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The lowvalent nature of Hg in HaTiS2 (Hgd', where 6 << 1) has remarkable structural 
consequences tha t  have been revealed by high-resolution transmission electron microscopy 
observations during the in situ deintercalation of Hgl.24TiS2. Hg guest layers and islands 
are comprised of one-dimensional Hg chains tha t  are incommensurate with the host-layer 
sublattice along the chain-axis direction. Deintercalation induces a host-layer-stacking shift 
along the Hg chains, changing the coordination of the sulfur channels in which the chains 
reside from trigonal prismatic (TP) to distorted trigonal antiprismatic (DTAP). The resulting 
DTAP structure consists of interpenetrating C-face-centered monoclinic Hg and Tis2 
sublattices, with common a and c axes and incommensurate b axes. The 2-fold intralayer 
symmetry of the Hg layers, combined with the 3-fold intralayer symmetry of the host layers, 
results in the formation of three equivalent Hg sublattices with intralayer rotations of 120". 
The chains exhibit substantial axial thermal disorder, which is enhanced during deinter- 
calation. These compounds exhibit significant metallic guest-guest bonding, with a n  
intrachain Hg-Hg distance of 2.76 A and novel guest-host interactions between the Hg 
chains and sulfur channels, as  evidenced by the intralayer off-chain-axis modulation of the 
Hg positions (k0.2 A). 

Introduction 

Compounds formed by the intercalation of mercury 
into transition-metal dichalcogenides (TMDs) have many 
unusual f e a t ~ r e s . l - ~  Unlike other metal-TMD inter- 
calation compounds (M-TMDICs), these intercalates 
exhibit novel properties such as a thermally reversible 
intercalation process and essentially neutral guest 
species. Their guest-host interactions are best de- 
scribed as weakly covalent in nature, with very little 
ionic character. For example, the characteristically 
weak guest-host interactions in H&TiS2 follow from the 
similarity between its deintercalation enthalpy and the 
heat of vaporization of liquid Hg, both of which are 14 
kcal/mol of Hg.3 These interactions are especially weak 
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compared to those typically found for M-TMDICs, 
where ionic guest-host interactions are generally 
present.lO.ll 

Mercury is unusual in its ability to  form chainlike 
polymetallic cations in a variety of compounds. Previ- 
ously observed polymetallic cations include three-atom 
Hgs2+ chains in the Hg3(AlC14)2 and Hg3(&F& ~ a l t s , ~ ~ J ~  
the four-atom Hg42f chains in H ~ ~ ( A s F & , ~ ~  and the one- 
dimensional (Hg1I3+)_ chains in Hg3-bMF6 (M = As, Sb, 
Ta and Nb).15 However, cationic character is not 
essential to  metallic Hg chain formation, as infinite, 
zerovalent Hg chains are found in p-Hg.16 The possible 
formation of Hg chains in the lamellar HaTiSz com- 
pounds provided the original motivation for detailed 
structural investigations of these materials. 

X-ray powder and single-crystal diffraction studies of 
Hg1.24TiSz presented in paper 1 show that this com- 
pound adopts an unusual (3 + 1)-dimensional misfit 
structure.8 This structure can be considered as two 
interpenetrating Hg and Tis2 sublattices, with each 
sublattice described by the monoclinic space group C2/ 
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m. The sublattices share commensurate a and c axes 
but are incommensurate along their common b axis, as 
indicated by the cell parameters a = 5.9223(9) A, bTi& 
= 3.4076(2) A, b~~ = 2.7566(1) A, c = 8.862(1) A, and p 
= 102.33(3)". The Ti& layers in Hgl,24TiSz have shifted 
with respect to  each other by (213)~ along their mono- 
clinic a axis relative t o  their octahedral stacking ar- 
rangement in Ti&. This restacking results in near- 
trigonal prismatic coordination of the guest sites, which 
produces a network of linear sulfur channels rotated by 
120" with respect to  each other in the van der Waals 
(vdW) gap. The intercalated Hg atoms form infinite 
chains that occupy these relatively open sulfur channels, 
with the intrachain Hg-Hg distance (2.757 A) being 
much smaller than the interchain Hg-Hg distance 
(3.267 A). A comparison of the intrachain Hg-Hg 
distance in Hg1.24TiS2 to those determined for other Hg- 
chain-containing compounds with known ionic character 
indicates that the intercalated Hg in the former com- 
pound has very little ionic character.8 

The structural studies in paper l8 also indicated the 
presence of intrinsic structural imperfections that were 
not incorporated into the refinement. The technique of 
choice for the detailed investigation of such defects is 
high-resolution transmission electron microscopy (HR- 
TEM). In this paper (21, we use in situ HRTEM to 
follow the structural evolution of mercury-intercalated 
titanium disulfide during Hg deintercalation and to 
identify and determine the structure of the associated 
structural imperfections and modulations. 
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Experimental Section 

Stage-1 Hg, 24TiS2 was prepared by direct reaction of exact 
ratios of high-purity Hg and Tis2 (1.24:l.OO) at  593 K followed 
by slow cooling to ambient temperature, as reported pre- 
v i o ~ s l y . ~ - ~  The Hg was triply distilled ( < 5  ppm foreign 
metals), and highly stoichiometric titanium disulfide, Til oo&, 
was used as the host." The host composition was confirmed 
by oxidative thermogravimetric analysis (TGA) and X-ray 
powder diffraction (XPD) analysis of its c-lattice parameter.17J8 
Exact sample compositions were confirmed by TGA of the 
quantitative Hg deintercalation process under an Ar atmo- 
sphere and were found to  be Hg124*0 0lTiS2.~ 

TEM samples were prepared by first cooling the polycrys- 
talline Hgl24TiS2 samples to 77 K in an agate mortar and 
pestle immersed in liquid nitrogen inside a nitrogen-atmo- 
sphere glovebox. The samples were crushed while under liquid 
nitrogen, warmed to ambient temperature, and then dispersed 
onto holey carbon-coated grids. The resulting crystal frag- 
ments were thin (often platelike) and well suited for TEM 
observation. XPD and TGA were used to verify that no 
significant structural or compositional change occurred during 
the TEM specimen preparation p r o c e ~ s . ~ ~ ~ ~ ~ ~ ~  

The TEM observations were made under ambient conditions 
using Topcon 002B (200 kV, spherical aberration coefficient 
(C,) = 0.4 mm and point-to-point resolution of 1.8 A) and JEOL 
4002FX (400 kV, C, zz 1.2 mm and point-to-point resolution of 
1.7 A) transmission electron microscopes. Upon introduction 
into the microscope vacuum, the samples inherently begin to 
deintercalate Hg, so that all of the samples studied have 
undergone some Hg deintercalation. Additional deintercala- 
tion was induced by electron-beam heating. 

The TEM crystals were most often found with their layers 
oriented perpendicular to the electron beam. These crystals 
still required some tilting to align their c axes with the electron 
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beam, suggesting the intercalate c axis was slightly off the 
perpendicular to the host layers. The c-axis studies were 
complemented by a- and b-axis investigations to elucidate the 
intercalate crystal structure. 

The diffraction patterns recorded in these studies were 
calibrated using pure Tis2 as a diffraction standard. (110) 
images of Si were used as a calibration standard to determine 
the d spacings in the Fourier transforms of HRTEM images 
using the lattice vector measurement technique.lg Image 
processing was performed using an image analysis system 
based on a Gatan Digital Micrograph software application 
package installed on a Quadra 950 Macintosh computer. This 
package provides many tools for analysis and processing of 
HRTEM images, including Fourier filtering.20 HRTEM images 
were simulated via the multislice approach21,22 of dynamic 
diffraction theory using an EMS software package23 installed 
on a Silicon Graphics workstation. 

Results and Discussion 

In-Plane Structure. The microcrystals observed by 
TEM either had no distinct form or a hexagonal shape. 
As expected for a lamellar material, the crystals were 
most often found oriented with their layers perpendicu- 
lar to the electron beam. However, small crystals could 
readily be found that were oriented with their lamella 
oriented parallel to the electron beam.2,7,9 

A relatively high activity of Hg vapor is required over 
the intercalates at ambient temperature to maintain the 
fully intercalated composition Hg1.24TiS2. As mentioned 
earlier, all of the samples experienced some deinterca- 
lation from the original Hg1.24TiS2 composition upon 
ambient-temperature exposure to the microscope vacuum. 
This typically resulted in a small percentage of guest 
galleries exhibiting some partial or occasionally com- 
plete deintercalation prior to observation. Additional 
deintercalation occurred due to, and was purposely 
induced by, electron-beam heating during the electron 
microscope observations. The local compositions of the 
intercalate regions observed by HRTEM were difficult 
to determine accurately, in part due to  the dynamic 
nature of the Hg deintercalation process, which often 
occurred unintentionally, as well as intentionally, dur- 
ing the structural observations. Also, the Hg composi- 
tions of the HRTEM-observed regions often varied 
dramatically from layer t o  layer within the regions due 
to the presence of neighboring intercalated and deinter- 
calated guest galleries. The approximate composition 
of the regions investigated parallel to their layers was 
estimated from the ratio of intercalated and deinterca- 
lated guest galleries in the region of interest. Each 
gallery or area of a gallery containing a guest layer was 
assumed to have a local HgTiS2 composition in the 
range 1.00 I x I 1.24, consistent with the composition 
range of pure stage-1 HgTiS2 (1.00 I x I 1.24X3 For 
crystals viewed along their c axes, the compositions of 
the regions of interest were determined by comparing 
calculated and experimental images as a function of Hg 
composition. Care was taken to avoid regions contain- 
ing Hg guest islands in the imaging studies in order to 
optimize sample homogeneity in the regions used for 
image comparison. The c-axis image comparison results 
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Figure 1. Multibeam, bright-field TEM images and associated SAD patterns of HFfxTiSz viewed along c. Well-ordcrcd H g  and 
Ti& sublattices produce distinct Moire fringes of -14.5 A spacing in the images. (a) Thin (-100 A) region of a crystal showing 
one-dimensional Moire character. (b) Thicker (-500 A) crystal region showing three sets of Moire fringes rotated by 120" with 
respect to each other. The parallel black lines highlight the -14.5 A Moire spacings in both images. 

presented herein are for regions of guest galleries that  
are intercalated within the area of the crystal observed 
by HRTEM. However, the area outside of the field of 
view typically contained on occasional partially empty 
gallery in the vicinity of the area observed. Selected- 
area diffraction (SAD) was used to study Hg;TiS2 
throughout the deintercalation process. Unless other- 
wise noted, the general formula Hg;TiS:! will be used 
to describe the variable Hg composition of the samples 
studied herein. I t  is also important to note the samples 
studied herein are inherently nonequilibrium in nature, 
as they are not observed at thermal equilibrium during 
the course of the deintercalation process. 

All of the Hg;TiS:! samples exhibited well-ordered 
sublattices that produce distinct Moire patterns in 
multibeam, bright-field TEM images and an array of 
extra spots in their corresponding selected area diffrac- 
tion (SAD) patterns when viewed down their c axes, as 
shown in Figure 1. The appearance of the Moire 
patterns depends on the thickness of the region of the 
sample being imaged. In relatively thin regions, Moire 
fringes having a spacing of approximately 14.5 A were 
observed in only one direction, as shown in Figure la. 
In thicker regions, a hexagonal Moire network is found. 

This network is composed of three sets of fringes with 
the same spacing that are rotated by 120" with respect 
to each other, as illustrated in Figure lb. 

Figure 2a-c shows the typical ( / tho)  SAD patterns of 
Hg;TiS2 in more detail. For comparison, a pattern 
taken from pristine Tis2 is shown in Figure 2d. The 
most common type of (hhO) SAD pattern for thin (-100 
A) HaTiS2 regions is shown together with its schematic 
representation in Figure 2a,b. The observed reflections 
in this complicated pattern can be interpreted as arising 
from the superposition of partially commensurate mon- 
oclinic Tis2 and mercury sublattices. The Tis2 sublat- 
tice produces the nearly hexagonal (IthO) subset of 
reflections, which correspond to the observed reflections 
d 2 ~  = 2.94 f 0.01 A, dl10 = 2.95 f 0.01 A and do20 = 
1.70 f 0.01 A, whereas the Hg sublattice gives rise to 
the reflections d 2 ~  = 2.94 f 0.01 A, dllo = 2.51 f 0.01 
A, and do20 = 1.38 f 0.01 A. The (200) reflections of 
the host and guest sublattices are superimposed, which 
is why the relative intensities of these reflections are 
significantly higher than those for pristine Ti&, as 
shown in Figure 2d. These d spacings are all within 
experimental error of those observed for the monoclinic 
Tis2 and Hg sublattices in HgI.edTiS2, with one notable 
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Figure 2. Typical SAD patterns obtained along c. (a) SAD pattern from a thin region of the HfixTiSz crystal shown in Figure la. 
(b)  Schematic representation of the pattern shown in (a). The hexagonal set of reflections generated by the Tis2 sublattice are 
shown as squares (m). The partially commensurate set of reflections generated by the three equivalent Hg sublattices rotated by 
120" relative to each other are given by the large and small filled circles (.,e). The small filled circles represent the Hg reflections 
arising from the two Hg orientations present in minor amounts, whereas the large filled circles correspond to the major orientation. 
The (200) reflections of the Tis2 and major Hg sublattices are superimosed along the commensurate a'!' axis (indicated by 200Hg"fi), 
while their sublattice patterns are incommensurate along h*. The array of extra spots shown as small open circles (0) can arise 
from double diffraction. However, as discussed later in the text, a-axis modulation of the Hg positions can also contribute to 
these reflections. The diffuse streaks accompanying the Hg reflections indicate the presence of correlated atomic displacements 
of the Hg sublattice along h. Selected reflections associated with the Tis2 and Hg sublattices are indicated by Ti and Hg, 
respectively. (c) Typical SAD pattern from a thicker region of the HaTiS2 crystal showing equal amounts of all three orientational 
variants of the Hg sublattice. Note there are now three sets of diffuse streaks in the Hg reciprocal lattice rotated by 120" with 
respect to each other. (d) SAD pattern for Ti&. 

exception. The 2.94 A spacing for d 2 ~  is significantly 
greater than that observed by X-ray powder diffraction 
for Hg1.24TiS2 (2.89 A), suggesting either a slight 
decrease in /3 or an increase in a occurs during partial 
Hg deintercalation. The nearest coincidence, but not 
exact matching, of the (020) reflections occurs for 
25*[do2o(TiS2)] and 3l*[d02o(Hg)]. As a result, the in- 
plane Hg and Tis2 sublattices share a commensurate a 
axis but are incommensurate along their b axes. In 
addition to the reflections that solely originate from the 
Tis2 and Hg sublattices, there are extra spots that can 
arise from double diffraction. However, these extra 
reflections can also be associated with local modulation 

of the Hg positions, as discussed later. Further exami- 
nation of Figure 2a,b also reveals the presence of two 
additional subsets of relatively weak secondary reflec- 
tions having the same symmetry as those arising from 
the Hg sublattice but rotated by 120" and 240" relative 
to the stronger Hg sublattice reflections. These ad- 
ditional reflection subsets together with the first indi- 
cate the presence of three equivalent Hg sublattices that 
differ only by their orientation relative to each other. 
This is confirmed by SAD patterns from thicker crystals, 
as shown in Figure 2c, which routinely contain the three 
subsets of Hg reflections with similar intensities. Al- 
though sample heating by prolonged electron-beam 
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Figure 3. (a) Model of the in-plane structure of HaTiSz viewed perpendicular to layers showing the formation of partially 
commensurate Hg guest layers for a single Hg sublattice orientation. The Hg layers are composed of infinite chains of atoms 
aligned along the incommensurate b direction midway between neighboring sulfur rows. (b) Model showing the three equivalent 
orientational variants of Hg with respect to the host layers occupying different guest galleries. 

exposure resulted in Hg deintercalation and correspond- 
ingly lower Hg peak intensities, the symmetry of the 
SAD patterns for thin and thick regions was the same 
over a wide range of composition. Therefore, these 
patterns are characteristic of Hg,Ti& during the deinter- 
calation process. 

The (hhO) mercury reflections in these patterns where 
k # 0 are easily recognized by the presence of diffuse 
streaks along the a* direction, which can be associated 
with defects in the Hg sublattice. The appearance of 
these streaks corresponds to correlated atomic displace- 
ments in the Hg sublattice along the b-axis 
The streaks become much more pronounced with ex- 
tended electron-beam exposure and diminish substan- 
tially with reduced beam exposure, indicating that the 
corresponding disorder can be thermally driven by 
electron-beam heating. 

Figure 3a presents a possible in-plane Hg arrange- 
ment corresponding to the observed SAD patterns, 
which is later confirmed by high-resolution lattice 
imaging. The mercury atoms form two-dimensional 
sheets in completely intercalated HaTiS2 guest layers 
or islands with a formal intercalate composition of x = 
1.24. Each layer or island is composed of continuous 
Hg chains occupying the channels between the neigh- 
boring sulfur rows of the host Tis2 when viewed 
perpendicular to the layers. The infinite Hg chains 
formed in this structure have a Hg-Hg distance of 2.76 
A along the chain axis, as shown in Figure 3a. These 
chains bear a strong similarity to the infinite Hg chains 
that form in P-Hg.lG The intrachain Hg-Hg distance 

(24) Cowley, J. M. Diffraction Physics; North-Holland: Amsterdam, 
1975. 

(25) Amoros, J. L.; Amoros, M. Molecular Crystals Their 7"nsforms 
and Diffitse Scattering; John Wiley and Sons Inc.: New York, 1968; p 
339. 

in HaTiS2 is actually somewhat shorter than the 
intrachain Hg-Hg distance of 2.825 A found in the /?-Hg 
structure,16 which indicates significant metallic intra- 
chain bonding occurs between the guests in H6TiS2. 
Although the chains are separated by 2.96 A, the 
distance between Hg atoms in adjacent chains is 3.27 
A, so that the intrachain Hg-Hg interaction dominates 
the guest-guest interactions in HaTiS2. A more com- 
plete discussion of bonding in Hg1.24TiS2 is given in 
paper 1.8 It is also noteworthy that streaking in the a* 
direction in the SAD patterns can be directly related to 
Hg chain stacking faults and thermally induced motion 
of the Hg chains along b, as discussed above. 

Due to the %fold, in-plane symmetry of the host layers 
and the 2-fold symmetry of the guest sheets, individual 
mercury layers or islands can have three equivalent 
orientations with respect to the host, as shown in Figure 
3b. Having more than one orientation in the same 
gallery, especially for the small crystals investigated in 
this study, is a relatively unstable configuration due to 
inefficient guest packing and increased strain energy. 
However, all three orientations could exist in different 
guest galleries, especially if guest layers of like orienta- 
tion are grouped together, with minimal effect on the 
free energy of the intercalate. Therefore, in relatively 
thin crystals that contain only a small number of 
intercalate layers, i t  is possible for only one orientation 
to be predominant, as shown, for example, in Figure 2a. 
However, all three orientations of the chains may be 
present in equal concentrations in thicker regions of 
crystals containing many intercalate layers. This ex- 
pectation is confirmed by the (hhO) SAD patterns 
observed for relatively thick crystals (-500 A), which 
routinely contain three sets of equally intense Hg 
sublattice reflections rotated by 120" with respect to 
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Figure 4. Main steps of Fourier filtering. (a) Experimental HRTEM image showing the periodic lattice and background noise. 
(b) Fourier transform of the image. The hexagonal set of peaks represents the periodic component of the image. The diffuse 
scattering around the central spot is a low-frequency component of the image arising from the nonperiodic background. The two 
orthogonal streaks visible in the transform are artifacts of the rectangular shape of the processed image. (c) The Fourier transform 
after applying the mask. In the case shown, the mask procedure retains the structural information close to the peaks and discards 
the rest. (d) The image after inverse Fourier transformation showing significant noise reduction. 

each other, as seen in Figure 2c. In the multibeam, 
bright-field (hhO) HRTEM images shown in Figure 1, 
long-range modulations with a periodicity of approxi- 
mately 14.5 A are present along the incommensurate b 
direction shared by the Tis2 sublattice and each Hg 
sublattice. The mutual alignment of the Tis2 sublattice 
with one orientation of the Hg sublattice produces an 
example of pure “parallel” Moire contrast, whose period 
of modulation can be estimated as 

Thus, each Hg sublattice orientation can generate a 
parallel Moire contrast with a spacing of -14.5 A. This 
Tesults in the observed parallel Moire contrast, with 14.5 
A spacing, for thin crystals or regions in which a single 
Hg sublattice orientation is dominant, as observed in 
Figure la. For relatively thick crystals containing 
similar amounts of the three Hg sublattice orientations, 
a hexagonal Moire network of 14.5 A spacing is formed, 
as shown in Figure lb. The thickness dependence of 
the Moire contrast indicates that  the different Hg 
sublattice orientations are primarily found in different 
guest layers, with a preference for layers with the same 
orientation to be grouped together. 

To confirm and extend the above results, HRTEM 
image processing using the Fourier filtering technique 
was applied.2Q Figure 4 illustrates the main steps used 
in this analytical approach. First, a region of an  
experimental HRTEM image containing periodic com- 
ponents and random noise is digitized to an array of up 
to 640 x 480 pixels, as shown in Figure 4a. Next, fast 
Fourier transforms (FFTs) of areas of these images up 
to 256 x 256 pixels are performed to give patterns 
analogous to traditional “optical” diffractograms, as 

(26) Hirsh, P.; Howie, A.; Nicholson, R. B.; Pashley, T. W.; Whelan, 
M. J. In Electron Microscopy of Thin Cystals, 2nd ed.; Hirsh, P., et 
al., Eds.; Robert E. Krieger: Malabar, 1977; p 169. 

depicted in Figure 4b. Generally, FFT patterns of such 
small regions generate the same kind of diffraction data 
that SAD patterns do, but provide structural insight on 
a much smaller scale. A mask procedure was then 
applied to discard the regions exhibiting only diffuse 
scattering, as depicted in Figure 4c, followed by an 
inverse FFT to yield the real space image illustrated in 
Figure 4d. The Fourier filtering technique effectively 
eliminates most of the noise that is present in experi- 
mental images. Moreover, by using only one set of 
Fourier peaks and filtering out all other contributions 
to the FFT, i t  is possible to deconvolute complex images 
that arise from the superposition of two or more lattices 
into their constituent parts. In particular, this proce- 
dure was employed to deconvolute the images of the 
different orientations of the Hg sublattice and the Tis2 
sublattice. 

Figure 5 shows a digitized (hhO) HRTEM image of 
H&TiS2 as well as FFTs taken from different parts of 
the image that correspond to thin and thick regions of 
the crystal. It is evident that the FFTs display the same 
behavior as SAD patterns, i.e., they show only one 
mercury orientation for the thinnest region close to the 
edge of a crystal, but all three orientations for a thicker 
region. 

Figure 6a shows a higher-magnification experimental 
(hkO) image of a relatively thin crystal region after 
Fourier filtering to eliminate background noise. The 
image shows a long-range, one-dimensional modulation 
of the lattice of -14.5 A, consistent with one Hg 
sublattice orientation (Hg-1) being predominant and 
making the primary contribution to the image. The 
other two Hg sublattice orientations (Hg-2 and Hg-3) 
are present in only minor amounts, as evidenced by 
their relatively weak FFT intensities. The amplitudes 
of the corresponding Hg peaks in the FFT of this image 
and, therefore, the volume fractions of the different Hg 
orientations are in the ratio 4:l:l for Hg-1, Hg-2, and 
Hg-3, respectively. Figure 6b-e shows the Fourier 



1146 Chem. Mater., Vol. 7, No. 6, 1995 Sidorou et al. 

Figure 5. HRTEM image of Hg,TiSZ along c. Note the long-range lattice modulation of -14.5 A along h. ( 1  ) FFT obtained from 
the thin region at the top of the image containing a single Hg sublattice orientation. Selected host sublattice reflections are 
indicated by “Ti”. Selected Hg-sublattice peaks are indicated by “Hg”. The (200) reflections of both sublattices are superimposed. 
(2) FFT obtained from the thicker region at the bottom of the image. Selected reflections corresponding to the three different Hg 
sublattice orientations present are marked as “Hgl”, “Hg2”, “Hg3” and produce the three sets of reflections rotated by 120” with 
respect to each other. Selected host sublattice reflections are again indicated by “Ti”. The set of reflections marked as “SS” close 
to the central spot show the long-range modulation of the lattice of -14.5 a in three different directions. Note the similarity of 
the FFT patterns to the SAD patterns in Figure 2a,c. 

components corresponding to the Tis2 sublattice and the 
three Hg sublattice orientations that are extracted from 
the region shown in Figure 6a. A two-dimensional 
intralayer unit cell for each sublattice is outlined in its 
corresponding image. The results of Fourier filtering 
show directly the nearly %fold symmetry of the host and 
the chainlike structure of the Hg layers for the three 
Hg sublattice orientations, thus providing strong evi- 
dence for the proposed intralayer structural model. 

Crystal Structure. Our HRTEM observations of 
crystals with their layers oriented parallel to the 
electron beam confirm the interlayer expansion of 2.95 
f 0.05 A observed in previous studies for the Hg 
intercalation of Ti&. 1-4.6*7 As for Hg1.24TiS2,~ the 
observed intercalate structure can be described by 
monoclinic Tis2 and Hg sublattices. However, as dis- 
cussed earlier, there is a slight increase in d 2 ~  for both 
sublattices, suggesting that an increase in a or a 
decrease in /3 occurs during partial Hg deintercalation. 
An increase in a (0.1 A) accounting for the increase in 
d 2 ~  would require an unlikely a axis host-layer expan- 
sion which is 6 times larger than observed for Hg1.24- 

Furthermore, XPD refinements of the cell pa- 
rameters of eleven different compositions throughout 
the stage-1 (1.24 I x 2 1.00) phase region of HgTiS2 
showed a to be independent of both composition and 
preparation method and equal to 5.922 f 0.004 

consistent with earlier XPD observations.3 Although 
these samples are not undergoing dynamic deinterca- 
lation as those studied in the electron microscope, i t  is 
clear the composition of intercalated layer regions has 
little effect on a. However, a host-layer stacking shift 
resulting in a reduction in can reasonably account for 
the observed pattern. The new value of /j can be 
estimated directly from c-axis SAD patterns using the 
a lattice parameter for stage-1 HaTiS2, assuming i t  has 
the same degree of intralayer a-axis distortion as 
partially deintercalated Hg1.24TiS2, and the formula 

/3 = arcsin[d,,,(Hg,TiS2)/(a/2)Hg, .24TiS2 J = 
arcsin(2.94 f 0.01 k2 .96  A) = 97 f 2” (2) 

This suggests sublattice unit cells which differ signifi- 
cantly from the /j = 102” monoclinic sublattice cells 
found for Hg1.24TiS2.8 The origin of this difference is 
explained below. 

Upon intercalation, many Tis2 intercalation com- 
pounds restack from the octahedral coordination of the 
guest sites in Tis2 to adopt a 3R structure characterized 
by a stacking sequence AbC CaB BcA that provides 
~~~ 

(27) Moreau, P. Ph.D. Thesis, University of Nanks, Nanks, France, 

(28) Friend, R. H.; Yoffe, A. D. Adu. Phys. 1987.36. 14. 
1994. 



Mercury-Intercalated Titanium Disulfide. 2 Chem. Mater., Vol. 7 ,  No. 6, 1995 1147 

Figure 6. Separation of the host and H g  sublattices by Fourier image processing incorporating only the Rragg peaks associated 
with these sublattices. (a)  Fourier-filtered HRTEM image alongc, after the background noise has been filtered out, showing the 
long-range modulation of the lattice. (b) Ti& sublattice extracted from the FFT of the image in (a). (c-e) The three orientational 
variants of the Hg sublattice extracted from the FFT of the image in (a). Intralayer sublattice unit cells are outlined in images 
(b-e). The Tis2 sublattice unit cell in (b) is for the Hg-1 orientation. 

trigonal prismatic sites in the vdW gap.10J1*28 With the 
exception of a minor structural distortion, this is the 
stacking arrangement found for Hg1.24TiS2.~ The com- 
ponents of the restacking process can be understood by 
referring to Figure 7. In addition to the component 
involving the expansion of the host lattice perpendicular 
to the layers, depicted by the transition from Figure 7a 
to Figure 7b, restacking also involves a shear transfor- 
mation component in which the Tis2 layers shift relative 
to each other by (1/3)a from the expanded cell shown in 
Figure 7b. The shear component of the restacking 
process is illustrated by the progression from Figure 7b 
to Figure 7c. This results in the formation of trigonal 
prismatic sulfur channels in which the incommensurate 
Hg sublattice chains are embedded. The Tis2 host-layer 
structure remains largely unchanged by the intercala- 
tion process, as it generally does for reversible interca- 
lation processes, leading to the /j = 102" monoclinic 
lattice found for Hg1.24TiS2.~ 

Trigonal prismatic coordination of the vdW gap is not 
the only stacking arrangement that can readily accom- 
modate infinite Hg chains in the guest layers. Any shift 
of the host layers relative to each other along the b axis 
from the trigonal-prismatically coordinated guest layers 
shown in Figure 7c for Hgl.24TiS2 can also accommodate 
linear Hg chains. In particular, the distorted trigonal- 
antiprismatic (DTAP) coordination of the sulfur chan- 
nels created by an  interlayer shift of the host layers by 
(1/2)b~is~ from the TP coordination shown in Figure 7c 
presents an alternative low-energy stacking arrange- 
ment around the Hg chains. The formation of such 
channels with DTAP coordination can also be viewed 
as an interlayer displacement of (1/6)a relative to the 
octahedral guest-layer coordination of pristine Tis2 or 
an  interlayer displacement of (1/2)a relative to the TP 
coordination in Figure 7c. This host-layer stacking 
arrangement results in a monoclinic Tis2 sublattice unit 
cell having /3 = 96.5", as shown in Figure 7d. The 
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Table 1. Parameters for the p =  96.5" Structure Shown 
in Figure 7d 

I 
expansion 

--I---- 

(d) O= 96.5' (b) (c) O= 102' 

sutIv, v=o 0 T%" v=O 

Titanium v=O 5 
Su"u* v=o 5 e, Mercury 

W 

Figure 7. (a) Schematic diagram of the host Ti& structure 
along its pseudomonoclinic b axis. (b) Depiction of the 
component of the Hg intercalation process involving only the 
simple expansion of the lattice perpendicular to i ts  layers 
shown along its pseudomonoclinic b axis. An additional shear 
component results in host-layer restacking during intercalation 
to provide the most suitable atomic arrangement for interca- 
lated Hg chains. (c) The p = 102" structure with trigonal 
prismatic coordination of the Hg chains achieved by an  
additional interlayer shift of the host layers by (1/3kz along 
the pseudomonoclinic a axis of the structure in (b). (d) The /I 
= 96.5" structure containing distorted trigonal antiprismatic 
coordination of the Hg chain achieved by an oppositely directed 
interlayer shift of the host layers by (116)~ from the structure 
in (b). The /I = 102" and the p = 96.5" structures are related 
by an  interlayer shift of (1/2)b along the Hg chain-axis 
direction. They are also related by the (1/2kz interlayer 
displacement between Figure 7c,d. 

atomic coordinates as well as  the unit-cell parameters 
for this structure are given in Table 1. 

The structure of the Hg;TiS2 intercalates was further 
explored by comparing computer simulations of HRTEM 
images with experimental images. Unfortunately, the 
EMS software package used for the simulations is not 
capable of treating incommensurate structures di- 
r e~ t ly .*~  However, as mentioned earlier, a satisfactory 
coincidence along the incommensurate b-axis direction 
occurs for 25 and 31 unit cells of the Tis2 and Hg 
sublattices, respectively. Thus, a structural unit of the 
combined sublattices with a = 5.92 A, b % 25(bTis,) 
31(b~,) = 85.3 A, c = 8.70 A, and p = 96.5" can be used 
for the image simulations for the p = 96.5" cell, and a 
unit with a = 5.92 A, b 25(b~is)  M 31(b~g) 85.3 A, 
c = 8.86 A, and /3 = 102.3" can be used for the /3 = 102" 
unit cell. Each of the atom positions in the unit cells 
were input individually, since the EMS sofiware pack- 
age cannot accommodate the sublattice symmetry of 
such incommensurate structures directly. Images were 
calculated for wide ranges of crystal thickness (1 -32 
unit cells) and defocus (200-700 A underfocus) in 
narrow increments (-10-20 A) in order to determine 

Unit-Cell Parameters 
a = 5.92 A; bTis = 3.41 A; bHn = 2.76 A; C = 8.70 A, = 96.5" 

Atom Positions for the Two Interpenetrating 
C-Face-Centered Monoclinic Cells Described Using 

SDace GrouD C2/m 
atom Wyckoff site X Y z 

Ti 2(a) 0 0 0 
S 4(i) 0.7 0 0.167 
HgO 
H8 2(a) 0 0 0 

The x and z coordinates of the two Hg atom columns along b 
corresponding to the Hg chains within the Tis2 sublattice are 
(0,-,0.5) and (0.5,-,0.5). Since the y coordinates of the Hg 
positions are incommensurate with respect to the Ti& sublattice, 
noy coordinate is given for the Hg position in the Tis2 sublattice. 
On average there are (3.41j2.76) = 1.24 Hg atoms per Ti atom 
along b. Position of the Hg atom in its own sublattice 

the best agreement with the experimental images. 
However, thin-region ( (85  A) b axis images cannot be 
simulated using such a large unit cell. In this case, 
simplified monoclinic unit cells were created based on 
the Tis2 sublattice unit cells for the /3 = 96.5" and 102" 
structures. Hg atoms were individually placed at 
(O,O,l/2) and (l/2,V2,l/2) in the /3 = 96.5" Tis2 sublattice 
cell given in Table 1 and at ('/4,*/4,'/2) and ("/4,'j/4,'/2) in 
the /3 = 102" Tis2 sublattice cell.s The symmetry of the 
b-axis projection of the structures is not influenced by 
this change in the y coordinates of the Hg positions. 
However, this change does reduce the Hg composition 
for these simulations from x = 1.24-1.00 for full 
occupancy of the Hg sites, as there are only two Hg 
positions in each unit cell. 

The similarity of the /3 = 96.5" and 102" structures is 
apparent in their indistinguishable a- and b-axis atomic 
projections, which yield two sets of interplanar distances 
and angles that are common to the two structures. As 
a result, these two structural modifications cannot be 
independently differentiated when viewed by HRTEM 
along their a and b axes. For example, Figure 8 shows 
a (h01) image of a stage-1 region of a Hg;TiS:! crystal. 
As expected, the calculated images for the two struc- 
tures were indistinguishable, with the images calculated 
for both structures providing excellent agreement with 
experiment. The inserts in Figure 8 show the calculated 
images for the /3 = 96.5" and /3 = 102" unit cells. The 
unit cell for each structure is shown as an inset. 

However, c-axis SAD patterns and HRTEM images 
can be used to differentiate these two intercalate 
structures. Figure 9 shows a c-axis image of Hg;TiS2 
that has been Fourier processed to remove the back- 
ground noise associated with the diffuse scatter in the 
FFT. The calculated image for the /3 = 96.5" structure 
in inset 1 shows excellent agreement with the experi- 
mental image, matching the strong one-dimensional 
modulation of the experimental image very well. Im- 
ages were also calculated for different orientations of 
the p = 102" structure as well as several other struc- 
tures, including structures containing one or more 
empty guest galleries, in narrow increments over a wide 
range of thickness, defocus, and mercury composition 
using parameters similar to those given above. None 
of these images provided a reasonable match to the 
experimental images. In particular, none of the images 
for the p = 102" structure were able to reproduce the 
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Figure 8. HRTEM image along b showing the commensurate a-c plane of HBTiS2. The two different monoclinic unit cells 
corresponding to the /j = 96.5" and /I = 102" structures are outlined. The calculated images in the left ( 1)  and right (2) insets are 
for the /j = 96.5' and /I = 102" structures, respectively (spherical aberration coefficient C, = 0.4 mm, accelerating voltage V = 200 
kV, defocus Ar = -620 A, specimen thickness d = 14 A, and Hg site occupancy n = 1.0). The two structures are indistinguishable 
in this projection and give identical results in image simulations. 

routinely observed strong one-dimensional 14.5 A modu- 
lation seen in the experimental image in Figure 9. As 
a result, the best agreement attainable for the /3 = 102" 
structure was quite poor, as shown in the second inset. 
In particular, the expected 14.5 A modulation for the 
simulated /3 = 102" image is very weak, which is 
generally characteristic of the /3 = 102" image simula- 
tions. Further confirmation of the /3 = 96.5" structure 
comes from the observed c-axis SAD patterns, which 
give d 2 ~  spacings of 2.94 f 0.01 A, in agreement with 
the value of 2.94 A calculated for the /3 = 96.5" structure. 
In contrast, the /3 = 102" structure has a d 2 ~  spacing 
of 2.89 A.8 The reflections associated with the /3 = 96.5" 
HaTiS2 SAD patterns persist throughout the deinter- 
calation process until Tis2 is formed. Therefore, 
HaTiS2 undergoes an intriguing structural transition 
from the /3 = 102" to the /3 = 96.5" structure early during 
the non-equilibrium deintercalation of Hg from Hg1.24- 
Ti&. Continued deintercalation results in regions of the 
/3 = 96.5" HaTiS2 structure diminishing at the expense 
of the formation of regions of the host Tis2 structure 
until the host structure is regenerated. 

The calculated images for thin crystals having the /3 
= 96.5" structure were a clear function of mercury 
composition. However, slight differences in the Hg 
occupancy (e.g., An = kO.1) could result in only modest 
changes in the agreement between the calculated and 
observed images, such as those shown in Figure 9. 
Thus, the stage-1 region observed in Figure 9 could 

contain a small number of guest-gallery vacancies 
within the HaTiS2 stage-1 composition region (1.24 2 

The driving force for the structural transition from 
the /3 = 102" structure to the /3 = 96.5" structure is 
probably associated with the nonequilibrium deinter- 
calation process. As discussed earlier, guest layers are 
routinely undergoing deintercalation during these stud- 
ies, resulting in individual galleries that contain both 
intercalated and empty regions. Figure 10 shows an 
extreme example of the formation of such regions during 
deintercalation, where the contrast variations due to the 
presence of several Hg islanddguest-edge dislocations 
are visible. This c-axis image is of a relatively thin 
region of a HaTiS2 crystal with several galleries 
containing both intercalated and empty regions. The 
image has been Fourier filtered to remove the contribu- 
tion from the Tis2 host lattice in order to highlight the 
effect of the lamellar Hg islanddguest-edge dislocations 
on the image. Since related empty and intercalated 
gallery regions are generally present during deinterca- 
lation, the intercalate crystals need to accommodate the 
host-layer stacking arrangements for the intercalate and 
Tis2 in the same crystal. As seen in Figure 7, host- 
layer stacking in the p = 102" structure and Tis2 differ 
by an interlayer displacement of about 2 A [(1/3)a], 
whereas the displacement between the /3 = 96.5" and 
Tis2 structures is only about 1 A [(1/6)aJ. Thus, the 
strain energy associated with accommodating both the 

x: z 1.00~3 
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Figure 9. HRTEM image along c showing the partially 
commensurate a b  plane. The calculated image shown in inset 
(1) is for a region of the /j = 96.5" structure containing three 
host layers CC, = 0.4 mm, V = 200 kV, Ar = -660 A, and the 
Hg site occupancy is n = 1.0 for the two intercalated layers), 
which shows excellent agreement with the experimental 
image. Note the strong one-dimensional modulation of the 
images along b. The calculated image in inset (2) is the best 
agreement attainable for the /J = 102" structure, which is still 
poor CC, = 0.4 mm, V = 200 kV, Ar = -600 A, and n = 1.0 for 
two guest layers in a region three host layers thick). Note 
the very weak one-dimensional modulation along b. 

host and intercalate stacking arrangements in a gallery 
during deintercalation can be significantly reduced via 
the p = 102" to /j = 96.5" phase transition. Further- 
more, the transition should have a relatively low activa- 
tion energy (Ea),  as it  can occur via a simple interlayer 
shift of the host layers along the Hg chain axis. In 

addition, the minimum host-layer restacking displace- 
ment that can be achieved for such an interlayer shift 
occurs for a (1/2)b shift. Therefore, the host-layer 
restacking process associated with mercury deinterca- 
lation can be viewed as a two-step process. First, 
shortly after deintercalation onset the host layers 
restack via an interlayer shift of (1/2)b resulting in the 
/3 = 102" to /3 = 96.5" phase transition. Second, as Hg 
deintercalation continues, the /j = 96.5" phase is con- 
verted to Tis2 together with an interlayer shift of the 
host layers by (1/6u). 

Unlike the HRTEM images taken along b, which are 
typically very well ordered, as shown in Figure 8, those 
along a were not nearly as well ordered, as shown in 
Figures lla,b. This disorder can originate from (i) the 
incommensurate nature of the Hg chains along the b 
direction, (ii) the disorder in the Hg chains along b, 
which was observed by (hhO) SAD along c, and (iii) 
possible local host-layer stacking disorder. Although it 
is not possible to distinguish between the /? = 102" and 
p = 96.5" structures via their separate a-axis images, 
as discussed previously, i t  is possible to detect the 
(1/2)b host-layer shift at the interface between lamellar 
regions of the two structures. Such (1/2)b shifts were 
observed in local regions of a-axis images, as shown in 
Figure 11, in further support of the (11221 transition 
from the = 102" to the /3 = 96.5" structure. The 
projection of the host-layer Ti positions in Figure 12 
demonstrates how the /j = 102" and /j = 96.5" structures 
can coherently coexist in the same crystal containing 
such (1/2)b stacking faults. It is likely that both the 
formation of the above stacking faults and the phase 
transition from /? = 102" to /j = 96.5" are assisted by 
thermally induced motion of the Hg chains along 6. 

Figure 13a shows a c-axis image that has been 
Fourier filtered to remove only low-frequency back- 
ground noise and not the high-frequency background 
that can be associated with local structure modulations. 
Careful examination shows a slight a-axis modulation 
(-0.2 A) of the dark-contrast spots that correspond 
approximately to the Hg atom positions. By incorporat- 
ing a similar modulation of the Hg atoms' x positions, 

Figure 10. Fourier-processed HRTEM image alongc taken from a region close to the edge of a H%TiS:! crystal. The Tis:! sublattice 
has been filtered out leaving only the Hg sublattices. The areas of higher contrast correspond to regions of higher Hg content 
resulting from the presence of several Hg islands. The orientation of the subtracted host lattice is inset. 
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Figure 11. (a) HRTEM image of HeTiSp alonga showing substantial disorder in the partially commensurate 6-c plane resulting 
from the incommensurate nature and the disorder of the Hg chains along b. One of the Hg layers is partially deintercalated, as 
shown by the large arrow, which indicates the horizontal dark black rows roughly correspond to the Hg guest layers. Ti layer 
positions are indicated by the smaller arrows. (b) Magnified section of the image in (a) showing -(1/2)b shifts for some of the 
host layers consistent with the presence of (1/2)b stacking faults resulting from neighboring layers having the /3 = 96.5" and /? = 
102" structures. The vertical lines help identify the shifts. Such (1/2)b stacking faults are depicted schematically in Figure 12. 

I 

r- J-102 

Figure 12. Schematic depiction of the coexistence of the p = 
102" and /? = 96.5" HgTiS2 structures with coherent (1/2)b 
host layer shifts between the structures. Only the Ti atom 
positions are shown. The third host layer from the top is 
displaced by (1/2)b producing two layers of the (3 = 96.5" 
structure in the /? = 102" structure matrix. 

with a period of 14.5 along b, into the image calcula- 
tions for the p = 96.5" structure, excellent agreement 
is obtained with the experimental image, as shown in 
Figure 13b. Thus, the Hg atom positions exhibit a slight 
modulation transverse to their chain axis which is 
induced by local guest-host interactions between the Hg 
and Tis2 sublattices. Furthermore, simulated SAD 
patterns of this structure are in excellent agreement 
with observed SAD patterns, reproducing all of the 
observed reflections shown in Figure 2. In addition, the 
patterns demonstrate the array of extra diffraction spots 
that can be assigned to double diffraction in Figure 2 
can also be generated directly by the presence of the 
Hg-sublattice modulations. The magnitude of these 

modulations, as well as this novel intercalate structure, 
is a direct consequence of the optimization of the guest- 
host interactions between the Hg and Tis2 sublattices 
and the guest-guest (Hg-Hg) interactions combined. 

An analogous a-axis modulation of the Hg chains 
apparently occurs in Hg1.24TiS2 as well, as indicated by 
(1) the invariance of z2 with the x position of the Hg 
chains for 0.27 z x 3 0.23 during its three-phase 
structure refinement, t 2) the relatively high value 
observed for the U1.1 thermal parameter compared with 
U3.3 in its two-phase refinement, and (3) the fairly high 
value of x2 found for the refinement of the average 
structure of Hgl.24TiS2, where such sublattice-sublat- 
tice interactions could not be directly accommodated.8 
These modulations are also likely associated with the 
slight (-0.3%) expansion of the Tis2 a-sublattice pa- 
rameter from 5.90 to 5.92 A in Hg1.24TiS2.~ Thus, 
complete descriptions of the /3 = 102" and /? = 96.5" 
structures require (3 + 1) dimensional space groups due 
to the a-axis modulation of the Hg sublattice by the host 
sublattice. Although similar off-chain-axis modulations 
have also been reported for the infinite incommensurate 
Hg chains in Hg3-,bMF6,l5 the above HRTEM observa- 
tions provide the most direct evidence to date in support 
of the applicability of superspace theory to such systems. 

Conclusions 

This investigation has demonstrated that intercalated 
Hg in Hg;TiSz is arranged in infinite one-dimensional 
chains during nonequilibrium deintercalation. The 
HaTiS2 structure formed during deintercalation can be 
described as two interpenetrating monoclinic Hg and 
Tis2 sublattices having commensurate a and c axes and 
a common angle p, which are incommensurate along 
their common b axis. The 2-fold intralayer symmetry 
of the Hg sublattice and the 3-fold intralayer symmetry 
of the host sublattice results in the formation of three 
equivalent Hg sublattices that are rotated by 120" 
relative to each other. The same Hg sublattice orienta- 
tions are grouped together in nearby layers, indicating 
that neighboring Hg sublattice layers with the same 
orientation are thermodynamically stable. The different 
orientations of the Hg sublattice in a crystal are 
probably a consequence of their nucleation at different 
sites at the crystal edges during intercalation. More- 
over, the Hg-Hg bonding along the guest chains 
dominates the guest-guest interactions, as evidenced 
by the relatively short intrachain Hg-Hg distance of 
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Figure 13. (a) Magnified region of the image along c shown in Figure 6a. The black spots roughly correspond to the Hg positions. 
Note the wavelike nature of the Hg chains corresponding to a modulation of the x coordinates of the Hg positions. The white 
spots highlight the modulation of the chains. The image is selectively magnified by 30% along the a direction to emphasize the 
modulation. (b) Simulated image incorporating a f0.2 A modulation of the x coordinates of Hg positions that shows the same 
modulated appearance as  in (a). (C, = 1.2 mm, V = 400 kV, Ar = -540 A, and n = 1.0 for six guest layers in a region seven host 
layers thick). - 

2.76 A compared to the interchain Hg-Hg distance of 
3.27 A. These compounds also have significant guest- 
host interactions between the Hg chains and the sulfur 
channels in which they reside. In particular, these 
interactions manifest themselves in the slight off'hain- 
axis modulation of the Hg positions, with the observed 
modulated structure resulting from the optimization of 
the local Hg-S and Hg-Hg interactions. 

The Hg chains in HgrTiS2 exhibit thermally activated 
disorder along their chain-axis (b )  direction, which 
suggests that deintercalation is primarily associated 
with the motion of the Hg chains along the chain axis. 
Thus, the reaction processes in Hg;TiS:! are primarily 
one-dimensional in character, unlike other M-TMDICs 
whose reaction chemistry is generally a two-dimensional 
process.lO.*l The ease of Hg motion along b is also likely 
correlated with the formation of the observed structure, 
which has sulfur channels that offer DTAP coordination 
of the Hg chains. This structure is derived during Hg 
deintercalation from the equilibrium Hgl.24TiS2 struc- 
tureH by host-layer restacking along the Hg-chain axis. 
The restacking process amounts to a simple (1/2)b 
sliding of the host layers, which transforms the coordi- 
nation of the sulfur channels about the Hg chains from 
trigonal prismatic to DTAP, with the formation of the 
observed /3 = 96.5" HaTiS2 structure. Continued Hg 
deintercalation results in the formation and growth of 
regions of Tis2 a t  the expense of the regions containing 
the p = 96.5" structure until Tis2 is formed. 

The complementary study of the complex structures 
formed by Hg;TiS2 by HRTEM in the present paper and 
by X-ray diffraction in the preceding paper has provided 
a detailed structural understanding of HaTiS2 inter- 
calation compounds that could not have been achieved 

by either technique alone. HRTEM provides an atomic- 
level view of the structure, with the ability to elucidate 
such features as  individual sublattice orientations, local 
crystal disorder, and local structural modulation of 
atomic positions. In situ HRTEM also allows observa- 
tion of the structure a t  different stages of the deinter- 
calation process itself. However, HRTEM is unable to 
probe fully intercalated Hgl.24TiS2 (due to Hg loss), can 
only provide nonequilibrium information for Hg;TiS:! 
and does not allow for the complete refinement of 
observed structure(s). All of these HRTEM shortcom- 
ings can be overcome by X-ray diffraction. Therefore, 
the combination of HRTEM and X-ray diffraction pro- 
vides a powerful dual approach to the investigation of 
complex structural arrangements, such as those found 
in Hg;TiS2. 
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