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as part of the 'background' and would be deducted 
from the total scattered intensity (Fig. 1). 

For cubic crystals, the effect of neglecting thermal 
diffuse scattering contributions to the integrated inten- 
sities results in a systematic error, increasing in mag- 
nitude with diffraction angle. The overall result is to 
decrease appreciably the Debye-Waller temperature 
factors (e.g. AI,-, 11%; KC1 ~ 15 %, for the examples 
given in Table 1). 

Although the MOssbauer measurements may be sub- 
ject to some uncertainty, the reasonable agreement ob- 
tained with the predicted values for A1 and KC1 would 
appear to make further such measurements worth- 
while. 

The author gratefully acknowledges the help of Dr 
F. G. Steward for valuable discussion and kindly inter- 
est during the progress of this work. 

APPENDIX 
Approximate relationships to calculate < K[ABC]~kz> 

for cubic crystals 

(i) A direct method for calculating an approximate 
value for (K[ABC]n~t) is to find the arithmetic mean, 
with appropriate weighting, for values of K[ABC]hza 
over the (100), (110), and (111) directions, which 
results in the expression: 

( K[A BC]hla )approx 
= 1/13. (st +4(S2+S3 -Jl- S4 + S5) -t- 8S6) • 

SI=I/Cll, S2=1/C44, $3=1/(C11--C12), Sa=I/(c11+e12+ 
2c44), s5 = 1/(cn + 2Clz + 4e44), s6 = 1/(ell - el2 + C44) 
(Ramachandran & Wooster, 1951). 

(ii) Nilsson (1957) has also approximated a quantity, 
~, (it can readily be shown that K[ABC]hkz =½. x) and 
suggested the expression: 

½. bl(Cll + c12) -t- c44(2Cll + c44) 
ffappr°x= 1/105_-b~b-z-Sr ½-: (c,, + c;2)c44+ 811C~14 ' 

where 

bl=c11-Clz-2C44 , b2=c11+2c12+c44. 

Both methods of approximation are compared in 
Table 2 with the more exact evaluation of Nilsson 
(1957). 
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Thermal Etching of Dislocations in Zinc CrystaHites Grown from the Vapour 
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Small single crystals of zinc of 99"99% purity were grown from the vapour at a temperature slightly 
less than the melting point. The dislocation structure of these crystallites was studied by thermal 
etching, which occurs when the crystals are cooled from the growth temperature to 10 to 15 °C below 
the melting point in a few minutes. Various types of etch figures were observed and the mechanisms 
of their formation are discussed. It seems, on the basis of the available evidence, that the etch figures 
correspond to dislocations. 

Introduction 

It is known that thermal etching can be applied to re- 
veal dislocations in crystals of a number of metals and 

* Present address: Physics Department, Shyam Lal College, 
Delhi University, Shahdara, Delhi-32, India. 

alloys, with the important exceptions of Zn, Cd, Mg 
and their alloys, which have a high vapour pressure at 
high temperatures. 

It is shown here for the first time that thermal etching 
can also be applied to reveal dislocations in zinc crys- 
tals if the conditions of high vacuum and low under- 
saturation of vapour are obtained. The latter condition 
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was obtained in the present case by having an airtight 
enclosure where there was a large amount of back flux 
recondensing on the evaporating surfaces. 

Experimental 

Fine crystallites of zinc of 99.99% purity were grown 
from the vapour during the process of growth of zinc 
oxide whiskers. 

A small quantity of zinc was heated up to a temper- 
ature of about 850°C when a large portion of it was 
transformed into zinc oxide vapour which enveloped 
the remaining metallic charge with a thick amorphous 
coating and then condensed in various crystalline 
forms, including whiskers. The coating of amorphous 
zinc oxide assumed the shape of a dome and finally, as 
a result of deposition in one direction resulting from 
the presence of a temperature gradient, that of a hollow 
beak with a closed end, covered on both the inside and 
outside with zinc oxide whiskers. This hollow beak 
acted as a fully airtight enclosure for the metal and its 
vapour. Whatever quantity of air remained in the en- 
closure was completely used up in oxidizing only a part 
of the vapour, thus causing a self-created vacuum for 
the remaining vapour; the vapour condensed in the 
form of fine unoxidized crystallites when the furnace 
was cooled to a few degrees below the melting point for 
zinc. 

Thermal etching of the unoxidized crystallites oc- 
curred spontaneously when the specimens were cooled 
in a matter of minutes from the growth temperature to 
10 to 15°C below the melting point. 

Results and discussion 

The growth of the crystallites takes place by condensa- 
tion of vapour at a temperature slightly below the mel- 
ting point of zinc. The surfaces of the crystallites are 
so smooth and shiny that further polishing treatment 
is not required before studying the surface features of 
as-grown specimens. Dislocations that are introduced 
in the crystals during growth and, further, during cool- 
ing in the high temperature range when thermal stres- 
ses are very high give rise to the formation of pits on 
the surface when thermal etching occurs. 

The pits at the dislocations assume various shapes 
depending on a number of factors such as the surface 
orientation of the crystal, the position of the dislocation 
and the presence of an impurity atmosphere around the 
dislocation. The effect of surface orientation on the pit 
shape is illustrated in Figs. 1 and 2; the hexagonal pits 
of Fig. 1 are on the (0001) plane and the oval shaped 
pits of Fig. 2 are on an inclined plane. The density of 
dislocations intersecting the (0001) surface, as estima- 
ted by the etch-pit count, is found to be about 106 cm -2. 

Fig. 3 shows a large flat-bottomed pit; all other pits 
in the Figure are sharp-bottomed. The formation of the 
flat-bottomed pit indicates that the dislocation has 
moved away while the etching was still in progress. An 

interesting phenomenon depicted in Fig. 3 is the charac- 
teristic star shape shown by outer terraces of the pits 
which suggests that etching is not uniform but greater 
in certain directions. The star shape of the outer ter- 
races of (0001) pits has been observed by George (1959) 
in vapour grown zinc crystals after chemical etching. 

Fig. 4 shows the formation of a double pit - an outer 
primary pit with star-type terraces and an inner secon- 
dary pit of hexagonal shape containing the dislocation 
emergence point at its centre. The secondary pit is 
slightly removed from the centre of the primary 
pit. 

The etch pattern of Fig. 4 is formed as a result of the 
presence of a jog or kink in the dislocation. The rate of 
attack of the etch, normal to the surface, is reduced 
when the kink is reached. This results in the slight shift 
of the secondary pit away from the centre of the primary 
pit. Such a phenomenon has been reported and dis- 
cussed in greater detail by Ellis (1955) in the case of 
germanium, where the inner and lower terraces are con- 
centric with the central depression while the outer ones 
are not. 

The formation of etch grooves at dislocations is also 
observed with the help of thermal etching. These grooves 
are shown in Fig. 5. The average length of the grooves 
is about 7.7 microns and the density of these grooves 
is of the order of 106 cm -2, which is the same as the 
density of pits on other crystal surfaces. 

Further, it is noticed that some of the pits resulting 
from thermal etching have a spiral configuration. The 
size of such pits is very small and they are probably 
formed at screw dislocations. 

It has been possible in the present case to reveal with 
the help of thermal etching not only individual dislo- 
cations, but grain boundaries too. Since the crystals 
were mostly single crystals, only sub-boundaries could 
be observed, in the form of small arrays of pits on crys- 
tal surfaces. Fig. 6 shows a sub-boundary originating 
from a highly stressed region, as suggested by a high 
concentration of etch pits there. In fact, at least two 
more sub-boundaries originate from this region of high 
stress, but they are only faintly visible in the photo- 
micrograph. The average pit separation in the sub- 
boundary shown in Fig. 6 is about 2.3 microns. 

Conclusions 

The present investigations show that thermal etching 
of dislocations in zinc crystals is possible if the condi- 
tions of high vacuum and low undersaturation of va- 
pour are satisfied and if the etching is carried out by 
cooling the crystals from the growth temperature - 
which is a few degrees below the melting point - to 10 
to 15°C below the melting point, in a few minutes. 

From the following observations, it seems that the 
etch pits and etch grooves observed have some corres- 
pondence to dislocations. 

(1) The density of etch pits and etch grooves ob- 
served in the present investigations (10 6 cm -2) is of the 
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Fig. 1. Formation of hexagonal pits on an (0001) plane (1670x). 

Fig.2. Format ion of oval shaped pits on a plane other than (0001) (1370×).  

[To face p. 632 
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Fig.3. A large flat-bottomed pit surrounded by small sharp-bottomed pits. The pits have star-type outer terraces (1010x). 
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Fig.4. Format ion of a double pit. The inner secondary pit containing the dislocation emergence point at its centre is 
slightly displaced from the centre of  the outer pr imary pit (3520 x ). 
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Fig. 5. Format ion  of etch grooves on a crystal surface ( 1970 x ). 

' . : . %  . V 

Fig.6. A sub-boundary  originating from a highly stressed region of the crystal surface (1090x) .  

[To face p. 633 



RAM BILAS SHARMA 633 

same order as the expected density of dislocations in 
zinc single crystals grown under similar conditions. 

(2) Besides individual etch pits, linear arrays of pits 
suggestive of small angle boundaries have been ob- 
served. 

(3) The formation ot" a flat-bottomed pit, indicating 
that the dislocation has moved during etching, is 
noted. 

The author is grateful to The Council of Scientific 
and Industrial Research, New Delhi, for providing re. 
search facilities and for awarding a research fellowship 
during the course of this work. 
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Optical Activity in a Non-Enantiomorphous Crystal of Class 4:CdGa2S4 
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Optical activity has been observed for the first time in a crystal of the non-enantiomorphous class ~. 
CdGa2S4 is optically isotropic at 4872 A (20 °C) and this allows observation of optical rotation for pro- 
pagation in directions away from the c axis. The magnitude of the optical rotatory power is 17.3 deg.mm-1 
along (100) and 11"6 deg.mm-1 along (110). The form of the optical rotatory power for general directions 
in the (001) plane has the predicted symmetry, showing positive and negative lobes. The refractive in- 
dices and birefringence are temperature-dependent and the point of isotropy shifts from 4825/~ at 0 °C 
to 5780 A at 400°C. 

Introduction 

To a first approximation, light is propagated in crys- 
talline media by two transverse linearly polarized mo- 
des of propagation. However, in media of certain sym- 
metries a small perturbation to these linear modes can 
arise when the dimensions of the basic structure unit are 
not negligible compared with the wavelength of the 
light. In general the two modes of propagation are 
then elliptically polarized with slightly modified phase 
velocities. Optical phenomena due to these small per- 
turbations are generically termed optical activity. 

A phenomenological theory of optical activity, based 
upon a gyration tensor (Nye, 1964) has explained the 
symmetry properties of optical activity in the various 
crystal classes with success. It can be shown that op- 
tical activity is allowed by symmetry in only 15 of the 
32 crystal classes. These are the 11 enantiomorphous 
classes 1, 2, 222, 4, 422, 3, 32, 6, 622, 432 and 23 and the 
four non-enantiomorphous classes m, mm2, ~ and 42m. 
It has recently been shown for the first time that op- 
tical activity can exist in a non-enantiomorphous crys- 
tal (Hobden, 1967, 1968a); it was found that AgGaSz 
(class 42m) was accidently optically isotropic at 4974 A 
and this allowed the optical rotatory power to be meas- 
ured in directions away from the c axis. 

m 

CdGa2S4 (class 4) has a similar isotropy point and 
also exhibits optical activity (Hobden, 1968b). This phe- 
nomenon has been examined in more detail and the 

dependence of the optical rotatory power on direction 
of propagation and also crystal temperature is now re- 
ported. 

The structure of CdGa2S4 

It has been shown by Hahn, Frank, Klingler, Storger & 
Storger (1955), using powder diffraction techniques, 
that CdGazS4 has spatial symmetry I4 with cadmium 
on the (a) sites, gallium on the (b) and (c)sites, and 
sulphur on the (g) sites (x= 0.27, y=0.26, z=0.14). It is 
therefore a uniaxial, acentric non-enantiomorphous 
crystal of class 4. 

The compound was prepared by fusion of CdS and 
Ga2S3, each of which was prepared from high purity 
elements. Slow crystallization by the Stockbarger tech- 
nique (m.p. ,,~ 1050°(2) in sealed quartz tubes produced 
a polycrystalline matrix from which single-crystal pieces 
up to 8 mm in diameter were cut. Polished plates pre- 
pared from these crystals were examined with the pola- 
rizing microscope and found to be yellow in colour, 
uniaxial, and of good optical quality. These plates gave 
a positive response to the Giebe-Scheibe test for piezo- 
electricity thereby confirming acentricity. X-ray pow- 
der patterns agreed closely with a computed pattern 
based upon the reported structure, though our unit-cell 
dimensions were a=5.54(6) and c=10.16 A (Kcq= 
1.5405 A) compared with a=5.57(6) and c= 10.08 A 
derived from the published data mentioned above. The 
measured density of the polycrystalline matrix, which 


