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Incommensurate misfit layer structures of the type “MTSj” (M = Sn, Pb, Bi, rare earth elements; T = 
Nb, Ta) were studied by means of electron diffraction and high resolution electron microscopy. It is 
demonstrated how the electron diffraction patterns along the zone perpendicular to the layer planes 
can be interpreted in terms of the misfit between the constituent layers. Diffraction evidence for 
orientation variants is presented; their occurrence is directly related to the degree of deformation of 
the corresponding sublattices. With the use of image calculations it is shown how high resolution 
images in the layer plane directly reveal the incommensurate misfit through the varying coincidence of 
the atom columns of the two substructures. The shift of successive layers as reported from X-ray 
diffraction is found not to occur systematically in all crystals but it can give rise to stacking disor- 
der. Q 1990 Academic Press, Inc. 

1. Introduction tered orthorhombic cells with parameters, 
ai, bt, cl and a2, b2, ct for MS and TS2, 

A systematic study was undertaken of respectively, the corresponding axes are 
the structures and physical properties of parallel. In the layer plane the (a!, b,) mesh 
compounds of the type “MlS3” (M = Sn, and the (u2, b2) mesh fit along the b-direc- 
Pb, Bi, rare earth elements; T = Nb, Ta) tion (b, = b2). Along all other directions in 
(Z-7). A preliminary review was given in this plane there is an incommensurate misfit 
(8). X-ray diffraction experiments on single which is expressed by the ratio ui/az (Fig. 
crystals (I-4, 6, 7) showed all compounds 2). Due to the misfit the exact composition 
to be made up of two-atom-thick MS layers is (MS),Ts,, with n = 2 (a2/a& rather than 
and three-atom-thick lS2 layers periodi- MT&. For most compounds a doubling of 
tally alternating along the c-axis. The MS the c-parameter for the TS2 part or for both 
layers have a deformed NaCl-type struc- the MS and the TS2 parts is found from X- 
ture, M being in a distorted square pyrami- ray diffraction (2, 3, 6-8). It results from 
da1 coordination with sulfur (Fig. la). The shifts over b/2 of subsequent layers of the 
Ts2 layers have a nearly undeformed 2H- same type leading to a face-centered unit 
NbS2 structure, T being in a trigonal pris- cell for the substructure concerned. In Ta- 
matic coordination with sulfur (Fig. lb). If ble I structural data (including the exact 
both substructures are described in C-cen- composition and the al/a2 ratio) for the 
0022-4596i90 $3.00 212 
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a 

FIG. 1. (a) Slab of MS as present in the “M7Sj” 
compounds: the M atoms (striped spheres) slightly 
protrude and thus form the outer layers. (b) Slab of 
TS,; the T atoms are in trigonal prismatic coordination 
by sulphur (open spheres). The a- and b-parameters of 
the orthorhombic unit meshes are given in Table I. 

materials discussed in this paper are 
listed. 

The compounds under study belong to 
the class of “noncommensurate misfit layer 
structures” (review in (9)). They are struc- 
turally closely related to the “LaCrS” 
family, members of which were studied ear- 
lier by various techniques including elec- 
tron microscopy (10, II). Other examples 
of misfit layer structures are found among 
the sulfosalts of which electron micro- 
scopic investigations were recently re- 
ported (12, 13). 

2. Structural Considerations and 
Stacking Disorder 

2.1 Disorder along the a-Direction 

The structure of the MT& compounds as 
determined from X-ray diffraction is obvi- 

ously an average structure which may devi- 
ate locally from the actual structure. The 
structures of the MS and TS2 lamellae were 
first determined separately using noncom- 
mon reflections and subsequently their rela- 
tive positions were found from the common 
reflections (4, 6, 7). The resulting model 
thus consists of the unrelaxed superposi- 
tion of lamellae of two perfectly periodic 
structures with different unit cells and dif- 
ferent symmetries. The building principle is 
obvious from the projection along [OOll of 
the structure model, shown in Fig. 2. The 
close-packed sulfur layers limiting the TS2 
lamellae offer zig-zag-shaped “grooves” or 
“furrows” along the close-packed direc- 
tions. The average separation of these 
grooves is exactly the same as that of the 
atom rows in the MS layer, allowing perfect 
fit along the b-direction perpendicular to 
the grooves. The M and S atoms in the adja- 
cent MS lamellae tend to occupy the trian- 
gular hollows formed by the sulfur atoms in 
the limiting layers of the TS:! lamellae. Due 
to the difference in geometry of the two 
types of lamellae this is only possible for a 
limited number of M and S atoms. Hence 
the positioning of an MS lamella onto the 
sulfur layer of a TS2 lamella has some de- 
gree of freedom. Small arbitrary shifts 
along the misfit direction presumably 

a 

9 

OS 
0 Nb 
0 La 

FIG. 2. Projection along [OOl] clearly revealing the 
misfit of MS and TS2 along the u-direction in 
(Las), ,4NbSZ, “LaNbS,.” The ratio alla2 was approx- 
imated by 7/4 but is in fact irrational (Table I). The 
relative shifts over b/2 of successive NbSz layers as 
found from X-ray diffraction is not represented. 
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TABLE I 

THE LATTICE PARAMETERS OF THE Two STRUCTURAL UNITS (SU) OF THE DIFFERENT COMPOUNDS AS 
DERIVED FROM X-RAY DIFFRACTION (8) AND THE VALUE 2/Ag, (= MI, i= mu2) (IN A) 

Compound 

(SnSh.,,NbSz 

(SnSh5TaS2 

(PW,.,8bSz 

PWIIJaS2 

(LaSh4NbS2 

(CeSh6NbS2 

(CeShJW 

(Sm%J& 

(BiShJaS2 

su a 

SnS 5.673 5.751 11.76 
NbS, 3.321 5.751 11.76 
SnS 5.739 5.715 11.86 
TaS, 3.311 5.715 11.86 
PbS 5.832 5.801 11.90 
NbS2 3.313 5.801 23.80 
PbS 5.803 5.772 24.00 
TaSz 3.306 5.772 24.00 
LaS 5.828 5.797 11.51 
NbS2 3.310 5.797 23.04 
CeS 5.728 5.767 11.41 
NbSz 3.309 5.767 22.81 
CeS 5.737 5.749 11.44 
TaS2 3.293 5.752 22.89 
SmS 5.562 5.648 22.56 
TaS, 3.292 5.648 22.56 
BiS 6.101 5.738 23.13 

TaS, 3.302 5.738 23.13 

b c Stack 

TOT0 

TOT0 

TOTO’ 

TOT’O’ 

TOTO’ 

TOTO’ 

TOTO’ 

TOT’O’ 

TOT’O’ 

w2 

68 

1.2 

.49 

.68 

.49 

1.10 

.25 

1.61 

19 

ada 2/Aa 

1.708 19.44 

1.733 21.52 

1.760 24.34 

1.755 23.72 

1.761 24.36 

1.731 21.30 

1.742 22.26 

1.690 17.92 

1.848 40.06 

n, m 

3.5 
6 
3.5 
6 
4 

4 

4 

3.5 
6 
4 

6.5 
12 

Note. In the stacking sequence Tand 0 represent MS and TS, slabs, respectively. (‘) indicates a relative shift 
over b/2. 6,/i& is the ratio of the relative deformations of the MS and TSsz sublattices. 

change very little the free energy associated 
with such a stacking (cf. phason modes). In 
different sandwiches the superposition pat- 
terns might thus have different “phases,” 
leading to a particular type of disorder. 

However, the absence of correlation be- 
tween successive layers is contradicted by 
experiment, in particular by the sharp dots 
observed in high resolution images along 
the zone perpendicular to the layer planes. 
Even when a sideways shift along a occurs 
the correlation is apparently maintained 
(section 4.1). It is believed that elastic 
forces may contribute significantly to the 
correlation along the a-direction in the fol- 
lowing way: 

Successive lamellae will superpose in 
such a way that atoms occupy as much as 
possible the hollows in the neighboring lay- 
ers . Therefore, “good” fit between lamel- 
lae can locally be achieved by minor 
changes in the interatomic distances along 

a; in one row the atoms will have to come 
closer together whereas in the next row 
their separation will slightly increase, i.e., 
one row will be under a “compressive” 
stress while the next is under a “tensile” 
stress. In Fig. 3 the situation before (a) and 
after (b) relaxation has been schematically 
represented. The arrows indicate the sense 
of the strain. A minimum in total strain en- 
ergy will result if the regions of compres- 
sive stress overlap to the largest possible 
extent the regions of tensile stress. Due to 
the fact that both the MS and the TS2 lamel- 
lae have a centered unit mesh the pattern of 
the sites of good fit will be centered as well, 
i.e., the stress pattern in successive a-rows 
along the b-direction will be reversed. 

2.2 Translational Disorder 

X-ray diffraction studies have revealed 
the occurrence in most of the compounds 
under study of discrete relative shifts over 
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FIG. 3. Simplified model for the stress relaxation mechanism possibly responsible for the correlation 
along a between layers of the same type. The vertical lines represent atom columns in the respective 
lamellae. 

b12 of successive layers of the same type 
(8). As will be explained hereafter such dis- 
placements are readily underst~dable 
from the geometry of the structure. Note 
that both the limiting sulfur layers of a ES2 
lamella give rise to identical lattices of hol- 
lows which can be occupied by atoms of the 
MS lamellae. The vector R2 = l/2 [11012 
(Fig. 4a) is a “lattice” vector for the ZS2 
structure but not for the MS structure. The 
following relation holds, 

R2 = l/2 [llOh = 1/4[1 f E, 2, 0],, 

where the subscript “1” refers to the MS 
lattice and “2” refers to the TS2 lattice. 

MS layers deposited on both sides of the 
same TS2 reference layer can thus occupy 
with equal probability two different relative 
positions. They can either be stacked ex- 
actly vertical one above the other or their 
projected positions can differ by a displace- 
ment Rz (Fig. 4a). Since arbitrary shifts 
along the misfit a-direction presumably oc- 
cur very easily it is expected that the two 
MS lamellae on either side of the TS2 la- 
mella will rearrange slightly so as to adopt a 
stacking which is compatible with the mini- 
mization of the strain energy as discussed 

above. A small shift along a will allow the 
elimination of the component of the dis- 
placement vector along this direction (Fig. 
4b). As a result two successive MS layers in 
the reference unit cell will either be stacked 
vertically above one another or they will be 
displaced one relative to the other over 112 
[OlO]r = 112 [OlO]z. 

Likewise l/2 [ 1 lo] t is a lattice vector for 
the MS structure but not for the TS2 struc- 
ture, the relation being 

RI = l/2 [110], = l/2 [2(1 - E), 1, O]*. 

Now the TS2 lamellae on either side of an 
MS lamella will either come vertically 
above one another or they may be shifted 
over a displacement vector RI (Fig. 4~). 
The component of RI along a will presum- 
ably again be eliminated by a relative shift 
of the two R32 lamellae along this direction 
(Fig. 4d). As a result the two successive TS2 
layers either come vertically one above the 
other or are shifted over 112 [O!O]. 

One thus obtains four essentially differ- 
ent basic stacking possibilities for a refer- 
ence unit mesh: 

(1) TO TO 
(2) T 0 T 0’ 
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a 

b 

FIG. 4. Model explaining the presence of b/2 shifts between successive layers of MS or I’&. (a) Two 
layers (represented by solid and broken lines, respectively) of MS on each side of a 7Sz slab are 
displaced over a “lattice” vector Rz of I’&. (b) A small relative shift of the MS layers along a results in 
a net displacement vector of l/2 [OIO]. (c) Two layers (represented by solid and broken lines, respec- 
tively) of IS2 on each side of an MS slab are displaced over a “lattice” vector RI of MS. (d) A small 
relative shift of the 7Sz layers along a results in a net displacement vector of l/2 [OlO]. 

(3) T 0 T’ 0 
(4) T 0 T’ 0’) 

where T, T’ and 0, 0’ represent lamellae of 
MS (“tetragonal”) and TS2 (“orthohex- 
agonal”), respectively; T and T’ are related 
by a shift over l/2 [OlO] as are 0 and 0’. 
The different possibilities give rise to differ- 
ent c-parameters for the two substructures: 

(1) c1 = c2 = 1.2 nm 
(2) Cl = 1.2 nm; c2 = 2~3 = 2.4 nm 
(3) c2 = 1.2 nm; cl = 2c2 = 2.4 nm 
(4) cl = c2 = 2.4 nm. 
The cases (l), (2), and (4) were actually 

found by X-ray diffraction experiments. 
The possibility of having two translation 
variants for each of the structures leads to 
the possibility of polytypism and of disor- 

dered structures. In the latter case the fault 
vector will always be l/2 [OlO] irrespective 
of the reference structure. It is important to 
note that although l/2 [OlO] is not a lattice 
vector of the MS structure a translation 
over this vector does not perturb the 
“square” configuration of atom columns in 
this substructure; however, a shift over l/2 
[OlO] does perturb the atom column config- 
uration in the TS2 part. 

2.3 Orientational Disorder and Polytypism 

On an undeformed MS layer with four- 
fold symmetry it is possible to deposit a TS2 
layer with pseudohexagonal (orthorhom- 
bit) symmetry, obeying the established epi- 
taxial relationship, in two directions differ- 
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ing 90” in orientation. On the other hand on 
an undeformed TS2 layer with hexagonal 
symmetry it is possible to deposit with 
equal probability an MS layer with pseudo- 
tetragonal (orthorhombic) symmetry in 
three orientations differing by 60”. Whether 
one or the other will happen depends on the 
degree of deformation of the two lattices on 
juxtaposition, as could be confirmed by our 
observations (Section 3.3). 

If the hexagonal TS2 lattice is the less de- 
formed one, the three families of grooves in 
the close packed sulfur layers are almost 
equivalent and the disorder will preferen- 
tially occur in the MS layers. This can be 
understood as follows. An MS layer has in 
fact orthorhombic symmetry and one sys- 
tem of grooves in the NaCl-like arrange- 
ment will be preferred over the other. The 
next TS2 layer will thus experience a bias to 
fit along the same family of grooves of the 
MS layer as the previous one. A rotation 
over 90” between successive TS2 layers is 
then unlikely and as a result the correlation 
between the orientations of the two layers 
is rather strong. Whereas an MS layer has a 
choice between three almost equally fa- 
vored possibilities the next Ts;? layer has no 
choice: the coincidence direction will be 
the same as that of the previous TS2 layer. 

If on the contrary the MS layer is the less 
deformed one, the two families of 
“grooves” in the MS layer are equivalent 
and therefore the orientational disorder will 
mainly occur in the TS2 layers. The 
orthorhombic deformation of the TS2 layer 
causes one family of grooves in this layer to 
become singular while the two others re- 
main equivalent. Since the epitaxial fit oc- 
curs along the singular directions it is to be 
expected that the orientations of successive 
MS layers will now be highly correlated, 
whereas the TS2 layers have a choice be- 
tween two equally favored directions differ- 
ing 90” (or 30”) in orientation. 

One can imagine the orientational faults 
described here to occur in a periodic way 
and hence give rise to the formation of 

polytypes. Some evidence for this was in- 
deed found in PbNbSs as will be shown in 
Section 3.3. 

3. Electron Diffraction Observations 

3.1 Sample Preparation 

Single crystals of the different materials 
were prepared by vapor transport using 
chlorine as a transport agent; see, for exam- 
ple Refs. (6-8). The platelet shape of the 
crystals reflects the layered nature of the 
structures. Samples suitable for (high reso- 
lution) electron microscopy were prepared 
by repeated cleavage of the crystal platelets 
with adhesive tape. This technique natu- 
rally limits observations to directions close 
to the zone axis perpendicular to the layer 
planes, i.e., the [OOl] zone. Observations 
along zone axes in the layer plane were pos- 
sible at curled up edges of thin foils or in 
samples obtained by cutting embedded 
platelets perpendicular to the layer planes 
with an ultramicrotome. However, the use 
of the latter technique was limited since it 
easily introduced severe deformations. 
Furthermore, the edge of a thin foil is al- 
ways curled up in such a way that the axis 
of the “cylinder” is the b-direction, limiting 
observations to the [loo] zone. This is un- 
derstandable from the fact that elastic 
stresses associated with bending of the foil 
can most easily be released by small atom 
displacements along the misfit direction. 

3.2 The [OOl] Zone 

Electron diffraction patterns along the 
[OOI] zone, i.e., perpendicular to the layer 
planes, contain two sets of sharp “basic” 
spots due to the two sublattices, as well as 
sequences of extra spots perpendicular to 
the common diffraction vector (b*) due to 
multiple diffraction and to the mutual mod- 
ulation of the MS and TS;? lamellae (Fig. 5) 
(5). A description of the symmetry of the 
complete structure and of the modulated 
substructures can be obtained by applica- 
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FIG. 5. Characteristic electron diffraction pattern along the [OOl] zone axis in an “MT&” compound 
(“BiTaS,“). The pseudohexagonal and the nearly square configu~tions of intense spots are due to ZS2 
(TaS,) and MS (BiS), respectively. The extra spots are due to the complete structure. 

tion of the theory of superspace groups (14, 
15). In X-ray diffractograms the “satellite” 
spots are generally too weak to be observed 
and they were only reported in the case of 
LaNbS3 (3, 6). The extra spots directly re- 
veal the incommensurate misfit between 
the MS lattice and the TSz lattice and their 
positions can be derived from the basic spot 
positions by the difference vectors Ag,, 
Ag,, Ag3 (Fig. 6), where Agi = Ag2 + Ag3 
and lAg,I = (4/aJ - (2,‘~). 

The diffraction patterns can be inter- 
preted as being composed of linear se- 
quences of satellite spots associated with 
the MS spots in such a way that their spac- 
ing is Agi and that they have fractional 

shifts of l/2 with respect to the MO spots 
with h + k = odd and no fractional shifts if 
h + k = even. The TS2 spots acquire the 
same sequence of satellites without frac- 
tional shifts, however. This is shown sche- 
matically in Fig. 6. The geometry of these 
patterns is consistent with a centered rec- 
tangular unit mesh for the coincidence 
structure with parameters (21Agr) x b; this 
is clearly only an approximation since in 
general 2/Ag3 is not a common multiple of 
spacings of MS and TS2 (Table I). In Fig. 2 
it was assumed that 7a2 = 4al = 2/Ag,. 

The relative intensities of the spots due 
to MS and TS2 were found to vary consider- 
ably from foil to foil and even within one 
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FIG. 6. Detail of electron diffraction patterns along the [OOll zone axis of (a) (PbS)1.,4NbS2, ~*/a,* = 
714; (b) (SnS),,,7NbS2, a,*/~,* i= 12/7. In the schematic representation on the right it is shown how the 
satellites can be generated from the basic spots by the difference vectors Ag, , Ag2, and Ag,. 

foil (compare, for example, Figs. 6a and 
1.5). These variations are largely due to 
thickness variations as can be seen from 
Fig. 8 where the intensities of the 2OOr re- 
flection (due to MS) and the 100. reflection 
(due to IS,), calculated using the dynami- 
cal theory for electron diffraction, were 
plotted as a function of the foil thickness t. 
Generally one can state that in the first half 
of the experimental thickness range (1.2 < t 
< 12 nm) the “square” configuration of 
spots due to MS dominates, while in the 
second half (12 < t < 24 nm) the “hexago- 
nal” configuration of spots due to TS2 dom- 
inates. 

One might expect the presence of an odd 
number of layers, i.e., the presence of an 
extra layer of one type, to also have a major 
influence on the relative intensities. How- 

ever, the calculations show that one “ex- 
cess” layer of MS or TS2 only results in a 
relatively weak change of the intensities 
(Fig. 8b) and thus the experimental diffrac- 
tion pattern will not be visibly influenced. 

Although the [OOl] diffraction patterns of 
the different compounds have many fea- 
tures in common there are also charac- 
teristic differences. Some of the satellite 
patterns are commensurate within ex- 
perimental error while others are visibly in- 
commensurate. The diffraction patterns of 
several compounds have been represented 
in Figs. 5-7. 

3.3 Orientational Variants 

Regularly more intricate [OOl] zone pat- 
terns were observed in several of the com- 
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FIG. 7. Electron diffraction patterns along the [OOl] zone axis of different compounds. The configu- 
ration of satellite spots along a* reflects the incommensurate ratio al/a2 for each material (see Table I). 
(4 (SnSh,~TaS~; (b) (PbSh.,,TaSZ; (4 (CeShNbS~; (4 (SmS), 18TaSZ. 

pounds (Figs. 9 and 10). They are due to 
different orientational variants of MS on 
7S2 or vice versa. It was already suggested 
in section 2.3 that the variants that can oc- 
cur for a specific compound can be pre- 
dicted from the relative degree of deforma- 
tion of the sublattices as measured from a 
“simple” [OOl] pattern or as deduced from 
the X-ray diffraction data (8) reproduced 
in Table I. The deformation of the cen- 
tered tetragonal mesh was quantified as 
61 = la, - b, l/b, whereas the deformation 
of the orthohexagonal mesh was charac- 
terized by the expression a2 = )(a2 fi) - 
bzb. 

From the values 61/62 for the relative de- 
formations (Table I) one expects: 

-orientational variants of TS2 in 
PbNb&, PbTaS3 , LaNb$, CeTa& ; 

-0rientational variants of MS in 
SnNb&, SmTa&, BiTaS,; 

-both MS and TS2 variants in SnTa&, 
CeNbS,. 
Electron diffraction patterns containing the 
expected variants and no others were in- 
deed found, except for PbTa& and 
CeNb&, in which no variants were ob- 
served as yet. 

We shall discuss in some detail the dif- 
fraction pattern of Fig. 10a which refers to 
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FIG. 8. Plot of calculated dynamical intensity Z (in 
arbitr. units) versus foil thickness f  (in c-units; c = 
1.176 nm) for the reflections 000, 204,, and 1 IO0 of 
SnNbS,; (a) f  increases with lc, i.e., always an equal 
number of layers of each type is present; (b) Z in- 
creases with (112) c i~ust~ting in this way the effect of 
an extra layer of one type (here; NbSJ on the dif- 
fracted intensity. 

PbNb& and is due to a stacking of MS dou- 
ble layers, all having the same orientation, 
interleaved with layers of Tsz in such a way 
that successive ZSz layers differ 30” (or 907 
in orientation. The “simple” diffraction 
pattern due to PbNb& is shown in Fig. 6a. 
It exhibits the characteristic superposition 
of a square pattern due to the PbS layers 
and a hexagonal pattern due to the NbS2 
layers, as well as sequences of satellites ori- 
ented along the direction perpendicular to 
the common diffraction vector. From this 
pattern we can deduce the degree of defor- 
mation of the two lattices as a consequence 
of their superposition. Using the expres- 
sions for 6, and 82 given above one finds for 
the relative deformation of the sublattices 
Eil/& = 0.5; i.e., the hexagonal lattice is the 
more deformed one. Following the consid- 
erations of Section 2.3 we can understand 
that the orientations of the MS layers are 
highly correlated, whereas the TS2 layers 
can occur in two possible orientations 
which alternate along the c-direction. Since 
in the described structure the hexagonal 
layers occur in two mutually perpendicular 
orientations also the modulation satellite 
sequences occur in mutually perpendicular 

FIG. 9. Examples of more intricate [OOl] patterns due to the presence of orientational variants of the 
most deformed substructure: (a) in SnTaS,; two variants of TaS2 differing by 90” (30”), one variant of 
SnS; (b) in SmTaS,; one variant of TaS2, three variants of SmS differing by 60”. 
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b 

FIG. 10. Electron diffraction pattern along [OOl] in PbNb& most likely due to a polytype consisting 
of an alternation of two variants of NbSz differing by 90” (30”) and one variant of PbS. The schematic 
representation on the right shows how all satellite reflections can be generated by the difference 
vectors Agi; i = 1, 6. 

directions, The fact that a “filled-in” 
square grid is observed implies that multi- 
ple diffraction must occur between succes- 
sive NbS2 layers and therefore suggests that 
several NbS2 layers superpose and contrib- 
ute to the diffraction effects. The distances 
between the spots due to the square lattice 
are very nearly divided in eight equal inter- 
vals along both directions, suggesting the 
occurrence of an 8 x 8 superlattice for the 
composite structure. The square superlat- 
tice of satellite spots can in fact be gener- 
ated from the MS lattice by the difference 
vectors &I, Ag2, Ag3, Ag4, Ags, and Aa as 
represented in Fig. lob. 

3.4 The [IOO] Zone 

In [loo] zone patterns one generally ob- 
serves that the spot rows 001, 021, 041, . . . 
contain rows of sharp equidistant spots 
connected by weak streaks and reveal the 

= 1.2-nm spacing; whereas the rows 011,031 
are continuously and often heavily streaked 
(Fig. 11). Both sublattices contribute to 
these rows of reflections since the Ok1 re- 
flections are common to both reciprocal lat- 
tices. A possible explanation for the weak 
streaks will be given in section 5.2. Similar 
observations were reported in one of the 
misfit layer sulfosalts (Franckeite) (12). 

4. High Resolution Images 

4.1 High Resolution Images Along the 
[OOI] Zone Axis 

High resolution images along the [OOl] 
zone axis were obtained for several of the 
materials. The images consist either of a 
slightly deformed hexagonal pattern or of a 
quasi square pattern of bright dots (Figs. 
12-14 and 16). Whether one or the other 
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FIG. Il. Electron diffraction pattern along the [loo] 
zone axis in PbTaS, as observed at the curled edge of a 
[OOl] foil and revealing intense streaks along all the 
rows for which k = odd. 

pattern will be prominent depends on the 
diffraction conditions and on the specimen 
thickness, which also determine the rela- 
tive intensities of the reflections in the dif- 
fraction pattern. If the low order TS2 spots 

FIG. 12. High resolution image along [OOl] in 
SnNbS, showing a modulated pattern based on a de- 
formed hexagonal dot configuration. The modulation 
period along the misfit a-direction is 2/Ag, = 6az = 
(7/2) a, as was expected from the ratio al/u* = l2/7. 
The directions of the “brightness modulation waves” 
due to Ag, and Ag, are indicated. 

FIG. 13. High resolution image of two adjacent re- 
gions with different thicknesses in a [OOl] foil of 
PbTaS, exhibiting an identical sequence of dark (re- 
spectively bright) lines along the b-direction. The lines 
are most probably due to relaxations of Pb atoms into 
the hollows formed by the S atoms of TaS,. 

are the most intense ones in the diffraction 
pattern the image will prominently exhibit 
the hexagonal pattern; if on the other hand 
the MS diffraction spots are the most in- 
tense ones the pattern will be prominently 
square. If both types of spots have compa- 
rable intensities the pattern of bright dots 
will exhibit some intermediate configura- 
tion. In spite of their relative simplicity the 
images reveal the essential features of the 
complete structure. The most significant 
feature is the modulation of the intensity of 
the bright dots along the rows parallel with 
the misfit u-direction; also the sharpness of 
the dots tends to vary in the same quasi- 
periodic way. Depending on the particular 
compound three or four sharp bright dots 
alternate with four or three somewhat dif- 
fuse less bright dots. In adjacent dot rows 
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FIG. 14. High-resolution image along [OOl] in PbNb& viewed at grazing incidence along the b- 
direction revealing “ledging” due to gradual shifts along the misfit u-direction. The new average 
orientation of the “misfit planes” is indicated. 

the modulations are in anti-phase. This 
gives rise to a quasi-periodic two-dimen- 
sional dot pattern which can with good ap- 
proximation be referred to a centered rec- 
tangular unit mesh with dimensions A x b 
where A = ma2 = nal (note that A = 2/Agi). 

We then also have 

kuz = l/2 (ka, + ks). 

If ks = al, one obtains 

(allc)a2 = l/2 [al/c) + I]al 

The numbers m and 12 for the different com- 
pounds can easily be derived as follows: 

and if m is the integer closest to but 

Consider 
smaller than 

l/2 al (MS) and a2 ( TS2) with al < a2 a,/&, i.e., m = [al/e], 

then we obtain 

a2= 1/2al + 1/2&withO<&<al. mu2 5 l/2 (m + I)aI = A. 

FIG. 15. Electron diffraction pattern in PbNb& corresponding with the image of Fig. 14 and reveal- 
ing an “orientation anomaly”: the broken lines connecting satellite sequences with their basic spot 
enclose a small angle with a*. 
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FIG. 16. High resolution images along [OOI] in differ- 
ent LaNbS, crystals: (a) The imaged pattern is cen- 
tered, the modulation period along the misfit u-direc- 
tion is A = 2/Ag, (- 7a2 = 4~). (b) The centering of 
the pattern is lost, the modulation period along the a- 
direction is l/Ag,. The image pattern in (b) is compati- 
ble with systematic b/2 shifts of NbSz layers, the pat- 
tern in (a) is not. 

The integers m and 1/2(m + 1) or IZ are then 
the number of unit cells which lead to the 
first approximation for the supercell. Ap- 
plying this to the different compounds leads 
to the values of m given in Table I. For 
instance for LaNb& one finds m = 7 and 
for SnNb&, m = 6. This means that for the 
first compound it is a good approximation 
to choose a supercell containing m (= 7) 
unit cells of NbS2 fitting into l/2 (m + 1) 
(= 4) unit cells (eight MS distances!) of 
Las. For the second compound the super- 
cell will have to contain 2m (= 12) units 
of NbS2 fitting approximately onto m + 1 
(= 7) units of SnS. In the hexagonal image 
patterns there are m intervals between 
bright dots in one period A; in the square 
patterns there are 2n such intervals since 

successive columns of the MS structure are 
not equivalent in space but nevertheless 
project in the same way on (001). These 
features can be observed in Figs. 12-14 and 
16. 

In a number of well-contrasted images 
dark or bright lines parallel with the b-di- 
rection are visible (Figs. 12 and 13). The 
period of this line pattern is also A, but 
more than one line may occur in each pe- 
riod. In the hexagonal pattern (PbTaS) of 
Fig. 13a the dark lines result from the fact 
that locally the separation of successive 
bright dots is somewhat larger than the av- 
erage. There are two prominent dark lines 
in one period. Between the widest spaced 
lines there are four (or five) bright dots 
whereas between the narrower spaced lines 
there are three (or two) bright dots. In one 
period A there are always seven bright dots, 
either 4 + 3 or 5 + 2. In the predominantly 
square pattern (PbTaS) of Fig. 13b the 
bright lines are marked by extra bright dots; 
the period is again A and it is subdivided in 
the same way as the pattern of dark lines. 
Such dot patterns presumably result from 
relaxation of the MS structure when juxta- 
posed onto the TS2 structure. In both pat- 
terns a “phase slip” of the line pattern oc- 
curs periodically. This is presumably due to 
the fact that A is not exactly given by A = 
ma2 = nal but that in actual fact ma2 is 
slightly different from nal and this differ- 
ence leads to a periodic adjustment of the 
overlap pattern. 

A periodic adjustment can also be as- 
sumed from the images where no prominent 
dark (or bright) lines parallel to b are 
present; it is then revealed by the fact that 
the short sequences of extra brights dots 
are locally (i.e., along a line parallel with a) 
1 unit longer or shorter, as for instance in 
Fig. 12. These features are clearly a direct 
consequence of the incommensurate nature 
of the misfit layer structures. 

Lines of a similar nature, roughly along 
the b-direction and formed by extra bright 
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dots were observed in PbNb&. In that ma- 
terial the lines sometimes shift sideways by 
systematic ledging; their average direction 
then encloses an angle with the b-direction 
(Fig. 14). It supports the view that these 
lines are some kind of discommensuration 
lines separating successive strips of best fit, 
i.e., where the atoms in the MS layer fit 
optimally in the hollows of the TS2 layers. 
A small relative shift in the a-direction of 
the two lamellae changes the superposition 
pattern over the distance between succes- 
sive hollows in the ZS2 layer and thus 
changes the positions of the “discommen- 
surations” over the same distance. The 
(gradual) shift of the bright dot rows over 
one interrow spacing is clearly visible in 
Fig. 14. The lines are analogous to the 
moire-like fringes observed in MnSizdx; 
also in this material a systematic relative 
shift of the silicon helices with respect to 
the manganese matrix causes an orientation 
change of the fringes (16, 27). A diffraction 
pattern reveals such systematic “phason” 
type shifts as orientation anomalies. The 
pattern corresponding with the crystal area 
of Fig. 14 is reproduced in Fig. 15. The vec- 
tor Ag, now encloses a small angle with the 
a* direction. This small angle can be seen 
as resulting from a small shear deformation 
of the lattice of the two lamellae. The orien- 
tation anomaly allows to deduce unambigu- 
ously in which way the linear sequences of 
satellites belong together, i.e., which satel- 
lites are connected with a given basic re- 
flection; this is indicated by brackets in the 
pattern of Fig. 15 and it is in agreement with 
the assumptions made in Section 3.2. 

4.2 Computed Images 

Image simulations were performed with 
the structure data derived from X-ray dif- 
fraction (4, 6, 7). However, in image calcu- 
lations a strictly periodic model, with ma2 
= nal exactly satisfied, had to be used; ac- 
cordingly the atom positions were very 
slightly adapted. A representative matrix of 

simulated images for a range of thicknesses 
and defocus values, computed using the di- 
rect space method (18), is reproduced in 
Fig. 17 for the compound LaNb&. The 
shift over b/2 of subsequent NbSz layers as 
reported from single crystal X-ray data was 
not taken into account. In spite of this the 
simulated images clearly have the charac- 
teristic features exhibited by most of the 
observed experimental images. 

It is worth noting that the computed im- 
age pattern with Af = -80 nm and a thick- 
ness of 1.15 nm (i.e., 1 unit cell) is square 
with hardly any brightness modulation, 
whereas the image pattern for A f = -80 nm 
but at a thickness of 20.7 nm is hexagonal, 
also without brightness modulation. The 
transition from one pattern into the other 
occurs gradually with increasing thickness. 
The best correspondence with the particu- 
lar experimental image of LaNb& shown in 
Fig. 16a is found for t = 6.9 nm and Af = 
-80 nm. A comparison of the simulated im- 
ages of Fig. 18 with the model of Fig. 2 
shows that for the smaller thicknesses (e.g., 
t = 10.6 nm) and defocus values at or just 
above Scherzer defocus (- -70 nm) the 
brightest dots correspond with the coinci- 
dence sites of atom columns M-S and T, the 
brightness being a measure for the degree of 
straightness of the columns. For the same 
thicknesses but for defoci just below Scher- 
zer defocus the brighter dots correspond 
with the centers of the empty trigonal 
prisms formed by T atom columns (Fig. 2). 
The latter also applies to all Af values 
around Scherzer for large thicknesses. 

4.3 Intuitive Considerations 

The high resolution images can to some 
extent be understood intuitively. We first 
note that straight columns of heavy atoms 
parallel with the incident beam can be im- 
aged as sharp bright (or dark) dots. Accord- 
ing to the atomic column approximation 
(19) electrons travelling along such a 
column are periodically focused and defo- 
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FIG. 17. Matrix of computed high resolution images along [OOI] in LaNbS,. The b/2 shifts of 
subsequent NbS, layers were not taken into account. Instrumental parameters used in the calculations 
were V = 200 kV; C, = 1.2 mm; h.a. beam COW. = 8 x 10-J rad; def. spread = 7 nm; obj. ap. rad. = 7 

cused with a period which depends on the 
composition (this period is some kind of ex- 
tinction distance along the length of the 

-60 

FIG. 18. Computed high resolution images along 
[OOl] in LaNbS, taken from Fig. 17. The repeat unit is 
outiined. Comparison with the model of Fig. 2 permits 
the derivation of an imaging code applicable to all 
MTS, compounds. 

column). At the exit surface, i.e., at the 
bottom of the column, either a relative 
maximum or a minimum in intensity, i.e., a 
bright dot or a dark dot, will thus be pro- 
duced. At constant defocus for a given 
thickness the M columns may thus produce 
maxima, i.e., bright dots, while the T 
columns (or the prismatic tunnels formed 
by the T columns) may produce bright dots 
for another thickness. 

If the column is not straight but consists 
of two parts which are laterally shifted, the 
maximum or the minimum is produced at a 
position which is intermediate between the 
projected positions of the two column 
parts. The final position will be closest to 
the projected position of that part of the 
column which contributes most to the final 
intensity. These considerations follow from 
image simulations of stacking fault tetrahe- 
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PbTa S3 PbNbS, 

FIG. 19. Projection along [Ool] of an MTS, compound with a,laz = 7f4. The circles indicate the 
intuitively expected dot positions. Under particular conditions a sharp bright dot will be observed only 
where the separation between atom columns of ISI and MS (small and larger black dots) is sufficiently 
small. 

dra in silicon. Silicon columns along [llO] 
intersecting a stacking fault suffer such a 
lateral shift. They were found to be imaged 
in a shifted position, the magnitude and 
sense of the shift depending on the relative 
lengths of the two column parts (20). 

In the structures considered here some 
heavy atom columns in the region of good 
fit can within good approximation be con- 
sidered as straight columns; they contain 
M-S and T atoms. However, most such 
columns are zigzag shaped. It is thus to be 
expected that they will produce a bright dot 
at an intermediate position and with an in- 
termediate brightness if both parts contrib- 
ute. We do not consider the sulfur matrix of 
the TS2 layers, which does not seem to be 
imaged under the conditions used. 

Using these principles it is possible to 
qualitatively predict the image for a given 
structure. If only the A4 atom columns con- 
tribute the imaged pattern will be square; if 
only the T atoms contribute it will be hexag- 
onal. However, in general both atom spe- 
cies will contribute; the imaged dots will 
thus be produced in an intermediate posi- 
tion. This situation is schematically repre- 
sented in Fig. 19; it is in good qualitative 
agreement with the observed dot patterns 
(e.g., Fig. 12). 

From a comparison of the simulated im- 
ages with the model it is confirmed that the 
brightest sharp dots indeed correspond 

with well-defined (nearly) straight columns 
under the appropriate imaging conditions. 

5. Discussion 

5.1 Stacking Disorder 

The present study has revealed a number 
of features which are apparently in contra- 
diction with the X-ray diffraction results (4, 
6-8). 

The [OOl] electron diffraction patterns 
exhibit MOT reflections which cannot be ex- 
plained by double di~raction but which on 
the contrary are strong enough to excite 
satellite spots at hhOr ? Agi (i = 1 to 3). The 
intensity of these hhOr reflections is rather 
low and somewhat variable but they are 
never completely absent. Such reflections 
should not appear if the MS sublattice is 
strictly face-centered; they are compatible 
with C-centering of this sublattice, how- 
ever. 

In the same zone also the TS2 subpattern 
exhibits MO, reflections which should nor- 
mally be absent in a face-centered lattice. 
The spots cannot be explained by double 
diffraction but on the contrary again excite 
reflections at MO, lr: Agi. Their presence is 
compatible with C-centering of the TS2 sub- 
lattice. 

Very occasionally spots OM) (k = odd) are 
observed in the [OOl] patterns. These spots 



MISFIT LAYERS IN MZS,-TYPE COMPOUNDS 229 

are in contradiction not only with face-cen- 
tering but with C-centering as well. 

In the [loo] zone pattern, which contains 
the common Ok1 reflections, only reflections 
with k = even should be present if the lat- 
tice is C-centered. However, at the rows k 
= odd one observes streaks (occasionally 
with sharp reinforcements) (Fig. 11) indi- 
cating that k = odd reflections are present 
but that one-dimensional disorder along the 
c-axis causes their degeneration into 
streaks. This leads to the assumption that 
the exact centering of individual layers 
might be lost due to atom relaxations asso- 
ciated with the mutual modulation of the 
substructures. 

In general the MO reflections with h = 
odd, k = even and those with h = even, k = 
odd are absent showing that the C-center- 
ing is still preserved in projection and that 
the assumed breaking of the C-centering 
will mainly have to be attributed to dis- 
placements out of the layer planes, i.e., 
along the c-direction. The vector relating 
motifs at the corner and at the C-center can 
then be written as l/2 [l, 1, E] with respect 
to a unit cell al (or az) x b X 2c, where E is 
a rudimentary representation of the sym- 
metry breaking relaxation. 

On the basis of the arguments of section 

2.2 successive layers of the same type are 
assumed to either be stacked vertically one 
above the other or to be shifted over b/2. 

Formally the lattice part of the structure 
factor can then be written as 

(a) in the case of “vertical” stacking (no 
shift) 

(1 + exp ‘~~i(h + k + I&)}(1 + exp rril) 

(1) 

(b) in the case of pseudo-face-centered 
stacking (systematic shift) 

(I + exp rri(h + k + Is)} 
(1 + exp ri(k + I)}. (2) 

In case (a) the criterion for MO reflec- 
tions to be present is h + k = even, allow- 
ing for hh0 reflections as observed in [OOl] 
zone patterns. For the Ok1 reflections Eq. 
(1) reduces to 

(i) (1 + exp rri le) (1 + exp n-i I) for k = 
even; 
i.e., only reflections with 1 = even and 1: f 
odd integer are allowed. A maximum is ex- 
pected for 1 = even, le = even integer. 

(ii) (1 - exp ri IF) (1 + exp ri 1) fork = 
odd; 
i.e., only reflections with 1 = even (I f 0) 
and I@ # even integer are allowed. A maxi- 

FIG. 20. Electron diffraction patterns along [OOl] in different LaNbS, crystals. The corresponding 
images are shown in Fig. 16. The high relative intensity of the 110, spot in (a) is not compatible with a 
systematic b/2 shit of NbSz layers. The weakened 110, reflection in (b) can be attributed to the 
presence of such b/2 shifts. 
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mum is expected for 1 = even, 1~ = odd 
integer. 

In case (b) MO reflections are only al- 
lowed if h and k are both even, i.e., hh0 
reflections with h = odd should be extinct. 
However, reflections of the latter type are 
present in [OOl] zone patterns which thus 
contradict face-centering. For the Ok1 re- 
flections Eq, (2) reduces to (1 + exp n-i k) 
(1 + exp ni I) for k = even; 
i.e., only reflections with I = even and le 4 
odd integer are allowed. 
(1 - exp ?ri 1~) (1 - exp ri I) for k = odd; 
i.e., only reflections with 1 = odd and 1~ # 
even integer are allowed. 

In the case of a disordered stacking along 
c with fault vector R = I12 [OIO] the reflec- 
tions for which g f R # integer will become 
diffuse, i.e., the c* rows for which k = odd 
will become streaked, which is in agree- 
ment with the observations in the [loo] 
zone patterns. Since localized intensity is 
present along the c* rows with k = odd in 
the case of vertical stacking as well as in the 
case of “shifted” stacking it is concluded 
that the actual stacking of lamellae of the 
same type must be a disordered stacking, 
i.e., certain lamellae will be stacked in the 
pseudo-face-centered manner but the ma- 
jority will be stacked in the vertical man- 
ner. 

In the rows k = even only sharp reflec- 
tions at 1= even are observed as predicted. 

5.2 The bi2 Shift 

For most compounds (except SnTS3) X- 
ray diffraction finds a doubling of the c- 
parameter due to relative shifts over b/2 of 
successive TS2 layers (or of both MS and 
YS2 layers) (8). The shifts account for the 
face-centering of the corresponding unit as 
deduced from the systematic extinction of 
all reflections with mixed indices (not all 
odd or all even). 

Due to the geometry itself of the MS 

successive MS layers will not visibly influ- 
ence the high resolution images; here we 
will therefore concentrate on the TS2 lay- 
ers. 

In selected area electron diffraction pat- 
terns along the [OOl] zone axis the face-cen- 
tering, i.e., the systematic shift of subse- 
quent TS2 layers, will give rise to near 
extinction of all hkOo reflections for which 
both h and k are not even (Section 5.1). As 
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FIG. 21. Plot of calculated dynamical intensity I (ar- 
bitrary units) versus foil thickness t (in c-units: c = 
1.15 nm) for the 000, 2OOr, and 110, reflections of 
LaNbS, in the case of (a) no relative b/2 shift of suc- 
cessive NbS2 layers; (b) relative b/2 shift; (c) same as 
(b) but I-axis expanded (16 times) in order to show the 
inthrence of an odd number of NbS2 layers on the dif- 

slabs relative displacements over b/2 of fracted intensity. 
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FIG. 22. Matrix of computed high resolution images along [OOl] in LaNbS,. The b/2 shifts of 
subsequent NbS2 layers as found from X-ray diffraction were taken into account. The instrumental 
parameters are as in the legend to Fig. 17. 

a result of the weakening of the 110, spot 
Agi will remain as the only prominent dif- 
ference vector. This is indeed observed in 
some cases (e.g., Fig. 20b). Total extinction 
will never occur since in general (part of) 
the selected foil region will contain an odd 
number of TS2 slabs, thus breaking exact 
face-centering. Some residual intensity 
could also be due to to local disorder on the 
T-lattice as is in fact suggested in (6) for 
PbNbS3. In Fig. 21 the dynamical intensi- 
ties of the 110, and 2OOr reflections in the 
case of “no shift” (Fig. 21a) and “shift” 
(Figs. 21b and 21~) are plotted as a function 
of foil thickness. It is obvious that even 
when the foil comprises an odd number of 
shifted El2 layers the intensity of the 110, 
reflection is much lower than that of the 
2OOr reflection (except for a small thickness 
interval around 17 nm). 

One can state that observing an intensity 
for the 110, reflection comparable with or 
larger than that of the 2OOr reflection over a 
range of thicknesses is not compatible with 
the relative b/2 shift of successive TS2 lay- 
ers. However, diffraction patterns with the 
latter characteristics are frequently ob- 
served in all MIS3 compounds. 

For the matrix of computed high resolu- 
tion images along the [OOl] zone axis shown 
in Fig. 22 the b/2 shift was included. These 
simulated images are to be compared with 
the matrix of Fig. 17 where no displace- 
ments were taken into account. Note that 
for f = 1.15 nm the computed micrographs 
are identical for both cases (Figs. 17 and 22) 
as they should be since the foil comprises 
only one slab of each type and conse- 
quently a relative shift cannot play a part 
yet. Due to the relative displacements of 
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subsequent KS2 layers over b/2 the center- 
ing of the supercell is lost. The atom 
column separation in the TS2 part cannot be 
resolved any more and the computed im- 
ages reveal a predominantly square pattern 
of dots with only a weak modulation along 
the misfit a-direction due to the only promi- 
nent difference vector Ag,. An example of 
such an image is shown in Fig. 16b; it corre- 
sponds with the electron diffraction pattern 
of Fig. 20b. Obviously, high resolution im- 
ages revealing a centered supercell configu- 
ration or a modulated hexagonal configura- 
tion of dots are not compatible with the b/2 
shift. Nevertheless, images with the latter 
characteristics are more frequently ob- 
served. 

3. 

4. 

5. 

6. 

It is concluded that although the system- 
atic b/2 shifts of successive ES2 layers as 
found from X-ray diffraction do occur in 
certain crystals of all (except SnT&) com- 
pounds, they are not a general characteris- 
tic. However, it is most likely that such dis- 
placements occur nonsystematically in 
most crystal foils as is also strongly sug- 
gested by the electron diffraction data dis- 
cussed in Section 5. I. 
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