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Electron microscopy of layered single crystals grown by direct vapour
transport method
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Abstract. Besidesinteresting properties such as optical, transport, structure, etc. possessed
by crystalsof transition metal dichalcogenides, they have also been found to have a potential
application in the fabrication of PEC solar cells. These crystalsare normally grown by carrier
gas transport technique but are alwayscontaminated by carrier gases.A new method of direct
vapour transport has been developedand successfullyapplied to grow these crystalsincluding
those of off-stoichiometricvarieties.
The crystalsthus grown have been characterized structurally using the techniques of x-ray
powder, rotation and Weissenberg photographs and electron diffraction. Perfection studies
have been made by techniques like chemical etching and electron microscopy.
This reviewdescribes the electron microscopicstudies made on the single crystals of the
layered compounds. High resolution technique of weak beam has been employed to study
dislocation pattern. Dissociateddislocations have been used to estimatestackingfault energy.
Such measurements have also been carried out at different temperatures and the variation
of stacking fault energy with temperature has been worked out. Interesting information
regarding phase transformation for TaS2 and WaSe4 in the temperature range 109 to 580 K
has been derived from the electron diffraction studies and the implications have been
discussed.
Keywords. Electron microscopy;transition metal dichalcogenides; growth technique; x-ray
diffraction; stacking fault energy; phase transformations.

1.

Introduction

In the last two decades the materials of the family of transition metal dichalcogenides
have received a rapidly growing attention. Many compounds of this family having a
layered structure occupy a central position in the class of layered compounds due to
their various important applications such as solid lubricants, energy converters,
semiconductors, switching devices and model substances for testing and exploring
photo-emission methods. Moreover, their polytypic and anisotropic behaviour in the
past few years has become an intensively investigated field in the study of solid state
research.
These compounds have the general formula TX2 where T is a transition metal from
IV B, V B or VI B group of the periodic table and X is one of the chalcogens sulphur,
selenium or tellurium. The basic structure o f loosely coupled X-T-X sheets make such
materials extremely interesting such that, within a layer, the bonds are strong, while
between the layers they are remarkably weak.
Some of the transition metal dichalcogenides have recently found application in the
construction of photoelectrochemical (PEC) solar cells. Visible and near IR radiation
absorbed by these compounds produces a d-d excitation of electrons, which does not
involve the breaking up of essential crystal bonds. This leads to the generation of holes
which do not directly lead to a photoelectrochemieal corossion of the substrate. Both n549
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type and p-type layer compounds can therefore be favourably used to construct
regenerative electrochemical solar cells.
Normally the crystals of transition metal dichalcogenides (TMDC)are grown by using
the chemical vapour transport method in which invariably iodine or bromine is used as
the transporting agent. It has been observed that when rMDCcrystals grown by bromine
transport method are used to fabricate PEC cells, intercalation of bromine into the
van der Waars gap of these crystals react with the holes and traps them, which affects
the efficiency of the cell. Thus the purity of crystals is of utmost importance in cell
preparation.
Moreover, when such crystals are used for optical and electrical measurements, the
presence of transporting agents in them makes them so different from sample to sample
that the results are not at all reproducible. In order to avoid the contamination of the
transporting agents a direct vapour transport method has been established for the
growth of rMDC crystals. A brief description of the method of growth and the single
crystals thus grown has been given below.
Since XMDCcrystals possess a layered structure they easily lend themselves as ideal
specimens for transmission electron microscopic (XEM)studies because one can easily
prepare as thin specimens as desired by simply using the repeated cleavage method, for
which one only needs a good quality adhesive tape and pure chloroform to prepare
specimens in a matter of few minutes.
TEM studies of some of the TMDC crystals grown by us which has revealed very
interesting information, has been described in this article.

2.

Growth technique

The chemical vapour transport (cv'r) technique has been widely used for the growth of
single crystals of metal dichalcogenides. This technique using iodine or bromine as
transport agents certainly gives very large crystals, sometimes of the order of 1 cm in
basal extension. However, these transporting agents always contaminate the growing
materials as already mentioned. Growing crystals without any contamination therefore
requires a process in which no transporting agent is used. Such method was used by AI
Hilli and Evans (1972) to grow single crystals of certain "rUDC.This method of growth
of crystals known as the direct vapour transport (DV-r)method has been used to grow a
number of a'MDCcrystals not grown so far.
A tubular furnace capable of reaching high temperatures (1173-1373 K) with
required temperature gradient over the length of about 25 cm was used for the growth.
Transparent quartz tubes with internal diameter of 2.2 cm and of length 20 cm were
most adequate for the purpose.
The preparation of the starting materials for growth was done by filling the
stoichiometric proportion of the materials in a quartz tube and then sealing it under
evacuation of 10 -5 torr. The tube was then heated in a furnace to about 1000 K for
about 70 hr. After this firing, the tube contained a fine free flowing black powder which
was then thoroughly shaken for proper mixing. The tube was again placed in the
furnace for the actual growth of the crystals. The preparation and growth procedures of
the different crystals grown by us have been summarised in table 1.
The stoichiometry of the grown crystals was verified by making the EDAXanalysis on
the Philips EM 400 microscope.
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For the transmission work, cleavage flakes of sufficient thickness (700 A) were
prepared by repeated cleavage using an adhesive tape. The microscope (Philips
EM 400) has a built-in facility for taking the weak beam pictures.
X-ray powder diffraction data were obtained using Debye Scherrer powder patterns
of the crushed crystals/whiskers at 293 K. The oscillation and the Weissenberg
photographs were taken.
3.

Characterisation of the grown crystals

The as-grown crystals were characterised by x-ray diffraction technique using powder
diffraction patterns, the oscillation and Weissenberg photographs of the single crystals.
The crystal structure data of the compounds grown have been summarised in table 2.
Majority of the TX 2 layer dichalcogenides grown by us arise from the stacking of
hexagonally packed planes. The basic co-ordination unit for crystals having a MoSztype structure is the trigonal prism. Their structure consists of hexagonal stacking of XT-X sheets in which every T atom is surrounded by six X atoms in the trigonal prism.
Figure 1 presents a schematic view of the structure. The stacking sequence of layers in
TX 2 can be symbolised as A BB AA BB A . . . where A n means a X-T-X sheet with X atoms
in the B position and B A means a sheet with X atoms in the B position and T atoms in
the A positions.
The normal structure of TX 2 crystals having a MoS z type structure, IS hexagonal,
with two molecules per unit cell; atoms are in special positions of space group P63/mmc
with cations at +- (3,
1 3,
2 ¼)and anions at -+ (3,
1 3,
2 4), -+ ~3,
~z 3, ½) positions. A second form of
TX2 crystals is known to be rhombohedral in space group R3m with atoms at sites
(0, 0, 0)T and (0, 0,½), (0,0, 5/12)X.
In contrast to the majority of crystals possessing a MoS2 type structure, TaS2
crystals belong to a CdI2 structure, (figure 2) which has a hexagonal unit cell containing
a single molecule, with cations at special positions (0, 0, 0) and anions at positions
1 3,
2 u) and 2 1
(~,
(3, 3, - u) of space group P 3 m 1, where u is approximately ¼. The crystal
structure analysis carried out on the crystals of TaS2 in the present work shows that
they are basically 1T type.
4.

Electron microscopy of TMDC crystals

The advantage of using the weak beam method of electron microscopy for analysing
dislocation system is illustrated in figures 3a, b, which are the BF and WB pictures
respectively. Figure 3b represents the electron micrograph ofa TaS2 crystal taken in the
(210) diffracted beam with the crystal oriented close to the exact Bragg reflection
condition. The pattern shown in the hexagon ABCDEF (figure 3a) is not clearly
resolved. As a matter of fact it is difficult to interpret the pattern. On the contrary, the
weak beam picture clearly shows that the pattern is formed from extended nodes.
The high resolution obtained with the weak beam technique has been used to observe
two-fold ribbons in WS2 and TaS2 crystals. The value of the separation of the partials
obtained in this way has been used to estimate the stacking fault energy 7. By applying
isotropic theory in an infinite crystal the stacking fault energy follows from

,b2 F 2 - v 1
~' = 8r~do I_1 - v l '

(1)

Moo.s5
Wo.lsSe2
+
MO0.8Wo.2Se2
MOo.TWo.3Se2
MOo.6Wo.4Se2

MoS 2

WSe2

MoSe 2

WS2

1

Compound

Directly heating stoichiometric proportions of 99-45 ~o
pure molybdenum and 99.9999 % pure sulphur powders
in quartz ampoule at 973 K for 36 hr
Directly heating stoichiometric proportions of 99.95 %
pure molybdenum 99-95 % pure tungsten and 99.999
pure selenium powders in quartz ampoule at
at 1023 K for 40 hr
at 1003 K for 40 hr
at 993 K for 40 hr

Directly heating stoichiometric proportions of 99.5%
pure tungsten and 99.9999 % pure sulphur in the quartz
ampoule at 1123 K for 70 hr
Directly heating stoichiometric proportions 99-5 % pure
molybdenum powder and specpure Selenium pellets in
quartz ampoule at 1013 K for 72 hr
Directly heating stoichiometric proportions of 99.9%
pure tungsten and specpure selenium pellets in quartz
ampoule at 1073 K for 72 hr

2

Charge preparation procedure

Table 1. Charge preparation and crystal growth technique.

1373-1353
1328-1308
1293-1273
1293-1268
1293-1268

50

1173
1133
1098

50

50

50
size of ampoule
length 215 mm
I.D. 20 mm
50
size of ampoule
length 215 mm
I.D. 22 mm
20

50
50
50
50
50

4

1193

1. 1413-1333

2. 1323-1293

1. 1323-1303

1.
2.
3.
1.
2.

3

Crystal growth details
Temp. range
Rate at which
(T1 --7"2) K in
the temp. is
which the
increased from
ampoule was kept
room temp. to
in the furnace
the temp. range
(T1 - T 2 ) K/30 rain

9
8
9

10

16

10

10

8
8
8
3
10

5

Time for
which the
ampoule
was kept
in the
temp. range
(F1 - T2) days

40K/hour
40K/hour
40K/hour

40K/hour

20K/30min

50K/30min

50K/30min

20K/30min
20K/30min
20K/30min
50K/30min
50K/30min

6

Rate at which
the ampoule
was brought
from the temp.
range (Tt -7"2)
to the room
temperature

15 x 11 x 0-2
6 x 5 x 0-2
12 x 9 x 0.15

9 x 5 x 0.15

15 x 14 x 0.1

17 x 12 x 0.4

18 x 6.5 x 0.6

10 x 4 x 0-12
15 x 10 x 0-25
12 x 7 x 0.12
11 x 7 x 0.05
14 x 8-5 x 0.1

7

Crystal size
(ram 3)

g~

tO

WSel.90

WSei.97
WSel~96
WSel.93

WSe~.99

Moo.sWo.sSe2
Moo.6Wo.aSe2
Moo.TWo.3S%
Moo.8Wo.2Se2
Moo.gWo.l Se2
WSl.16Seo.a4

at 973 K for 40 hr
at 993 K for 40 hr
at 1003 K for 40 hr
at 993 K for 40 hr
at 783 K for 40 hr
Directly heating mixture of polycrystaUine powders of
WSe 2 and WS2 in quartz ampoule
Directly heating stoichiometric proportions of 99-95 %
pure tungsten and 99'999 % pure selenium powders in
quartz ampoule at 1073 K for 72 hr
at 1073 K for 72 hr
at 1073 K for 72 hr
at 1073 K for 72 hr
at 1073 K for 72 hr
1223-1273
1193-1253
1193-1253
1213-1273
1213-1273
5O
50
5O
50
50

30

1293

1113
1123

1143

50
50
50
50
50

1093
1113

10
10
10
10
10

8

20 x
20 x
22 x
21 x
20 x

17 x
15 x
22 x
20 x
19 x

0"07
0-06
0"06
0"05
0"05

11 x 9 x 0"2

20 K/30 min

20 K/30 min
20K/30min
20 K/30 min
20 K/30 min
20 K/30 min

17 x 14x0.2
14x9x0"2
15 x 16 x 0"15
20 × 13 x 0"2
12x7x0"15

40K/hour
40K/hour
40 K/hour
40 K/hour
40 K/hour
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Table 2.

Structure type and lattice parameters.
Parameter (A)

Compound

Character and
colour

Space
Group

a

b

Density
(g/cm 3)

Polytype

2

3

4

5

6

7

1

WS2

p-type semiconductor
Grey black shining

P63/mmc

3.148
3.162

12.34
18.35

7.5

2H
3R

MoSe2

p-type semiconductor
Covalent character

P63/mmc

3.286
3.281

12-87
19.05

6.9

2H
3R

WSe2

p-type semiconductor
Grey black

P63/mmc

3.286
3-281

12.97
13.06

9'0

2H

MoS2

Covalent character
Blue grey black

P63/mmc

3.160
3.160

12.960
18-33

4-8

2H
3R

Moo.l~Wo.asSe2

D4h

3.268

12.851

7.440

2H

Moo.zWo.aSe2

p-typesemiconductor
Blue opaque
Black opaque

P63/mmc

3.270

12.858

7.522

2H

Moo.aWo.vSe2

Black shining

P63/mmc

3.274

12.874

7.762

2H

Moo.4Wo.6Se2

Blue opaque

P63/mmc

3-278

12-890

8-022

2H

Moo.sWo.sSe2

Black opaque

P63/mmc

3.281

12.905

8.212

2H

Moo.6Wo.4Se2

Bluish opaque

D~h
P63/mmc

3"284

12"922

8"425

2H

Moo.vWo.3Se2

B r o w nopaque

D64h
P63/mmc

3-288

12.938

8.668

2H

Moo.sWo.2Se2

Black opaque

D~h
P63/mmc

3291

12'960

8"814

2H

Moo.gWo.lSe2

Bluish opaque

D~h
P63/mmc

3.293

12.961

9.040

2H

WSl.16Seo.s4

Grey black
Shining

P6s/mmc

3.1996

12-6119 8.251

2H

WSel.99

p-type semiconductor
Grey black

P63/mmc

3.296
+ 0.02

13.04
+ 0-02

7.9931

2H

WSel.97

p-type semiconductor
Grey black

P6s/mmc

3.301
+ 0.02

13.14
+ 0.02

7-8755

2H

WSel.96

p-type semiconductor
Grey black

P63/mmc

3.312
+ 0-02

13.19
+ 0-02

7.7715

2H

WSel.93

p-type semiconductor
Grey black

P63/mmc

3.328
+ 0.02

13.30
+ 0.02

7.5800

2H

WSet.9o

p-type semiconductor

P63/mmc

3.342
+ 0.02

13.46
+ 0.02

7.3750

2H

Group: VId4; coordination of the metal atom: trigonal prism.
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Figures 1-3. 1. Schematic view of MoS2 type structure; 2. Cadmium iodide layer structure.
Small circles Cd, large circles I; 3a. Bright field picture showing network pattern of the
extended nodes; 3b. Corresponding weak beam picture of 3a.

where do expresses the equilibrium separation of the partials, do is calculated from the
formula
d=d o 1-~

cos2q~

(2)

where d is the distance between the partials in a ribbon; b, the Burgers vector of the
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partial; t~, the angle between the total burgers vector and ribbon; #, the shear modulus;
and v, the Poisson's ratio.
Figure 4 shows a high resolution 220 weak beam dark field micrograph of a
dislocation in WS2 with Burgers vector ½1170] with s2~0 = 2.57 x 10 -2 A-1, showing
two peaks in the image.
Also shown in figure 4 is the SADPfrom the area imaged, showing the weak [220]
reflection and strong [220] reflection. Measurement of the separation of the peaks
made using a micro-densitometer gave the separation value as 27 A.
Using this value, y/# was determined from (1) and is found to be 4.88 x 10 -11 cm.
The corresponding value obtained from isolated ribbons in TaS2 crystals is 5.5
X 10 -11 cm.
Symmetrical three-fold ribbons can also be used to estimate the stacking fault energy
7. According to Aerts et al (1962) for ribbons, consisting of three partials with the same
Burger's vectors

7: = A

72 = A

where

(1

x + x

(3)

1) '

,4,

+x+y

A = fl c o s 2 ~b + o~ sin 2 ~b

fl = #b2/2n;

~ = #b2/2n(1 - v ) ,

x and y are the widths of the ribbons, 71 and 72 are the stacking fault energies in the
regions x and y respectively, b is the Burgers vector, v is the Poisson's ratio, # is the shear
modulus, ~b is the angle made by the Burgers vector with the partials.
An example of three-fold ribbons observed in some of the specimens of WSe2
crystals is shown in figure 5. It was seen that the three partials comprising the three-fold
ribbons go out of contrast simultaneously, proving that their Burgers vectors are the
same. The ribbons widths x and y shown in figure 5 are used to calculate 71/# and 72/#
since # for WSe2 is not known. For actual measurements the region shown in figure 5a
was photographed in weak beam (figure 5b and Yx/# and 72/# computed on the ribbons
as shown in this figure.
Using the x and y values from figure 5b, 71/# and 72/# have been estimated as 56-27
x 10 -12 cm and 46.11 x 10 -12 cm respectively.
Since our microscope has built-in facility to vary the specimen temperature, a region
showing three-fold ribbons (figure 6a) at 109 K was heated up to 319 K as shown in
figure 6b. A comparison of the two figures clearly reveals that the width of the partials
forming the three-fold ribbons marked X X in figure 6a has considerably increased.
As mentioned above, 71/# and 72/# were computed from the width of the ribbons in
figure 6a. The region shown in figure 6a was heated at different temperatures. Sufficient
time was given at each temperature for its stabilisation. 71/# and 72/# were computed
from the width of the ribbons at each stage. These values are shown in table 3. A plot
showing the variation of 71/# and 72/# with temperature is shown in figure 7.
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Figures 4-5. 4. Weak beam dark fieldpicture of two-foldribbonsin WS2;5a. Brightfield
electron micrograph showing three-fold ribbons in WSe2; 5b. Correspondingweak beam
picture of 5a.

5. Studies of phase transformations
5.1

1 TTaS 2

5.1a Phase transformations from physical properties. Disalvo et al (1974) and
Thomson et al (1971) have studied a number o f physical properties o f 1T-TaS 2 crystals
and have reported a number of phase transformations. They have particularly found
that the electrical resistivity changes abruptly at 350 K and 190 K. The transition at
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Figures 6-7. 6a. A region showing three-fold ribbons at 437 K; 6b. Same region as
figure 6a at + 46 K; 7. Plots showing variation of 71//i and 72//x with temperature.
Table 3.

Variation of ),//~ with temperature.

Temperature
(K)
109
169
260
278'5
299
319

?1/#(10-12 cm)

yz/~l(10- 12 cm)

54"872
45.640
41"400
39.184
34.659
31.937

57"455
47.427
44"413
42.081
37.898
34'666
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190 K is accompanied by a large hysteresis covering a temperature range of about
100 K. On increasing the temperature it occurs at 240 K, whereas with decrease in
temperature it takes place at 145 K. The transition at 350K shows little hysteresis and
corresponds to a metal-semiconductor transition, whereas the 190K transition
corresponds to a change in the basal gap of the semiconducting phase. The magnetic
susceptibility also shows a change at 350K, the material however remaining
paramagnetic. Similar type of hysteresis as found from electrical resistivity also occurs
in the magnetic susceptibility.

5.1b Phase transjbrmations from electron diffraction: Amelinckx (1976) proposed the
existence of 0r,fl, y and ~ phases in 1T-TaS 2 crystal by studying the diffraction patterns at
different temperature. Phases similar to fl and h were also observed by Williams et al
(1974) and they proposed to call them 1Tl, 1T2 and 1T3. Our observations regarding fl
and h phases are shown in figure 8.
It is seen that at a temperature of nearly 586 K a pattern shown in figure 8a is
obtained. Upon decreasing the temperature to 478 K a pattern as shown in figure 8b is
obtained. Upon further decreasing the temperature to 350 K the pattern shown in
figure 8c is obtained. The onset of fl phase can be noted in this figure.
At 320 K the pattern suddenly changes reversibly into that shown in figure 8d. This
pattern is actually a characteristic of the y-phase. This transition temperature of 320 K
coincides more nearly with the magnetic transition temperature (315K). This
observations differs from the observation of Amelinckx (1976) who observed this
transition temperature as 350 K.
Further there is a large disagreement in reporting the exact temperature at which the
pattern changes from incommensurate y-phase to the commensurate h-phase. In the
case of Williams et al (1974) this temperature is 150 K while for Amelinckx (1976) it is
190 K. In the present studies also it is very difficult to pinpoint the exact temperature
from the observation of the diffraction patterns alone, since the intensity of the six first
order reflections surrounding the central spot goes on increasing as one lowers the
temperature from 290 K to 85 K. The exact onset of the h-phase is difficult to recognise.
However, it appears that the phase occurs at 139 K (figure 8e).
The discrepancies reported in the literature concerning the relationship between
changes in diffraction pattern and phase transitions as observed by discontinuities in
the physical properties may be attributed to the error resulting from the measurement
of the specimen temperature in the heating holder of an electron microscope.
It was generally seen that when crystals were heated from a temperature of 94.5 K to
higher temperatures, the phases occurred in the sequence 6-y-ft. However, the exact
temperatures at which the transitions occurred were only slightly different from those
reported by earlier workers. In one case however observations quite different from
those reported so far have been made and are described below.
A crystal heated from 94.5 K showed the occurrence of h, y and/3 phases but, at a
temperature of 528 K all the superlattice spots disappeared and the crystal transformed
completely to a 2H phase (figure 9). This crystal was then heated up to 617 K (figure 10)
and then slowly cooled. At a temperature of 441 K superlattice spots reappeared
(figure 11) but this time all the superlattice spots were exactly at the centre of the basic
matrix spots, i.e.--the pattern formed a 2ao hexagonal superstructure.
This pattern remained up to room temperature (figure 12). When the crystal was
reheated the phase remained up to 540 K but then started disappearing. Upon cooling

Figare $. Diffraction pattern at a. 586 K
showing diffuse streaking (Kohn anomaly);
b. 478K; e. 350K showing fl-phase;
d. 320 K showing ~,-phase; e. 139 K showing
tLphase.

O~
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Figures 9-12. 9. Electron diffraction pattern of TaS 2 showing 2H-phase at 528 K;
10. Same diffraction pattern as figure 9 at 616 K; i 1. Diffraction patterns at 441 K (i.e. after
slow cooling) at which the superlattice spots seem to reappear. 12. Same diffraction pattern as
figure 11 at 300 K.

the specimen again to room temperature the phase reappeared. Thus it can be
concluded that the phase shown in figure 12 is reversible in the temperature range 300
to 540 K.
Diffraction patterns obtained from TaS2 crystals intercalated by copper (De Ridder
et al 1976, 1977; van Tendeloo et a11976) are exactly similar to the one reported above.
Moreover, these patterns are also having a reversible phase occurring over a certain
temperature range.
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Comparing the similarity of our patterns with those of De Ridder et al (1976, 1977)
and van Tendeloo et al (1976), it is quite plausible to attribute the occurrence of the
reversible phase in our specimen to some type of intercalation. Since the crystals were
free from any kind of impurity it is more reasonable to consider autointercalation,
which is quite probably due to Ta atoms, since when TaS 2 crystals are grown by direct
vapour transport, along with the single crystals of TaS2 one also observes needles or
whiskers.
Diffraction pattern taken from these whiskers at and just below room temperature
(figures 13 and 14) exhibit very faint streaks of diffuse intensity parallel to the close
rows of Bragg reflections. The similarity of these diffraction patterns with those ofTaS 3
suggests that the whiskers are not ofTaS 2 but are in fact ofTaS 3. That this is indeed the
case can be seen from x-ray diffraction studies described below.
The powder diffraction pattern for the whiskers is shown in figure 15. When d values
computed from this photograph are compared with the d values for TaS 3 in the ASTM
data (table 4), it is seen that there is a remarkable degree of correspondence between the
two data, thus indicating that the whiskers are due to TaS a. The additional d values
which do not correspond with the data for TaS 3 are in fact due to TaS 2. This is quite
logical since the whiskers of TaS 3 grow along with the crystals of TaS 2.
The whisker growth indicates that some tantalum atoms which are in excess can sit
between the TaS 2 layers and thereby lead to autointercalation.
This conjecture is further supported by the EDAXanalysis of the regions showing the
superlattice spots and the regions devoid of superlattice spots. It is conclusively seen
from this study that regions showing superlattice spots show excess of tantalum in
them.

Figures 13, 14. Diffractionpatterns taken from TaS2 whiskers.

Figure 15.

Powder diffraction pattern taken from TaS2 whiskers.

r~

r~

et~
e~

5"
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Table 4. d values for TaS3 whiskers.

5.2

d
observed
(A)

d
ASTM-data
(A)

9.252
7.565
5.9643
4.793
3.888
3.537
3.372
3.257
3.123
2.946
2.747
2.652
2.398
2.347
2.222
2.091
1.976
1.904
1.847
1.757
1.656
1.616
1.594
1.419

9.20
7.01
4.77
4-68
4.60
3-79
3.51
3.31
3.07
2-98l
2-931
2.900
2.780
2.546
2.385
2-338
2.321
2.242
2-211
2.166
2.066
1.941
1.897
1.848

W3Se4

5.2a Phase transformations indicated from diffraction patterns: Reversible phase
transitions similar to TaS 2 also occur in W3Se 4 crystals grown by taking tungsten and
selenium in stoichiometry by a direct vapour transport method.
A diffraction pattern obtained at room temperature from a thin specimen prepared
from WaSe 4 crystals is shown in figure 16. This pattern clearly resembles figure 12.
Here also one sees a 2a o hexagonal superla~tice pattern.
Different diffraction patterns that are produced with decreasing temperatures are
shown in figures 17a-d at 249, 175, 158 and 109 K respectively. A careful study of these
figures reveals the following features: (i) All the patterns show a 2ao hexagonal
superlattice pattern (ii) Starting from room temperature, as the temperature is
lowered, faint streaks start appearing along the line joining the superlattice spots. The
intensity of this streaking goes on increasing with the decrease in temperature (iii) At a
temperature of about 175 K a new phase starts appearing in the form of superlattice
spots lying exactly midway between the superlattice spots formed earlier. The intensity
o f these spots goes on increasing as the temperature is lowered (iv) In figures 17b-d, it
can be noted that around each matrix spot all the superlattice spots lie on a circle of

Figures 16-17. 16. Electron diffraction
patterns (while cooling) from W3Se , at
298K. 17. Electron diffraction patterns
(while cooling) of WaSe4 at a. 298K,
b. 249K, c. 175K, d. 158K, e. 109K.
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Figure 18.

Electron diffraction patterns (while heating) of WaSe , at a. 313 K, b. 426 K, c. 496 K.
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diffuse intensity (v) The superlattice spots appearing at the temperature of 175 K are
not very sharp and have a slight elongation. Similarly the diffraction patterns obtained
on heating the specimen at 313, 426 and 496 K from room temperature are shown in
figures 18a-c respectively.
It can be noticed from these patterns that the intensity of the superlattice spots goes
on decreasing and finally at 459 K, they completely disappear giving rise to only the
basic 2H structure.
The order depicted by the superlattice spots can be due to the presence of ordered
domains in the structure. In order to verify this conjecture we tried to make dark field
images with the superstructure spots, In such images if the order is because of domains,
then different areas of the region from which the image is being formed will show
different contrast, In the present case it was observed that the contrast is uniform,
practically all areas of the region show uniform shade contrast.
In order to study the c-axis of the superstructure the specimen stage was tilted to
bring other sections of the reciprocal lattice in view. In the diffraction patterns so
obtained one notices continuous streaking along the c-axis which indicates a large
amount of disorder in this direction.
Since the order represented by the superlattice spots is not because of ordered
domains, it can be due to autointercalation. In some regions atoms of either W or S
occupy positions between the Se-W-Se layers and give rise to the intercalation. Such
intercalated specimens can give rise to an ordered diffraction pattern observed above.
The fact that the order goes on increasing as the temperature is lowered and vanishes
completely as the crystal is heated can be easily attributed to the thermal vibrations of
the intercalated atoms.
The appearance of a new phase at 175 K is predicted by the streaking of the spots in
the diffraction pattern.
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