z,_ = 1.6, but those to repulsive interactions V,and V, are
small, z,; ~ 0 and z.; < 0.2. The value of z, is strongly dependent on Vo fromz, =29 forV,
=0Ktoz=0.0for V_, =-180 K. These results give us the reason why the stage-2 structure
with nearly V3a x V3a x 2¢ arrangement is formed by the interaction strengths used for our
calculation; the repulsive interaction V. is needed to satisfy the necessary condition for the stage-
2 structure, z, ~ 0. With increasing temperature, the values of Zy and 7, decrease, while others
increase, and they tend to approach the values of random distributions, Za] ~ 2 ~6x=09,z , ~
Zep ~2x=0.3, and z,, ~ 12x = 1.8. Here we should notice that the averaged number 240, Which is
strongly related to the in-plane V3a x \3a structure, decreases gradually with temperature, which
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means that the number Zaz is useful as an prospect of the in-plane ordered states but not enough to
be an order parameter specifying the order-disorder transition of the V3a x V3a structure.

It should be emphasized that this is for the first time to construct such stage-2 structure
only with pair-interactions between neighboring atoms, to our knowledge; some long-range
interlayer and/or intralayer interactions are employed for the explan'ation of the stage-n structures

in GIC [59, 66].

§3.6 X-ray diffraction patters for Agg 15TiS,

Now, we shall discuss more quantitatively the phase transition around 250-300 K in
Agg 15T1S, from the X-ray scattering patterns calculated using the atomic distributions obtained
by our MC simulations. Figure 3.18 shows the experimental results of (a) diffuse scattering pat-
terns (called diffuse rod) in Ag |5TiS,, parallel to the ¢*-axis direction centered on (5/3 2/3 0)
and (b) those of in-plane diffuse scattering along [1 1 0] direction at (5/3 2/3 1/2); the integrated
intensity and full width at half maximum of the latter are plotted against temperature in Figs.
3.18(c) and (d), respectively. It is noted that the diffuse rod is very anisotropic elongated along the
¢*-axis direction and it has small peaks at ¢ of half integers. The integrated intensity is decreased
remarkably above 200 K with inflection point around 240 K, above which the width becomes
broader. We have calculated the X-ray profiles along (5/3 2/3 ¢) using Egs. (3) and (4), and the
calculated atomic distributions at 7= 200 K in Fig.3.14; the results for V., = -180 K, -90 K, -45
K, and 0 K are shown in Fig. 3.19. With increasing IV_,|, the intensities at ¢ of integer increase,
but those at ¢ of half-integer decrease oppositely. The calculated pattern with V., =-45 K [Fig.
3.19(c)] is best agreement with the experimental profile for Agg 15TiS,.

Temperature variations of diffuse scattering intensity profiles parallel to the ¢*-axis direc-
tion centered on (5/3 2/3 0) are shown in Fig. 3.20(a). For ¢ of integers and half integers very
sharp peaks appear at low temperatures, whose intensities take maximum values around 200 K,
and decrease with increasing temperature, as shown in Fig. 3.20(b). The results along [1 1 0]
direction at (5/3 2/3 1/2) are illustrated in Fig. 3.21; the calculated profiles are very sharp com-
pared with those along the ¢™-axis direction and its integrated intensity shows similar temperature
dependence to that shown in Fig. 3.20(b). Thus, overall behavior of the diffuse rod observed in
the stage-2 Ag 5TiS; are reproduced successfully using the atomic distributions in Fig. 3.15
simulated with the repulsive V., = -45 K and other four pair-interactions.
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Fig. 3.20 (a) Temperature variation in X-ray diffraction profiles of the diffuse rod centered on (5/3 2/3 0) for
Ag 15TiS; and (b) the values of the peak intensity at (5/3 2/3 0) and (5/3 2/3 1/2) plotted against tempera-
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Fig. 3.21 (a) Temperature variation in X-ray diffraction profiles of the in-plane diffuse scattering along [1 1
0] direction at (5/3 2/3 1/2) for Ag,, ;5TiS, and (b) the values of the integrated intensity plotted against
temperature.
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Chapter 4
Discussion

§4.1 Fe TiS,
4.1.1 Formation of clusters and percolation

We shall now discuss on the formation of clusters of the guest atoms in Fe, TiS, in the a-
axis plane and along the c-axis. Fig. 4.1 illustrates typical atomic distributions in the first layer (m
= 1) obtained with the multiple pair-interaction model for (a) x = 0.15, (b) 0.25, and (c) 0.333,
where Fe-occupied sites are marked by solid points. Solid lines (top row) mark the clusters that
are formed by connecting the 1st NNs (k = al), which we refer to as the al-cluster for short. Since
the number of 2,1 for x = 0.15 is zero [Fig. 3.9(d)], there is no al-cluster, while for x = 0.25 and
0.333 very small al-clusters exist that are isolated each other. Similarly, the a2-clusters are formed
by connecting the 1st and 2nd NNs (k = al and a2) (middle row). The a2-clusters for x = 0.15 and
0.25 are small, while those for x = 0.333 are connected each other throughout the a-axis plane like
a web pattern, forming so-called a percolation cluster [67]. As shown in the bottom row of Fig.
4.1, the a3-clusters formed by the 1st, 2nd, and 3rd NNs for x = 0.15 are large, and those for x =
0.25 and 0.333 extend to form a large percolation cluster having a web-like connection. Further-
more, it is noted that the dimension of the percolation cluster of the a3-cluster appearing in some
layers for x = 0.15 is one-dimensional (1D), while those of the a2- and a3-clusters for x = 0.25 and
0.333 are two-dimensional (2D), as listed in Table II for three samples,

We here define a cluster size, Sy as the number of the connected atoms in the k-cluster and
a total number, N(sk), as the number of total guest atoms in its cluster of size s, within the sample
lattice considered (18 x 18 x 6). Fig. 4.2 plots the total number N(sp) versus cluster size sp(k=al-
a3) for (a) x =0.15, (b) 0.25, and (¢) 0.333 — so-called cluster-size distribution —. For x = 0.15,
we get a large value of N(s;) with 85,1 = 1 and 5, < 2, which indicates that the al- and a2-clusters
are almost isolated, while the cluster-size distribution of the a3-cluster is broad (s43=1-48). For
x = 0.25, the cluster size is increased (sal <3and Sy < 10), and the a2-cluster has a particularly
broad distribution. In addition, for the a3-cluster we get 5,3 = 80, nearly equal to the total number
of the guest atoms per layer, ~ Nx/6, which shows that the a3-cluster is formed by almost all
intercalated guest atoms. For further intercalation (x = 0.333), we have a little broad distribution
with larger cluster size (s,; < 7) for the al-cluster and a single distribution with Sa2 ~ S,3~108 (=
Nx/6) for the a2- and a3-clusters.

Moreover, the c1- (top row), 2c- (second row), and c2-clusters (third row) for Fe TiS, with
x=0.15, 0.25, and 0.333 are formed along the c-axis, as illustrated in Figs. 4.3(a), (b), and (c),
respectively, where atomic distributions are depicted in the ac-plane. In all samples, there is no
cl-cluster and the Fe atoms are completely isolated (top row), while the 2c-clusters form linear
chains along the c-axis (second row), and thus these chains are 1D percolation clusters. In con-
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trast, the c2-clusters have long-range zigzag chains for x = 0.15, linear chains with partially
zigzag connection for x = 0.25, and wide web-like network for x = 0.333 (third row). In addition,
the bottom row of Fig. 4.3 shows these c2-clusters projected on the a-axis plane (m = 1), where
solid points indicate the Fe atoms in this layer and open circles those in the NN layers (m = 2 and
6, because of the periodic condition of the lattice). From these projected patterns, it is readily seen
that the dimension of the percolation cluster of c2-cluster is 3D for all samples (Table II).
Figure 4.4 shows the cluster-size distributions of the c1- (top row), 2c- (middle row), and
c2-clusters (bottom row) for (a) x = 0.15, (b) 0.25, and (c) 0.333. We see a large single peak at Se1
= 1, which indicates that the Fe atoms formed with the 1st NNs are completely isolated. The
distributions for the 2c-clusters (middle row) are broad (85¢ = 1-3). On the other hand, the c2-
clusters have large peaks at s, ~ 250, 460, and 650 for x = 0.15, 0.25, and 0.333, respectively,
which are nearly equal to the total guest atoms Nx. Thus the cluster formation and the dimension

of the percolation cluster are strongly dependent on the type and the number of neighboring guest
atoms in both directions.

(a) x=0.15 (b)x=0.25 (c) x = 0.333

al-cluster
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Fig. 4.1 Formation of the al- (top row), a2- (middle row), and a3-clusters (bottom row) in the a-axis plane (m = 1) for
Fe, TiS, with (a) x = 0.15, (b) x = 0.25, and (c) x = 0.333. Solid points mark the Fe atoms and solid lines clusters
formed.

39



k x=0.15 x=0.25 x=0.333
al — — —_
a2 —_— —_ 2D
a3 1D 2D 2D
cl —_ — —
2c 1D 1D 1D
c2 3D 3D 3D
(a)x=0.15 (b) x = 0.25 (c) x = 0.333
300 500 700 —————— —
400} ] ggg:
200 | 300} 1 400}
200 | 300}
100} 1 ool | 200}
00 100}
0 2 n I 1 2 n " " Py 0 So— I " 0 P 1 1
012345678910 012345678910 012345678910
Sa1 Sat Sa1
300 — 500 700 ——
400} ] :g:
200} i
= 300 1 aoo}
z 200 | 300
100' 7 o‘ 200.
10 1 100}
0 0 () TS S
01234567 8910 012345678910 0 20 40 60 80 100 120
Sa2 Sa2 Sa2
300 S 500 : 700 —
| =
2001 300 | 1 a00}
200 | 300}
100} 200}
l I 1 100 1 100l
o 0 i 2 " i L n " 0 L 1 i n . 2 "
0 10 20 30 40 50 O 20 40 60 80 100 O 20 40 60 80 100 120
Sa3 Sa3 Sa3

Fig. 4.2 Total number of the guest Fe atoms N(s;) in the k-cluster of size s in the g-axis layer involved in the whole
lattice site (18 x 18 x 6) for Fe, TiS, with (a) x = 0.15, (b) x = 0.25, and (c) x = 0.333, plotted against the cluster size

Table II Dimension of the percolation cluster of each k-cluster (k = al,
a2, a3, cl, 2c¢, and ¢2) formed in FexTiS2 (x=0.15, 0.25, and 0.333),

obtained with the multiple pair-interaction model.

s, (k=al, a2, and a3).
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Fig. 4.3 Formation of the cl- (top row), 2¢c- (second row), and c2-clusters (third row) for Fe, TiS, with (a) x=0.15, (b)
x=0.25, and (c) x = 0.333. Solid points mark the Fe atoms in the ac-plane and solid lines the clusters formed. In the
bottom row are shown the projections of the Fe atoms and clusters on the first a-axis plane (m = 1), where solid and
open circles indicate the Fe atoms in the plane and in the next nearest planes, respectively.
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Fig. 4.4 Total number N(s;) of the guest Fe atoms within the k-cluster of size s, plotted against cluster size s (k=cl,
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4.1.2 Magnetic properties

As described in Chapter 1, Fe, TiS, shows SG (0.01 <x< 0.20), CG (0.20 < x £ 0.40), and
F (0.40 < x £ 1) phases having a strong anisotropy with the easy axis along the c-axis. The
positive Curie-Weiss temperature observed in the paramagnetic phase above the phase transition
temperature [36] indicates the existence of strong ferromagnetic exchange interaction between
the Fe spins in the a-axis plane and some weak but ferromagnetic exchange interaction between
the Fe spins along the c-axis. In addition, we have found interesting behaviors in the relaxation
phenomena of thermoremanent magnetization M, of the SG and CG phases. Some of these mag-
netic properties can be understood from the present results of computer simulations as follows:

(1) The ferromagnetic exchange interaction between the Fe atoms is considered as due to
the 2nd and 3rd NN atoms in the g-axis layers, but not due to the 1st NNs, since Z,1 ~ 0 for all
samples (x < 0.333). (2) The observed CG phase is primarily stemmed from the web-like 2D
percolation cluster formed for x = 0.25 and 0.333 in the a-axis plane (see Fig. 4.1). On the other
hand, the SG phase (x = 0.15) has no 2D percolation cluster but its percolation cluster is one-
dimensional. (3) In the relaxation behavior of M, we have found that the equilibrium relaxation
spectra for x = 0.333 is much broader than those for x = 0.25 [44-46]. Such a difference is now
attributable to the difference in the type of the percolation cluster, where 2D percolation cluster is
formed by the 3rd NNs for x = 0.25 and by the 2nd NN for x = 0.333. In the relaxation process of
M_, an Fe spin reverses gradually its direction after a magnetic field applied along the c-axis is
switched off. In the present case, this process corresponds to the removal of some Fe atoms from
a given atomic distribution. This in turns means that the percolation cluster for x = 0.25 is de-
stroyed into some smaller clusters which no longer percolate over the g-axis plane. But the 3D
percolation cluster for x = 0.333 may not be destroyed, because in this case it is formed with the
2nd NNs. (4) Since the c2-cluster is a 3D percolation cluster for x = 0.15-0.333, the exchange
interaction between the c2-cluster along the c-axis may be much weaker that those between the
2nd and 3rd NNs in g-axis plane.

For further quantitative discussion on the magnetic properties in SG and CG phases, espe-
cially on their spin dynamics, simulations taking into account the exchange interactions between
the k-th neighboring Fe atom (k = a2, a3, ¢2, and 2¢) will be needed.

4.1.3 Local structures

EXAFS studies of M, TiS, [11,12] have revealed that the interatomic distance between the
guest atoms M and host sulfur atoms S, R(M-S), depends strongly on the kind of M but not on its
concentration x, while the Ti-S distance, R(Ti-S), increases with x (Fig. 4.5). Such changes in the

‘local structures are in qualitative agreement with the concentration dependence of the lattice
parameters a and ¢ of M, TiS, (Fig. 4.6) [8]. More detailed discussion has been done by consider-
ing that the S atoms change their position [A(n), H(n)] depending on the number of the surround-
ing guest atoms, 7 (integer), as shown in Fig. 4.7, using a random guest atom distribution [12]. In
the present work, we shall give further discussion on these local structures based on our calcu-
lated atomic distributions in M, TiS,.
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Fig. 4.5 Interatomic distances (a) R(M-S) and (b) R(Ti-S) obtained
from M and Ti K-edges EXAFS experiments for M, TiS, (M = Fe
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Fig. 4.6 Lattice parameters a and ¢ plotted against the guest concen-
tration x for M, TiS, (M =V, Cr, Mn, Fe, Co, and Ni) [8].
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H(n)

c/2

Fig. 4.7 Schematic top view for the displacement of the host S atom (large circle) according to the
number of the surrounded guest atoms (solid circles), n (= 0, 1, 2, and 3) for M, TiS,; open small
circle indicates unoccupied site. Corresponding cross-section for the position of the S atom, {A(n),

H(n)] from guest atom; the S atoms with no surrounded guest atom (n = 0) are assumed to be at H(n)
= c/4.

As a typical result, Figure 4.8 illustrates the atomic distribution of the guest Fe atoms
calculated with the multiple pair-interaction model [solid circles; bottom row of Fig. 3.8(b)] and
of the host S atoms in the first layer (m = 1) for Fe,TiS, (x = 0.25). The S atoms with the number
of its nearest Fe atoms, n = 0, 1, and 2 are marked by open circles, hatched circles, and open
squares, respectively. In this case, there is no S atom with n = 3. For numerical treatment of these
atomic distribution, we here introduce the probability that one host S atom has » nearest guest
atoms, which we express as,

p(n) = Nn)/Ng, (10)

where N(n) is the total number of the S atoms associated with the n nearest Fe atoms and Ng (= 18
X 18 X 6 X 2 = 3888) the total number of the S atoms in the whole lattice.

In Fig. 4.9 are shown the calculated values of p(n) plotted against n for all samples (x =
0.15, 0.25, and 0.333) obtained from various atomic distributions (Figs. 3.1-3.3, and 3.8). We
should note that the p(n)-n plot obtained by the multiple pair-interaction model for each sample is
nearly similar to those obtained with the repulsive interaction (V,; = -10,000 K). This result is in
good agreement with the fact that the averaged number of the 1st NN guest atoms z,; is nearly
zero (z,; ~ 0), which arises from the strong repulsive pair-interaction V,; in the a-axis plane, as
mentioned above (Fig. 3.10). Using the probability p(n) obtained with the multiple pair-interac-
tion model and random distribution, and the observed lattice constants a and ¢ [Fig. 4.6], we have
evaluated the Ti-S distance R(Ti-S), or the change in the local structure near the S atoms. For
simplicity, we assume that the host Ti atoms array regularly with the periodicity of the lattice
spacings a and c, and express the S position as, [A(r), H(n)], from the guest atom M in the plane
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including the direction of M-S-Ti bondings. Based on this model, we obtain the relations, A(3) =
V3a/3, H(0) = ¢/4, and A%(n) + H2(n) = R2(M-S) for n = 1, 2, and 3; therefore, H(3) = [R2(M-S) -
a?/31Y2. In addition, the displacement H(n) of the S atom from H(0) to H(3) is not always linear
to n, since the strength of the bonding between the guest M and S atoms is often much stronger
than that between the vacant site and S atoms. In facts, semiempirical analysis of the guest con-
centration dependence of the interlayer spacing c based on the concept of “resonance” in chemi-
cal bonding, have revealed that the force constant for the M-S bond is larger than that for the
vacancy-S bond in the van der Waals gap in M, TiS, [8]. Therefore, we assume a nonlinear depen-
dence of H(n) on n as,

H(n) = H(0) + [H(3) - HO)] (n/3) {(1+6)/[1+ &n/3)]}. (11)

Here 4 is a parameter to specify a nonlinear dependence of H(n) on the number 7; for 8= 0 H(n)
changes from H(0) to H(3) linearly, while for a positive & it does concavely with n when H(3) <
H(0), and oppositely for a negative 8. Then, R(Ti-S) can be written as,

R(Ti-S)= X p(n) R(Ti-S), (12)

where p(n) is the probability obtained above and R, (Ti-S) is the interatomic distance for n, which
1s given by

R, (Ti-S) = (n/3){A%(n) + [(c/2) - H(n)] 2}1/2
+ (1- n/3){B2(n) + [(c/2) - H(n)] 2}172, (13)

using B(0) = V3a/3, B(1) = {(a/2)? + [(N3a/2) - A()]2} 12, and B(2) = (V3a/2) -[A2(2) - (a/2)2]V
2. The first term in Eg. (13) is for the Ti atoms above or below the guest atoms and the second
term for those around the unoccupied sites. The best-fit values of &, A(n), and H(n), are listed in
Table HI for two samples (x = 0.25 and 0.333). We see that the nonlinear parameter §is very small
(-0.02 for x = 0.25 and -0.15 for x = 0.333), which means that the change in the S atom position
along the c-axis is almost linear to the number of the nearest Fe atoms n [Fig. 4.10(a) and (b])]. In
addition, with increasing n, A(n).is almost unchanged but H(n) is reduced. However, no clear
difference in the values of A(n) and H(n) are seen among these samples, regardless of the type of
the distributions used.

Similar calculations for other intercalation compounds M  T1S, have been made in the same
way as done above. The best-fit values for Co, TiS, are summarized in Table IV, where the prob-
ability of FexTiS2 is used, since much less is known about the structural studies of this compound
to our knowledge. We have found that among others Co,TiS, has the largest value of §; § = 3.8
for x=0.25 and 2.2 for x = 0.333 (multiple pair-interaction model) and 9.8 for x = 0.25 and 6.3 for
x = 0.333 (random distribution). Thus, we have clarified that atomic distribution of the guest
atoms around their host S atoms play a crucial role on the local structures in the intercalation
compounds. Such large values of § for Co guest atoms means that the host S atoms can be shifted
easily along the c-axis by even one Co atom [Fig. 4.10(c) and (d)], which may be due to a very
strong bonding between Co and S atoms. From these analyses, variations in the local structure for
Fe, TiS, and Co,TiS, are illustrated schematically in the (1 1 0) cross-sections of Fig. 4.11(a) and
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S atoms for different atomic distributions in Fe, TiS, with x = 0.15 (left column), x = 0.25 (center column),
and x = 0.333 (right column), calculated with Va1 =+1,000 K (top row), V,, = 0 K (second row), Va=-
10,000 K (third row), and the multiple pair-interaction model (bottom row).



Table III Best-fit values of nonlinear parameter &, probability p(n), and positions A(n) and
H(n) (in units of A) of the host S atom with n nearest guest Fe atoms in Fe, TiS, (x=0.25
and 0.333), obtained from the atomic distribution with the multiple pair-interaction model
and random distribution.

Multiple pair-interaction Random distribution

n p(n) A(n) H(n) p(n) A(n) H(n)
x=0.25 6=-0.022 6 =-0.028

0 0.295 — 1.428 0.422 — 1.428

1 0.660 1.943 1.407 0.422 1.943 1.407

2 0.045 1.959 1.385 0.141 1.959 1.385

3 0.000 1.974 1.363 0.016 1.974 1.363
x=0.333 6 =-0.15 6 =-0.20

0 0.050 — 1.429 0.297 — 1.429

1 0.900 1.940 - 1.406 0.444 1.940 1.407

2 0.050 1.958 1.381 0.222 1.957 1.382

3 0.000 1.977 1.353 0.0370 1.977 1.353

(b), respectively. In Fe, TiS, the contraction due to S-Fe-S bonding and the expansion of the host
layer, which caused mainly due to charge transfer from Fe atom to Ti atom, compensate each
other and the interlayer spacing ¢ is less changed upon intercalation, while in Co, TiS, the con-
traction due to S-Co-S bonding overcomes the expansion of the host layer, leading to the contrac-
tion of the interlayer spacing ¢ (Fig. 4.6).

Furthermore, the difference in é between Fe, TiS, and Co,TiS, is attributable to the differ-
ence in the bond nature between the guest atom and the surrounding S atoms or Ti atoms. As
pointed out by N. Suzuki et al. [40], in M TiS, (M =Mn, Fe, Co, and Ni; x= 1/3 and 1) the M 3dy
states are hybridized strongly with S 3p states, and the bond order between them is large and
plays a dominant role in the chemical bondings, leading to a large value of 8. In Fe,TiS,, how-
ever, the Fe 3de states are also hybridized strongly with Ti 3de states, and the bond order of Fe
3de -Ti 3de bonding along the c-axis direction is fairly large comparable to that of Fe 3dy-S 3p
bonding, which may be the main reason why the parameter & specifying the nonlinearlity in the
Fe-S bonding along the c-direction is very small in the Fe intercalates.
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Table IV Best-fit values of nonlinear parameter &, and positions A(n) and H(r) (in units of
A) of the host S atoms with 7 nearest guest Co atoms in Co,TiS, (x = 0.25 and 0.333),
obtained from the atomic distribution with the multiple pair-interaction model and random
distribution, where the probability p(n) for Fe TiS, (Table V) is used.

_ Multiple pair-interaction Random distribution
n A(n) Hn) A(n) H(n)
x=0.25 0 =338 6 =98
0 — | 1.410 — 1.410
1 1.950 1.352 1.958 1.341
2 1.961 1.336 1.964 1.332
3 1.967 1.328 1.967 1.328
x=0.333 6=22 0=6.3
0 — 1.410 — 1.410
1 1.944 1.358 1.954 1.343
2 1.959 1.336 1.963 1.330
3 1.967 1.325 1.967 1.325
1.41 | (a) Fe0_25Ti32 ] 1.39 ,.‘ (C) 000_25Ti82_
£
T 137 135
1.33 . - 1.31
b) Feq 33TiS )
1.41 ®IFe0.3aTiS2] ;59
= a
T
1.37 1.35 ¢
1.33 : : 1.31
0 1 2 3 0
n

Fig. 4.10 Variation in the displacement H(n) of the S atoms along the c-axis direction with n nearest guest
atoms for (a) Fe,, ,5TiS,, (b) Feq 35 TiS,, (c) Coy »5TiS,, and (d) Co 33 TiS,. Solid and open circles shows
the values obtained from the atomic distribution with the multiple pair-interaction model and those from
random distribution, respectively.
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(a) Fe, TiS (b) Co, TiS
X192 x'i92

Fig. 4.11 Schematic (1 1 0) cross-section for the variation in the local structure in (a)
Fe,TiS, and (b) Co,TiS, upon intercalation of the guest atoms.

§4.2 Phase transition in Ag ;5TiS,

Now we shall discuss phase transition in stage-2 Ag, 15TiS,. As described above, the atomic
distribution in Ag, ;5TiS, shows in-plane V3a x \3a structure at low temperatures, and the or-
dered structure is destroyed with raising temperature [Fig. 3.15]. This order-disorder transition
occurs due to the small values of pair-interactions V}, of the order of 100 K in the present simula-
tion. Here, we should point out two experimental evidence, thermal displacement of the host and
guest atoms in-plane and along the c-axis determined by X-ray analysis [51,53], and entropy of
phase transition evaluated from the specific heat measurements [56,57].

The c-axis length for one silver layer in stage-2 Ag 15TiS, has a spacing elongation of
0.71A compared with the van der Waals gap of the host TiS,, as illustrated in Fig. 1.5 [51].
Furthermore, temperature factors of the constituent Ti and S atoms and guest Ag atom, Br;, Bg,
and B, for TiS; and Agg 15TiS; are listed in Table V, as well as their mean square thermal
displacements, fip, 4, evaluated using the relation By = 87 iy, 42 for atom A (= Ti, S, and Ag).
From these results, we can see that upon intercalation of Ag atoms, vibrational amplitude of Ti
atoms becomes larger both in-plane and along the c-axis, while that of S atoms is almost un-
changed, which means that the expansion of the host layers leads to the large vibration of Ti
atoms. Furthermore, it is noted that the value of B Ag is very large, especially in the a-axis planes
(Bag=3.0 A2 >> By, Bg). This fact also supports that the pair-interactions between the neighbor-
ing Ag atoms are rather weak, and the in-plane arrangements of the Ag atoms are easily destroyed
by the thermal fluctuation of the order of 300 K into disordered states, as shown in Fig. 3.15.

Specific heat measurements for Ag,TiS; (0.09 <x £0.34) [56,57] confirmed that the tran-
sition temperature is about 280 K, which is less dependent on Ag concentration x, and its entropy
per 1 mol of guest Ag atoms due to this transition is evaluated to be § = 9.9 + 1.0 JK-1Ag-mol-!
from the extra specific heat shown in Fig. 4.12. The obtained value is close to the expected value
RlIn3 (= 9.13 JK-1mol'l) when the Ag atom is accessible only to three sites ¢, f, and y within a
V3a x V3a unit cell [56].
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Fig. 4.12 Temperature dependence of the extra specific heat observed for
Ag TiS, with x = 0.0902 (open square), 0.181(solid circle), and 0.361 (open
circle) [57].

Table V Temperature parameters B, for A atoms (= Ti, S, and Ag) in the a-axis and
along the c-axis for TiS, and Ag, TiS, with x = 0.18 at room temperature [51,57]. The
mean square thermal displacement, L, 4, is evaluated using By = 8721y, 42.

direction B,,Ti ]EES Bf\g /Jﬂ},Ti A“t{x,S ‘uth;Ag
(A2 (A2) (A2) (A) (A) (A)
T182 a 0.76 1.00 - 0.098 0.113 -
c 1.78 1.6 - 0.150 0.14 _
AngiSZ a 1.18 1.08 3.0 0.122 0.117 0.195
c 1.9 1.6 1.6 0.16 0.14 0.14

§4.3 Comparison between Fe, TiS; and Ag 15TiS,

Finally, we shall compare the results for Fe, TiS, and Ag, ;5TiS,. The intercalation com-
pound Fe, TiS, shows stage-1 structure over whole Fe concentrations x = 0-1, but Ag, TiS, shows
stage-2 structure in the restricted Ag concentration range 0.1 < x < 0.3. The interaction strengths
Vi (k=al, a2, c1, and 2c¢) for Ag) ;5TiS, are much smaller than those for stage-1 Fe ;5TiS, and
Feg 333TiS,, and V,, is necessary to obtain the stage-2 structure in Agg 15T1S,, as described in
Chapter 3. Such differences are attributable to the differences in the bond strengths between the
guest atoms and host atoms; the bondings between the Ag-S atoms and Ag-Ti ones seem to be
much weaker than the strong bondings between the Fe-S and Fe-Ti atoms through the hybridiza-
tion of the Fe 3d, S 3p and Ti 3d orbitals [38-42].

Furthermore, it is instructive to recall that stage-1 structure appears for other G, TiS, with
the guests of Li and transition-metal atom M (= Ti, V, Cr, Mn, Co and Ni), while the stage-2 does
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Table VI The valence, spin state, and crystal radius for guest atom G with
the coordination number CN = 6 at the octahedral site in G, TiS,, as well as
the stage number n for G, TiS, with x = 0.15.

Guest valence spin state radius (A) stage-n
Co 2+ low spin 0.79 1
Fe 2+ high spin 0.92 1
Ag + — 1.29 2
Li + —_— 0.90 1
Na + — 1.16 2

K + — 1.52 2

for Na, and K guests with rather large ionic radius. In Table VI are listed the crystal radius of the
guest atom with coordination number of 6, together with their valence, spin-state, and stage num-
‘ber for G = Co, Fe, Ag, and alkaline metal Li, Na and K; here we employ the crystal radius Te
reported by R.D. Shannon [68], which can be converted into effective ionic radius r;, by rj=r, -
0.14 A. From Table VI, it is clear that the small size of guest atom with 7., less than 1.00 A (0.79
A for Co2+,0.92 A for Fe2+, 0.90 A for Li*) produces the stage-1 structure, while large size of
guest atom with r_ larger than 1.0 A (1.29 A for Ag*, 1.16 A for Na*, 1.52 A for K+) produces the
stage-2 compounds. These results indicates that the local lattice deformation around the guest
atoms caused upon intercalation plays a key role to determine the pair-interaction strengths in the
stage-2 or stage-1 structure.

Schematic model for local lattice deformation upon guest atoms and its effect to the neigh-
boring guest sites is depicted in Fig. 4.13, where (100) plane cross-sections are illustrated. For
small guest atom with r, < 1.0 A, an induced deformation is rather small and it affects on 1st NNs
both in the plane and along the c-axis as repulsive interactions V,; and V,;, while it gives no
direct effect on 2nd NN sites in the plane separated by V3a. On the other hand, for large guest
atom with r, > 1.0 A, the van der Waals gap is remarkably expanded, and lattice deformation
becomes larger, and it affects on the c2 sites between the 2nd NN in the next layers as some
repulsive interaction V,,, as well as repulsive interactions V,; and V,;, since the superposition of
the deformations at c2 sites become too large to neglect. Thus, the size of the guest atom deter-
mines whether the pair-interaction V., may be neglected or not. However, it is difficult to explain
the origin of V,3 and V¢ between 2nd NN sites in the a-axis plane and those in the next nearest
neighboring layers, because they may be determined as the result of the superposition of the
various interactions, such as bond strengths between the guest and host atoms (Ti-S, G-S, and G-
Ti bonds), van der Waals force, and local lattice deformation, each of which is strongly dependent
on the valence and electronic configuration of the intercalated guest atom, as well as it’s concen-
tration x.

For further understanding of the origin of the repulsive or attractive pair-interactions and
their magnitudes, more theoretical and experimental studies will be needed, such as bond orders
based on the electronic structures [40], precise X-ray diffraction and X-ray absorption using
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synchrotron radiation source, and scanning tunneling microscopy, as done for Fe, TiS, [69] and
the surface atomic arrangements of the V3a x V3a structure in Ag/Si(111) [70,71], where the
displacements of surface Ag atoms and the Si atoms in the top layer of the substrate are essential.

(a) Small guest atom (b) Large guest atom

Fig. 4.13 Schematic model for local lattice deformation in G,TiS, upon intercalation. The (100)
plane cross-sections for (a) small guest atom (r, < 1.0 A), and (b) large guest atom (r, > 1.0 A). The
arrows show repulsive pair-interactions between guest atoms. For the large arom, the van der Waals
gap is remarkably expanded, and lattice deformation becomes larger, and it affects on the ¢2 sites
between the 2nd NN in the next layers.
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Chapter 5
Conclusion

Monte Carlo simulations of atomic distribution of guest atoms G in intercalation com-
pound G, TiS, have been carried out in the triangular lattices in the a-axis plane stacked with 6
layers along the c-axis (lattice size: 18 X 18 X 6), by taking into account attractive or repulsive
pair-interactions between the neighboring guest atoms in the a-axis plane V,; and V,;, and those
along the c-axis, V., V., and V. From these calculations, we have made clear the followings.

(1) The atomic distribution of the guest atoms in the g-axis planes is primarily determined
by the pair-interactions between the 1st NNs V,; and the 2nd NN pair-interaction V,, as well. The
pair-interaction V,; between the nearest layers separated by ¢ along the c-axis governs the atomic
distribution along this direction, and in particular, the attractive interaction V,_ between the next
nearest layers separated by 2¢ can account for the observed 2c-periodicity in the superlattices
2V3a x 2a x 2c for Fe,TiS, (x = 1/4) and V3a x V3a x 2¢ for Fe,TiS, (x = 1/3) and stage-2
structure of Agg 15TiS,.

(2) The X-ray diffraction patterns for Fe, TiS; are calculated from the atomic distributions
obtained using four kinds of pair-interactions, in qualitative agreement with the experimental
data of the 2a X 2a X 2¢ short-range ordered structure for x = 0.15, and superlattices of 2\3a x 2a
X 2¢ for x = 0.25 and V3a x V3a x 2¢ for x = 0.333 with fractional site occupancy.

(3) A set of averaged numbers of the neighboring guest atoms, z; (k = al, a2, a3, cl1, and
2c), specify a given atomic distribution. The comparison of the averaged numbers for the calcu-
lated distributions with those for the superlattices with the fractional occupancies in Fe, TiS,
confirms that the latter is not enough to reproduce the details of the atomic distributions, because
we have used the averaged fractional values.

(4) Based on the calculated Fe atomic distributions in Fe,TiS,, we have discussed on the
formation of various types of clusters and the percolation cluster. We have found that one- and
two-dimensional percolation clusters are formed by the 3rd NNs in the g-axis plane for x = 0.15
and 0.25, respectively, and a two-dimensional one is formed by the 2nd NNs for x = 0.333, which
correspdnds to the magnetic phase diagram [spin-glass (x = 0.15) and cluster-glass (x = 0.25 and
0.333)]. The difference in the type of 2D-percolation cluster is responsible for the difference in
the dynamical relaxation behaviors in the thermoremanent magnetization.

(5) Furthermore, using the probability of the number of the Fe atoms near the host S atoms,
p(n), evaluated from the Fe atom distributions obtained by the Monte Carlo simulation, as well as
EXAFS data, we have calculated the interatomic distance R(Ti-S) for M, TiS,. In the case of
Fe,TiS, the change in the S atom position along the c-axis is almost linear to the number of the
nearest Fe atoms n, whereas for Co,TiS, it is nonlinear. The atomic distributions of the guest
atoms around their host S atoms affect the local structures.

(6) Taking account of the repulsive pair-interaction strength V., in addition to four kinds
of pair-interactions Vy;, V5. V.1, and V5, used for M, TiS, atomic distributions in stage-2 G, TiS,
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with the in-plane V3a x V3a structure are obtained. The domain size of the stage-2 structure
depends on the strength V. From the temperature dependence of the atomic distributions, the
phase transition from the V3a x ¥3a to random arrangement is confirmed.

(7) The X-ray diffraction patterns of Ag,, ;5TiS; with stage-2 structure are calculated from
the obtained distributions, in good agreement with the experimental data of diffuse rod elongated
along the ¢"-axis. The in-plane order-disorder phase transition of the Ag atoms are discussed
based on the calculated distributions, together with experimental results of the thermal displace-
ments of Ti, S, and Ag atoms and entropy change due to the phase transition.

(8) Difference between Fe, TiS, and Agg 15TiS, is discussed from the viewpoint of local
lattice deformation caused upon intercalation of guest atoms. The size of the guest atom plays a
crucial role to form stage-2 intercalation compound. Stage-2 compound is formed only for large
guest atom with crystal radius of r, > 1.0 10\, due to a large lattice deformation, which affects on
the 2nd NN sites in the next layers to exert some repulsive interaction V.

Thus, Monte Carlo simulation method with the pair-interactions is powerful and useful to
get atomic distribution of guest atoms in G, TiS,, as shown in this work. This work will be ex-
tended further to the pressure-induced stage transition in Agg 35TiS, from stage-2 at ambient
pressure to stage-1 at high pressure [72], and to G, TiS, with higher guest concentration x 2 0.40,
where the effect of the interaction between the 1st NNs could be dominant and some complicated
patterns could be appeared.
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