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A bstract

The stru c tu re  of NaCl cleavage surfaces sub jected  to evapora tion  in vacuum  
a t  tcm p era tu res  betw een 100° to  300°C has been stud ied  by  exam ination  of gold- 
decorated  replicas in th e  electrón microsoope.

The effect of b i-atom ic step  sp litting  and  random  form ation  of surface 
depressions is in te rp reted , assum ing a  vacancy chister nucleation  process. The 
phenom enon is corre lated  w ith th e  sim ilar form ation  of im purity  c lusters observed 
by previous au th o rs  on th e  surface of therm ally  trea te d  doped crystals.

I t  is no ted  th a t ,  though  sp lit steps largely prevail on therm ally  e tched  surfaces, 
showing th a t  m ono-atom ic steps ra re ly  ex ist, th is fact does n o t signify th a t  
ct/2','011> dislocation loops do no t form  in front of th e  crack. Such loops left 
behind by  cleavage m ay  change in to  half-loops. In  these circum stances the  
electric forces associated  w ith th e  surface emergence of th e  half-loops and  the  
charged kinks existing  along corre lated  steps com bine to  restore electric equi- 
librium  and  ann ih ila te  th e  steps generated  on th e  surface.

§ 1. I ntrodtiction 
P revious authors (Levi 1973, B assett and Y acam án 1976, Y acam án and 

Ocaña 1977) have shown that sub-microscopic cleavage and slip steps, revealed  
b y  gold decoration (Bassett 1958) on the (001) surfaces of alkali-halide crystals, 
m ay split, after slow evaporation in vacuum  at moderate tem perature, into  
tw o smaller steps. This has been interpreted by assum ing that the sim plest 
steps appearing on the cleavage surfaces of these crystals are usually bi-atom ic 
rather than m ono-atom ic.

Y acam án and Ocaña (1977) also suggest a possible correlation betw een the  
bi-atom ic nature of the steps observed after cleavage and a similar result 
obtained by Bethge and Keller (1974) in their studies of such surfaces etched  
b y evaporation at high tem perature. These authors found that steps em anating  
from a m últiple cleavage step were annihilated by interaction w ith tw o mono- 
atom ic steps of an evaporation spiral, so that they  had to  be considered 
bi-atom ic. H owever, the effect observed by B ethge and Keller (1974) was 
determ ined by the kinetics of the evaporation process at high tem perature,
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Fig. 1

(b)
Split. steps and depressions on the surface of crvstals of the first batch heated in 

vacuum at 200°C fot’ 1 hour. (a) Longitudinal steps and V-patterns ; (b) 
higher enlargeinent of a similar surface structure with steps running in 
different directions.
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while bi-atom ic V-steps and similar structures were apparently formed during 
or im m ediately after cleavage at am bient tem perature, where the step motion 
on the surface m ay be considered negligible.

In the present work these considerations have been taken into account 
and the structure of cleavage surfaces of NaCl crystals, heated in vacuum  
so th at they showed the first evidences of slow evaporation, have been 
analysed, in order to study the mechanism of step splitting and the process 
which m ay be responsible for the generation of bi-atom ic steps on such 
crystal surfaces.

§ 2 . E x p e r i m e n t a l  m e t h o d s  a n d  r e s u l t s

The samples studied were obtained from different batches of nom inally  
puré NaCl crystals, supplied by Hilger & W atts. The residual impurity  
content of the crystals was not altogether negligible, as was shown by the 
results of the chem ical analysis provided by the manufacturer for samples of 
the second batch. The concentration of elem ents such as Fe, Pb, Ba and Ca 
reached valúes of the order of a few 10 p.p.m .

The sam ples were cleaved in dry air and evaporated in vacuum  (10~5 torr) 
at tem peratures varying from 100° to 300°C. Gold-decorated replicas of the 
surfaces following this treatm ent were subsequently obtained by the method  
described by Bassett (1958) and studied in the electrón microscope. A few  
crystals were y-irradiated for periods of several weeks before cleavage.

Figures 1 (a) and (b) show, in different m agnifications, the surface struc­
ture of crystals of the first batch, obtained after evaporation for about one 
hour in vacuum at 200°C. V-steps running approxim ately in the crack 
direction prevail in fig. 1 (a), whereas transverse and longitudinal steps may 
be seen in fig. 1 (b). In both cases steps are split and vacancy clusters or 
depressions are formed on the fíat surfaces. Similar m odifications of the 
surface structure were observed on crystals of the second batch, though the 
tem perature during evaporation had to be increased up to 250°-300°C. An 
exam ple of the results obtained in such samples after evaporation in vacuum  
for one hour at 270°C is given in fig. 2. Here, V-steps, approxim ately  
longitudinal with respect to the crack direction, and a transverse slip step, 
showing successive glide and cross-glide segm ents, present the same split 
structure.

It m ay be noted that in this case the concentration of Au nuclei formed by 
decoration along split steps and inside depressions created by thermal etching  
on fíat surfaces is higher than that existing in the surrounding zones, where 
the surface was not modified by the thermal treatm ent. This effect, which  
is probably caused by the presence of im purities (B assett and Yacam án 1970), 
will be analysed in the next section.

Figure 3 shows that, when y-irradiated crystals of the first batch were 
used, steps already appeared split and depressions were formed on the fíat 
surfaces after heating the sample for one hour in vacuum  at 120°C. The 
effect of irradiation was less marked on the surfaces of crystals of the second 
batch, which. even after 2 -3  m onths storage in the y-cell, had to be warmed 
up to about 250°C for one hour in vacuum  in order to obtain the first evidence  
of therm al etching.
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Fig. 2
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Split steps and depressions on the surface of a crvstal of the second batch, heated

in vacuum at 270°C for 1 hour.

Fig. 3

Split steps and depressions on the surface of a y-irradiated crystal of the first batch 
after heating in vacuum at 120°C.
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Fig. 4
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(i)
Steps formed by a transverse slip band on the surface of a y-irradiated crystal of 

the first batch after thermal etching at 120°C for 1 hour. (a) Etching effects 
at .severa! dislocation emergences ; (b) the emergences of a half-loop.
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Figures 4  (a) and (b) were obtained from the same sam ple as th at of fig. 3, 
but represent a zone characterized by the presence of a slip band, transverse  
w ith respect to the crack direction. In this case, the interaction during 
evaporation of the steps nearest to the slip band hinders the splitting. Hovv- 
ever, the effects of evaporation are shown in fig. 4  (b) by the splitting of 
som e isolated steps and, in both figures, by the form ation at the end of 
transverse steps of a few  spiral turas. These represent the first evidence of 
therinal etching occurring around points of emergence of dislocations.

This result is interesting, because in these conditions the points of emergence 
of dislocation half-loops, left under the surface by the crack, are revealed  
sim ultaneously w ith the steps generated by the dislocation m otion probably  
occurring during cleavage im m ediately behind the crack tip. Thus, the two  
spirals of opposite sign, marked A and B in fig. 4 (b ), m ay be considered to  
represent the em ergences of a sm all half-loop which had glided and then cross- 
glided, forming the slip step A'B' and the cross-slip steps A'A and B 'B . Here, 
the discontinuity formed by evaporation at the intersection of the transverse  
step  A'B' w ith the longitudinal one CC shows that both steps are the same 
height. I t  m ay be concluded that both these intersecting steps were bi- 
atom ic and the Burgers vector of the dislocation half-loop em erging at A 
and B was a<001>.

Figures 5 (a) and (b) give exam ples of step structures obtained on irradi- 
ated sam ples of the first batch which were therm ally etched in vacuum  at 
150°C for only half an hour. Owing to  the short evaporation tim e, steps are 
not split and depressions m ay not be seen on the fíat surfaces. However, 
sm all circular features formed at the ends of the transverse slip steps or of 
the correlated cross-slip segm ents, and marked A, B, C and D in fig. 5 (a), 
indícate the existence of dislocation em ergences which were just beginning to  
be etched. In this figure the em ergences A and B correspond to a half-loop  
that had glided and cross-glided in a manner similar to that of the half-loop  
shown in fig. 4 (b). Here a step discontinuity m ay be seen at B', where a 
longitudinal step interseets the trace A A 'B'B  of the half-loop. Similar dis- 
continuities m ay be seen in fig. 5 (b) where several V -steps are intersected by  
a transverse one. Taking into account the analysis of fig. 4 (b), it m ay be 
concluded that all the steps are bi-atom ic and the Burgers vector of the d is­
locations emerging in fig. 5 (a) is a<001>.

On the contrary, we show in fig. 6 an exceptional case where a few steps, 
running approxim ately in the crack direction, do not appear split, though their 
lines are made irregular by evaporation. It m ay also be seen that, when these  
un-split steps are intersected by split ones in A, B, C and 1), th ey  only  
interact w ith the higher half of the latter, whereas the w eakly decorated  
lower half of the same steps remains continuous. It m ay be concluded that 
the un-split steps were m ono-atom ic, so that they were probably cleavage  
steps generated by the interaction of the crack tip w ith dislocations liaving  
a/2<011> Burgers vector.

§ 3 . D i s c u s s i o n

3 .1 . Process of step splitting and formation of depressions on the surface
Comparison of the different surface structures just described shows th at the  

effects of step splitting and of vacancy clustering on the fíat surfaces are
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F ig . 5

(b)
Surface of y-irradiated crystals of the first batch after heating in vacuum at 150°C 

for 2 hour. (a) First evidence of thermal etching at dislocation emergences ;
(b) effects of evaporation at longitudinal-transverse step intersections.
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F ig . 6

Some non-split, mono-atomic steps.

related phenom ena. They never appear independently on slow ly evaporated  
surfaces, and, when present, they also show a similar developm ent. These 
observations suggest that both of these effects are produced by the same 
process of vacancy cluster nucleation, occurring on the upperm ost lattice  
plañe of the surface of the crystal. Such a process would give place to  a 
random distribution of depressions on the fíat surfaces, where these have  
been observed w ith a density of about 2 x 1010 cm ~2 (i.e. w ith a linear density  
of about 1-5 x 105 cm^1).

The rate of nucleation of vacancy clusters should be enhanced along the  
step edges, form ing kinks of m ono-atom ic height, distributed along the steps 
w ith a linear density about tw ice the valué of that for the fíat zones of the 
surface. For bi-atom ic or poly-atom ic steps this effect can in itiate the process 
of splitting, which should be com pleted when such kinks merge, because their 
lateral growth forms continuous though usually irregular m ono-atom ic steps 
separated from the lower part of the initial step by a distance comparable to  
the depression radius.

This phenom enon of therm al etching m ay now be compared w ith a similar 
effect observed b y  B assett and Y acam án (1976) on the surfaces of NaCl 
crystals doped w ith Mn2+ and heated for several hours in vacuum  at about 
250°-300°C. The above-m entioned authors noted that, during the heat 
treatm ent of the sam ples, the im purity diffused towards the surface where it 
precipitated along split steps and formed random ly distributed clusters on
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fíat zones. The distribution of these im purity clusters was very similar to  
th at of the surface depressions observed in therm ally etched crystals studied  
in the present work. It m ay be noted th at the latter crystals contained a 
significant im purity concentration, which could probably in itiate the effect 
observed by B assett and Y acam án (1976). This effect appears to be partially  
evident w ith crystals of the second batch, which had to  be heated in vacuum  
up to  250°-300°C in order to obtain the phenom enon of step splitting. For 
instance, the presence of im purities was probably responsible for the effect 
shown in fig. 2, where the density of the Au nuelei formed by decoration was 
higher inside depressions and along split steps than on the surrounding surface. 
According to  a recent observation of Y acam án and Hirth (1976), such a 
larger density of sm all Au nuclei is formed by decoration on the surface zones 
which contain a larger concentration of im purities.

However, the results obtained here using crystals of the first batch, where 
the etching effects were obtained at lower tem peratures, indícate th at the  
concentration of Au nuclei is not alw ays m arkedly higher inside depressions 
and along split steps than on the surrounding surfaces. This fact suggests 
th at the observed surface structure primarily depends on the nucleation of 
vacancy clusters on the surface, as we have previously assumed. Thus, the  
presence of im purities would p lay only a secondary role in the phenom enon, 
determ ined by the tendency of foreign ions to migrate towards steps and 
vacancy clusters where th ey  would accum ulate, replacing vacancies inside 
depressions and changing the latter into im purity clusters.

This interpretation of the phenom enon is also supported by the lowering 
of the etching tem perature observed for irradiated crystals of the first batch, 
where structures of the type shown in figs. 3 and 4 were obtained by carrying 
out the therm al treatm ent of the sam ples at tem peratures near 100°C.

Since, according to  H obbs, Hughes and Pooley (1973), defect clusters 
created by irradiation of alkali-halide crystals are formed by interstitials only, 
vacancies created at the same tim e in the irradiated lattice could be assumed  
to diffuse preferentially towards the surface, increasing the rate of step  
splitting and of depression nucleation and enhancing the etching effects at 
the dislocation emergences.

3.2. Step height and Burgers vector of related dislocations
As observed by Y acam án and Ocaña (1977), when ionic crystals are 

cleaved, dislocation loops with a/2<011> Burgers vector would be expected  to 
prevail in the stressed material existing in front of the crack because th ey  are 
associated w ith a lower energy than dislocation loops w ith a<001> Burgers 
vector. Thus, when the crack tip  intersects these dislocations, m ono-atom ic 
steps have to  be created on the cleavage surfaces. However, their presence 
w ould entail the form ation of extra charges on each half of the cleaved  
material, owing to  the charged kinks usually existing along such steps. 
Consequently, Y acam án and Ocaña (1977) suggested that the absence of 
such steps could be correlated w ith some process of charge rearrangement, 
w hich would take place on the cleavage surfaces in order to  restore eleetric 
equilibrium. On the other hand, the presence on the sam e surfaces of bi- 
atom ic steps could be explained by taking into acccunt the fact th at double 
kinks in these steps are electrically neutral.

P.M. A c
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H owever, we have shown in fig. 6 that cleavage surfaces are not com pletely  
free of m ono-atom ic steps. Furthermore, the phenom enon of step splitting  
itself does not only confirm that such steps m ay ex ist but also th at, during 
slow evaporation in vacuum , bi-atom ic steps are not stable and change into  
pairs of m ono-atom ic steps. Therefore it  seem s th at the alm ost to ta l absence 
of m ono-atom ic steps formed by cleavage on the surfaces of the crystals would  
be more likely correlated w ith processes that depend on the step dislocation  
interaction occurring during cleavage than on som e subsequent effect of 
charge rearrangement.

Taking into account these observations, some processes th at could be 
responsible for the observed step structure of NaCl cleavage surfaces w ill be 
analysed, considering the cases of longitudinal and transverse steps separately.

(a) Longitudinal steps
Longitudinal cleavage and slip steps of opposite sign have been shown to  

form when the first side of a dislocation loop, created in front of the crack, is 
intersected by the crack (Robins, R hodin and Gerlach 1966, Burns and W ebb  
1970, L evi 1973). In  fact, the kink formed on the tip  of the advancing crack 
caused by the intersection of the latter w ith the screw com ponent of such a 
dislocation, would generate a cleavage step, while the intersected dislocation, 
subsequently m oving out of the material behind the crack tip, would generate  
a slip step. The form ation of such steps evidently  requires th at the path of 
the dislocation emergence and that of the kink on the crack tip  differ from  
each other. According to  the results discussed here th is would occur for the  
electrically neutral emergences of the intersected loops w ith  a<001> Burgers 
vector and for the corresponding kinks on the crack tip  that generate bi- 
atom ic V-steps.

The absence of similar m ono-atom ic patterns m ay now be justified by  
observing that, when the crack intersects a screw dislocation w ith  a/2<011> 
Burgers vector, a pair of kinks carrying electric charges of opposite sign and  
belonging to  m atching cleavage surfaces would be created on the crack tip. 
Thus, if, during crack propagation, the intersected dislocation rem ained in a 
fixed position, the electric charges carried by the kinks, which alternate their 
sign, would successively be opposite or equal to  those existing at the corres­
ponding dislocation em ergences, so that, on average, extra electric charges 
w ould ex ist on the surfaces. On the contrary, electric equilibrium  w ould be 
nearly restored if the emergences of the new ly intersected dislocation advanced  
w ith cleavage, following the same path of the kink on the crack tip  at such a 
distance th at the kink and the dislocation emergence would alw ays carry 
electric charges of opposite sign. Such a configuration is shown for instance, 
in  fig. 7 (a), where the kink on the crack tip  and the dislocation emergence 
are assum ed to  advance together w ith a separation of one ionic distance. It  
m ay easily  be seen th at under these conditions neither cleavage ñor slip steps 
w ould be left perm anently on the surface.

F inally, when the second side of the loop is also intersected b y  the crack, 
the kink on the crack tip  would be annihilated and the loop would pop out 
from the material, leaving no trace of its previous existence in the crack front.

An objection to  th is interpretation of the absence of m ono-atom ic V-steps 
could arise from the observation th at, when the crack advances in a direction
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(A) The emergence of a dislocation with a/2<011> Burgers vector is assumed to 
follow the kink it has formed on the crack tip ; no step is left on the surface ; 
(B) electric charges distributed along steps, if a mono-atomic V-pattern were 
formed.

that is not a rational crystallographic direction, the dislocation emergences 
would have to glide and cross-glide behind it  in order to follow the corres- 
ponding kink on the crack tip. However, this assum ption m ay be justified  
b y taking into account previous observations on the V-pattern structure 
(Levi 1973), which have shown th at the slip steps forming one of the arms of 
these bi-atom ic patterns frequently follow  irrational crystallographic direc- 
tions. This result indicates th at sm all dislocation- loops formed near the 
cleavage plañe and partially intersected by the crack m ay cross-slip easily  
when they  advance w ith the tip.

For comparison w ith the configuration shown by fig. 7 (a), we also 
represent in fig. 7 (b) a m ono-atom ic V-pattern, as it would have formed  
behind a cleavage front advancing in an irrational direction, if the first side 
of the dislocation loop with a/2<011> Burgers vector, intersected by the crack 
tip , would only be able to glide in the <001) direction. It m ay be seen that  
in th is case a high density of extra charges would be created at the V -vertex, 
m aking this configuration rather improbable.

Finally , it  m ust be noted that the previous analysis is convenient only  
for dislocation loops that m ay pop out from the material after being in ter­
sected by the crack. Thus, it m ay not be applied to  the behaviour of d is­
locations w ith  a/2<011> Burgers vector w'hich belong to the dislocation net 
existing in the crystal before cleavage. In such cases, when the dislocation  
is intersected by the crack, the emergence formed on the cleavage plañe would  
remain clamped at som e point of the latter, so that a cleavage m ono-atom ic 
step of the t y p e  shown in fig. 6 w'ould be formed by the corresponding kink  
on the advancing crack tip. However, since the density of screw dislocations

c 2
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belonging to  the net and intersecting the cleavage plañe is very low w ith  
respect to that of dislocation loops created by the crack, such m ono-atom ic  
steps would be rarely revealed by the surface analysis, in agreem ent w ith  the  
experim ental results.

(b) Transver se steps
The m echanism  just considered to  explain the m utual annihilation of 

m ono-atom ic cleavage and slip steps, both longitudinal w ith respect to  
cleavage, m ay not be applied w ithout m odification to  justify  the similar 
absence of m ono-atom ic transverse slip steps. In effect we have to  take  
into account that the bi-atom ic transverse slip steps frequently observed on  
the cleavage surfaces were formed by dislocation loops th at had broken the  
surface behind the crack tip  and rem ained afterwards, as half-loops, inside  
the cleaved material. This m ay be derived from the analysis of the step struc­
ture in figs. 4 and 5 which show : (1) the absence of longitudinal cleavage steps 
starting from the transverse slip bands indicating th at the corresponding d is­
locations w ith  a ; 001 )  Burgers vector had not been intersected by the crack 
tip  ; (2) the etching effects occurring at the step ends, which indicate that 
the dislocations under consideration still rem ained inside the m aterial after 
the therm al treatm ent of the sam ples.

If m ay now be noted that, if the Burgers vector of a loop th at has broken 
the surface behind the crack tip  was a/2<001>, the dislocation em ergences 
appearing at the ends of the step formed on the surface would carry electric  
charges of opposite sign. Therefore, owing to  the electric field. created by  
these charges and possibly also by charged kinks distributed along the mono- 
atom ic step th at joins the corresponding em ergences, the half-loop would not 
be stable. Instead of expanding behind the crack front, the half-loop would  
consequently contract or pop out from the surface, annihilating at the sam e  
tim e the step formed when the loop had in itially  broken the surface.

Thus, dislocation half loops w ith  a<001> Burgers vector, which do not 
carry electric charges at their emergences, would be the only ones th at could  
rem ain inside the material at the end of cleavage.

§ 4 . C o n c l u s i o n s

It  follows from the previous discussion th at the slow phenom enon of therm al 
etching occurring in vacuum  on NaCl crystal surfaces, heated at tem peratures 
~  300°C, is m ainly a consequence of a process of vacancy cluster nucleation  
and growth taking place on the surface. These clusters would usually consist 
of depressions enclosed by m ono-atom ic steps, so th at their nucleation along  
the edges of bi-atom ic steps previously existing on the surface would determ ine 
their splitting.

On the other hand, the large number of split steps observed on cleavage  
surfaces after the therm al treatm ent of the sam ples is interesting, because it 
shows the prevailing bi-atom ic structure of such steps. According to  the 
present interpretation of the phenom enon, the usual absence of m ono-atom ic  
steps observed on the cleavage surfaces depends on a process of step-dis- 
location annihilation occurring for half-loops w ith  a/2(001>  Burgers vector, 
intersected b y  the crack.
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It  m ay be noted, in conclusión, th at the instability  of half-loops w ith  this 
Burgers vector, as revealed by the step structure after cleavage, is probably  
an inherent property of such dislocations in ionic crystals th at does not 
depend on the special process of crack propagation. I t  would be worth  
verifying whether the prevalence of bi-atom ic steps is in fact a general charac- 
teristic of such crystal surfaces, independently of the mechanism th at has 
generated the plástic deform ation of the samples.
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