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Abstract. Diffraction effects due to planar faults in the halite (Bl-type) structure consistent 
with its slip mode and geometry have been considered. The main effect on the powder 
pattern is found to be symmetric peak broadening which varies fromone reflection to another 
and leads to an anisotropic particle size effect characteristic of the fault type. The results are 
compared with the broadening data for two B1 compounds, PbSe and PbTe, both of which 
show appreciable particle size anisotropy in the cold worked state. It is shown that the 
observed anisotropy can be satisfactorily rationalised in terms of a/4[001]( 110)-type faults. 
Quantitative estimations of fault density and other substructural parameters have been 
given. 

1. Introduction 

Possibility of dislocation reactions and faulting in the halite (Bl-type) structures has 
been considered by several authors. Raching [I], based on bonding and the observed 
[OOl](llO) slip system in PbTe suggested the possibility of symmetric splitting of a[001]- 
type dislocations on (110) leading to (a/2)[001](110)-type planar faults. This fault, 
however, places like atoms in close proximity and unless the ordering energy is negligible, 
a further dissociation given by 

(a/2)[00l] + (a/4)[001] + (a/4)[001] 

may occur with an associated fault of the type (a/4)[001](110). In more ionic crystals, 
where [110] slip is favoured over [OOl], Fontaine [2] has considered the analogous 
dissociation of (a/2)[110] full dislocations on ( i l0 )  and has given a calculation of the 
energy of the resulting (a /4) [  llO](ilO)-type faults for a number of alkali halides. On the 
experimental side, pressure dependence of flow stress and creep behaviour of several 
alkali halides have been interpreted in terms of split dislocations and faulting on (110) 
and an estimation of fault energy from experimental creep data has been given, in 
reasonable agreement with Fontaine’s calculations [3,4]. Further, electron microscopy 
observations on PbTe have given evidence of dislocation arrays and pairing and streaking 
in diffraction patterns, although the origins of some of these features have not been fully 
established [ 5 , 6 ] .  Morawiec and Mizera [ 6 ] ,  however, identified dislocations in PbTe 
thin films as being of (a/2)[011] type operative on (100) in contrast with the a[001] 
dislocations considered by Rachinger [ 11 based on observations of cubic slip in prismatic 
punching experiments on bulk single crystals. Apparently different slip modes may be 
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operative in this material depending upon deformation condition and possibly tem- 
perature to some extent [l, 7,8].  

It is known that faulting can lead to diffraction line broadening characteristic of an 
anisotropic particle size effect in the material with the broadening, in general, dependant 
on the diffraction plane and crystal direction [hkl]. There have been reports of such 
particle size anisotropy in cold worked and vapour deposited PbTe without however a 
full accounting of the source of this behaviour [9,10]. In this communication we present 
results indicating similar behaviour for the isomorphous phase PbSe following deform- 
ation at room temperature. A new set of measurements on PbTe is also included 
for comparison. Diffraction effects due to various fault types in the B1 structure are 
considered and an analysis of the observed anisotropy based on contributions to broad- 
ening from planar faults in the cold worked material is presented. 

2. Experimental procedure 

Stoichiometric samples of PbSe and PbTe were prepared by melting pressed powder 
compacts of high purity constituent elements in quartz capsules under argon. For the 
cold worked substructure studies deformation was introduced by grinding the solid 
samples in a ball mill to -325 size at room temperature. Powder peak shapes were 
determined with crystal monochromated Cu K a  radiation for two orders of reflection 
along each of the directions, [loo], [110], [111] and [311]. The measured peak profiles 
were corrected for instrumental broadening by the Stokes method [ 111 which yielded 
for each reflection a set of cosine Fourier coefficients, A ( L ) ,  where L is a length 
normal to the reflecting plane (hkl) .  The sine coefficients representing the asymmetric 
components of the peak profiles were small enough to be negligible. 

3. Results and analysis 

The cosine coefficients permit an analysis of the symmetric peak broadening in terms of 
the two dominant substructural features in the cold worked material, that is, non- 
homogeneous strain, represented by the quantity root mean squared strain (RMSS), 

Table 1. Particle size results for PbSe and PbTe. 

PbSe PbTe 
Reflection - 
pair a a b C 

(111)/(222) 78 86 86 91 
112 99 88 278 

(220)/(440) 
(311)/(622) 52 67 

a This work. 

- 
(2ow(400) 

39 47 42 
- - 

[9] (cold worked sample). 
[lo] (vapour deposited thin film data using single-reflection 

variance method). 
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( E ; ~ ~ ) ~ ' ~ ,  and a generalised small particle size effect represented by the effective particle 
size parameter, De,hk,, which includes small coherent domain size and possible planar 
faults contributions [12]. De,hkl values were deduced through an analysis of the coef- 
ficients A ( L )  by the Warren-Averbach multiple-order method [ 121 using the reflection 
pairs (111)/(222), (200)/(400), (220)/(440) and (311)/(622), respectively, and are listed 
in table 1. The table also lists for comparison earlier particle size results for cold worked 
and vapour deposited PbTe taken from the literature [9,10]. A characteristic feature of 
the results for both compounds is that the particle size along [loo] is the largest, the [110] 
particle size is the smallest with the [111] and [311] falling in between. The observed 
anisotropy is rather large and is of such a nature that it can not be satisfactorily explained 
by simple preferentially oriented incoherent internal boundaries 19,131. We consider 
therefore possible contributions from stacking disorder which can also produce [hkl] 
dependence of the particle sizes. For this purpose the analytical form of the multiple 
order particle size is first written in terms of its two contributing factors [14]: 

l / D c , h k l  = 1/D + l / D f  

l /Dr  = t - ' ( h $ / D f l  - h:/Df , ) .  

(1) 

(2) 

where 

Here D f ,  and D,, refer to the fictitious particle sizes due to faulting for the two orders 
( h l k l l l )  and (h2k212) used in the multiple-order analysis, t = ( h i  + k :  + I:) - (h:  + 
kf + l j ) ,  and D is a measure of the average coherent domain size in the crystal which is 
assumed to be isotropic. For the three fault types discussed in section 1, l/Df values 
representing symmetric powder peak broadening were calculated using the Warren- 
Merring method [15, 161, with the assumption that all faults are single-layer intrinsic- 
type and occur randomly on a set of slip planes within the coherent domain with a density 
(Y e 1. The 1/D, values for the individual reflections and the l/DT values (calculated 
using (2)) for different multiple-order pairs are listed in tables 2 and 3, respectively, in 
the units of &/a .  (Results for a fourth fault type, also listed in these tables, are discussed 
later.) None of the faults considered predict peak shift or asymmetry in the powder 
pattern. It is seen that the l / D f  values for the three faults types vary from one reflection 
to another as well as among different orders of the same reflection. Since this leads to 
different patterns of anisotropy in DT and hence D ,  values for different faults (equation 
(l)), importance of various faulting models may be tested by comparing the measured 

Table 2. (l/D,) parameter for planar faults in the B1 structure? 

Fault type 111 200 220 311 222 400 440 622 444 

(a/2)[001](110)" 2.31 0 0 2.81 0 0 0 0 0 

(a/4)[001](110) 1.15 0 1.88 1.40 2.31 0 0 2.80 0 
(a/4)[011](100) 1.15 0 1.88 1.00 0 0 0 0 0 

( ~ / 4 ) [ i i o ] ( i i o ) ~  o 2.66 1.88 1.60 0 0 o o 

t In units of cy/a, where cy is the respective fault density and a i s  the lattice 
parameter. 

[ I ] .  
PI. 
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Table 3. Multiple-order 1/D; parameter (equation (2)) for different fault typest 
~~~ ~ ~ ~~ ~ ~ 

Reflection pair 

Fault type (111)/(222) (200)/(400) (220)/(440) (311)/(622) 

(a/2)[001](110) 3.08 0 0 3.76 
(~/4)[iio](iio) 0 3.55 2.51 2.14 
(a/4)[001](110) 0.77 0 2.51 0.94 
(a/4)[110](001) 1.54 0 2.51 1.34 

t In units of a / a ,  where (Y is the respective fault density and a is the lattice 
parameter. 

particle size ratios with the DT ratios (table 4). An examination of the results in table 4 
shows that on this basis we may rule out the (a/2)[001](110) or the Rachinger model [ l ]  
as it predicts no broadening for reflections along [110] for which the smallest particle 
size has been consistently observed. Similarly the Fontaine model [2], (a/4)[110](i10) 
type, may be ruled out since it broadens (200) the most and predicts the smallest particle 
size along [ 1001 for which the largest De is observed. In fact a close examination indicates 
that the (a/4)[001](110) fault shows the most satisfactory matching between the D; and 
the experimental De ratios for both PbSe and PbTe. 

A similar conclusion is also reached by a different method of analysis which employs 
the cosine coefficients of individual reflections rather than pairs and is based on the 
assumption that (&ik/)”2 is inversely proportional to the Young’s modulus along [ M I ;  
that is, (&ik/)”2 = k‘Chk/ ,  where c h k /  is the reciprocal of the [hkl] modulus and k’ is a 
constant [17]. The quantity c h k /  may be computed from the elastic constants of the 
material [MI. With this assumption the cosine coefficients may be written as 

- InAhkl = L/D + L/Df,hk/ + k(Chk/hil2 (3) 
where k = 2k’n2 LZ/a2.  According to (3) a plot of In Ahk/ versus (Chklhi)* should be free 
from any scatter due to strain broadening and yield a straight line for all (hkl) irrespective 
of strain anisotropy. Any deviation from linearity of such a plot will be from contributions 
other than strain, in particular due to the (hkl) dependence of the fault term, LIDf.  Thus 
by comparing the pattern of distribution of points in a plot of the measured In Ahklversus 

Table 4. Comparison of the measured particle size ratios for PbSe and PbTe with the 
predicted 0; ratios. 

Reflection pairs 

Fault type (1 11)/(222) (200)/(400) (220)/(440) (31 1)/(622) 

(a/2)[001]( 110) 1.22 X X 1 .OO 
(~/4)[ iio](iio) x 0.71 1 .00 1.17 
(a/4)[001](110) 3.26 X 1 .00 2.67 
(a/4)[ 1 10](001) 1.62 X 1 .OO 1.87 

Experimental 
PbSe 2.00 2.87 1 .00 1.34 
PbTe 1.83 2.11 1 .00 1.43 
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(Chk/h;)2 for fixed L with the corresponding theoretical plots based on the calculated 
l/D,parameters, it should be possible to distinguish between the importance of different 
fault types in a given case [17]. In figures l(a)-l(c) the plots for the three fault types 
discussed above and in figures 2(a) and 2(b) the experimental plots for PbSe and PbTe 
for L = 12 nm are given. Chk, values for these plots were calculated using the elastic 
constant data for PbTe [19]. It is evident from these figures that the Rachinger [l] and 
the Fontaine [2] models cannot reproduce the experimental pattern of points and thus 
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Figure 2. Logarithm of the experimental Fourier coefficient, In A ( L )  versus (C,,k,hr)' for (a) 
PbSe and ( b )  PbTe; L = 12 nm. 
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Table 5. Least squares solutions for fault density e, domain, size D (nm), strain parameter 
k’ (units: 10” dyne‘ cm-‘), coefficient of determination r2  and standard error estimates. 

PbSe PbTe 

a b a b 
~~ 

LY 0.0041 t 0.0001 0.0054 i 0.0010 0.0029 t 0.0005 0.0023 i 0.00072 
D 1 0 3 t  23 159 i 79 104 t 11 103 t 22 
k ’  - 5.73 i 0.45 - 7.46 i. 0.60 
r 2  0.90 0.96 0.95 0.95 

* Solutions based on (1) and measured De,i iki  values. 
’ Solutions based on (3) and A ( L )  values for L = 12 nm 

may be ruled out. In fact a detailed comparison shows that the most satisfactory match 
between the observed and the predicted distributions occurs for the (a/4)[001](110) 
fault. Specifically it is worth noting that for this model the ( l l l ) ,  (311) and (222) points 
lie on a straight line with a negative slope with the (220) point slightly below and the 
remaining points above this line. Among the two compounds the scatter of points for 
PbSe is more pronounced. It also matches more closely the predicted distribution. 

Based on the above considerations, assuming that the observed particle size ani- 
sotropy is entirely due to the (a/4)[001](110) fault, one may solve for the fault density a 
and isotropic particle size D using (1) and the experimental D, values. A least squares 
fit yielded the solutions given in table 5 which also lists standard error estimates and the 
coefficient of determination ( r 2 )  deduced from the analysis. Alternatively we may use 
(3) and the measured coefficients A ( L )  for fixed L and solve for the parameters k ,  a, 
and D. The results of a regression analysis utilising the A ( L )  for L = 12 nm are given in 
table 5. The nature of the fit is shown by the listed r2 values and also through a comparison 
of the back calculated A ( L )  (using the least square solutions) with the corresponding 
experimental A ( L )  for two values of L in figure 3. 

Figure 3. Logarithm of the experimental Fourier coefficient. In A(L)cx , , ,  for PbSe and PbTe, 
versus In A(L)rdl, back-calculated with the least squares solutions for the substructural 
parameters; L = 9 and 12 nm. 
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4. Discussion 

The results for PbSe and PbTe have shown that while peak broadening is relatively 
low for both compounds it is characterised by well defined anisotropy which can be 
satisfactorily interpreted in terms specific fault and strain contributions. Particle size 
anisotropy has also been previously reported in vapour deposited PbTe thin films [lo]. 
The source of this anisotropy was not identified; however, it is rather large 
( D e  = 3) and in the same direction as found here for the cold worked materials. 
As with certain metals and intermetallics showing evidence of particle size anisotropy 
and faulting [20,21], in the present case also such behaviour appears to be accompanied 
by strong anisotropy in the elastic modulus. Using the elastic constant data for PbTe 
[19], t hean i~o t ropyparamete r2C~~/ (C~~  - Clz) = 2.68/10.03 = 0.26at thedeformation 
temperature (300 K). This is an unusually small value for this ratio which indicates 
possible structural instability with respect to preferentially directed shear and lattice 
softening in the material. 

In conclusion we comment briefly on the (a/2)[110] dislocations reported to be 
active on (001) in PbTe thin films by Morawiec and Mizera [6]. Assuming symmetric 
dissociation of such dislocations (in a manner analogous to the Fontaine model [2]) a 
different type of fault, (a/4)[011](100), would result with a characteristic pattern of 
broadening. The D ,  and Df* values for this model are listed in tables 2 and 3 and in 
figure l (d)  a plot of In Af against (Chk,h,)' is given. The Di ratios for this case are seen 
to be comparable to the (a/4)[001]( 110) fault (table 4). For example, the ratio of the two 
limitingparticle sizes, that is, the relative [ 1101 and [ 1001 Devalues arecorrectly predicted 
by this model (table 4). However, the ratio of the remaining two slightly oversteps the 
theoretical limit. In particular, the measured De,311 is found to be consistently smaller 
than De.lll for both compounds opposite to the calculated 0; ratio. The discrepancy 
is more pronounced when one compares the experimental and the predicted 
InAf-(Chk,h,)' plots (figures l ( d )  and 2). A regression analysis based on (3) and the 
1/D, values for this fault yielded solutions for PbSe with unacceptably small r2 values. 
Thus, while the possibility of secondary contributions of such faults cannot be ruled 
out, the diffraction data tend to favour (a/4)[001](110) over this model as the major 
contributor to the observed broadening. 

: De. 
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